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PREFACE 

Dye-sensitized solar cells (DSSCs) are considered as a safe and sustainable energy 

source for the world’s future energy demand. The less expensive and eco-friendly 

property of DSSCs over conventional silicon-based solar cells make them promising 

in the area of photovoltaics. DSSCs are categorized mainly into four: metal-based dye-

sensitizers, porphyrins, phthalocyanines, and metal-free dye-sensitizers. Even if 

metal-free sensitizers have been shown lower power conversion efficiency (PCE) than 

metal-based ones, the former attained a noteworthy role in DSSCs due to their 

abundant, cost-effective synthetic procedures. The theoretical studies now play a 

dominant role in dye design, understanding the mechanism involved in DSSC devices, 

and thereafter predicting their efficiency. Hence, the thesis entitled “Density 

Functional Theory Studies on D-π-A Systems Used in Dye-Sensitized Solar Cells: 

Donor-Acceptor Effect, Spacer Effect, and Molecular Design Strategies” focused on 

the quantification of donor strength and electronic effect transmitting power of 

spacers in dye-sensitizers, which are crucial for the prediction PCE in DSSCs. For the 

well-organized modelling of a new class of dye molecules, thereafter for the prediction 

of PCE,  a theoretical model is essential. In the thesis work, MESP based topographical 

analysis has been employed for quantifying the electron donor strength and 

electronic effect transmission power of spacer moieties in DSSCs. The findings will 

afford a new pathway for effective dye design in DSSCs. The thesis is organized into 

four chapters.  

The first part of Chapter 1 gives an overview on dye-sensitized solar cells. 

Working principle, theoretical background, major components, modifications, 

theoretical advancements, etc. in DSSCs are briefly explained. Computational 

chemistry is an exciting and fast-emerging field which becomes vital for the 

progresses made in photovoltaic area. A brief account of computational 

methodologies employed in the thesis is presented in part B of Chapter 1. 

Chapter 2 gives an outline of the quantification of substituent effect 

transmission power of various spacers and donor strength in dye-sensitizers. It is 

divided into two parts. Part A discusses the electronic effect transmission power of 

() of alkyl, alkenyl, alkynyl, phenyl, thiophenyl, and polyacene spacer units in Y-G-X 
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molecular model, where Y, G, X represent reaction centre, spacer moiety, and 

substituent, respectively. Among the studied spacers, alkenyl spacers with shorter 

chain length (n=2) exhibit the highest transmission power while alkyl spacers show 

the lowest transmission power. The analysis advises shorter spacer chain length for 

better electronic transmission to a reaction centre. In part B, the electron-donating 

strength of thirteen typically used donors in D--A type dye-sensitizers has been 

quantified as a change in MESP minimum (ΔVmA) at acceptor region (A) using 

B3LYP/cc-pVDZ level density functional theory (DFT). It is found that ΔVmA shows an 

excellent linear correlation with absorption redshift (max), which has been 

observed by the alteration of D to D--A. The above correlation pinpoints the 

importance of donor strength towards the fine-tuning of max in a preferred region. 

The close resemblance of frontier molecular orbital energies of D--A systems with 

the corresponding energies of donors and -A system show that donor tunes HOMO, 

while -A tunes LUMO. Further, donating strength is found to be proportional to the 

open-circuit voltage (eVOC), which is a fundamental parameter in power conversion 

efficiency calculation. Among the thirteen D--A systems, N, N-dialkylaniline, and 

julolidine are evaluated as the best donors for photovoltaic applications. Overall, this 

MESP based computation offers a powerful rational design strategy for the 

development of efficient dyes for DSSC applications.  

In Chapter 3, using MESP analysis the influence of substituents for tuning the 

donating strength of six commonly used donors in D--A type dye-sensitizers are 

analysed. The substituent effect enhances electron donation from D to A through the 

-spacer, thereby increases the donating strength of donor in D--A. It is found that 

electron releasing substituents at donors tune the HOMO and LUMO energies of all the 

corresponding D-π-A systems for better optical properties than the unsubstituted 

systems. Photovoltaic performance of D-π-A system is also enhanced with enhanced 

donating strength conveys the role of tuning the donor strength for better PCE in 

DSSCs. 

Chapter 4 focused on the impact of nitrogen-rich donor moieties in D--A type dye-

sensitizers for the enhanced donor strength. The N-annulation at donor moiety 

improves donor strength, maximum absorption wavelength, and photovoltaic 
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properties of dye-sensitizer. Adsorption stability of D-π-A systems on TiO2 is 

evaluated and indicates that adsorption stability (Eads) increased with enhanced 

electron-donating strength of D-π-A system which has a fundamental role in the 

enhancement of open-circuit voltage. Consequently, we could conclude that the N-

annulated designing strategy will pave the way for attaining high efficiency in dye-

sensitized solar cells.   

It may be mentioned that each chapter of the thesis is presented as an 

independent unit and therefore the structural formulae, schemes, and figures are 

numbered chapter-wise.  
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Part A: Dye-sensitized Solar Cells 

1.1 Introduction 

In the 21st century, renewable energy, preferably solar energy is becoming the most 

powerful alternative as well as a sustainable energy source for the fast-growing fossil 

fuel depletion. The increasing population and severe global climate change make 

energy depletion more dangerous and impart rapid progress in the development of 

photovoltaic technologies. Solar energy is considered as the most abundant green 

energy resource for the upcoming energy demand.1-3 For the conversion of light 

energy to electrical energy, the solar cell is the safest promising device. In a 

photovoltaic cell or a solar cell, the basic operating principle is the photovoltaic effect, 

which converts light energy into electrical energy.4-6 It is noted that solar energy that 

strikes on earth in one hour is sufficient for the world’s one year’s full energy 

demand.7-9 The real challenge of today is gathering and storing solar energy cost-

effectively. Consequently, the conversion of solar energy to electrical energy turns 

into the most important scientific and technological challenge in the world, 

introducing well-advanced photovoltaic technology, the problems associated with 

energy scarcity and the environment can be avoided.6 Also, the invention of the 

photovoltaic effect by Edmond Becquerel in 1839 promoted research progress in this 

area, and later he is considered as the father of solar panel.2, 10, 11 

The scientific and industrial challenges for sustainable energy are linked with its 

efficiency, cost of production, and stability. To address these concerns, three 

generations of solar cells are explored viz. first, second and third generations, and 

those classifications depend on the material employed in the solar cell.11, 12 Crystalline 

silicon-based solar cell is the first-generation solar cell. It is the most efficient solar 

cell technology currently available in the world.13, 14 Till date, a record power 

conversion efficiency (PCE) of 26.7 % has been attained with a crystalline silicon-

based solar cell.15 While, the high cost of production and environmental issues limited 

its practical application, which prompted the search for an alternate inexpensive solar 

cell. Second-generation solar cells namely thin-film solar cells are made by a thin layer 

of photovoltaic materials (only a few micrometers thickness) such as gallium arsenide 

(GaAs), cadmium telluride (CdTe), etc. Those provide low production cost and 
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reduced power conversion efficiency (PCE) to the conventional silicon-based solar 

cell.14 Third-generation solar cell technology is modest and comparatively non-toxic 

than the first-and second-generation solar cells. It also claims minor environmental 

issues.16 Dye-sensitized solar cells (DSSCs), perovskite cells, and organic photovoltaic 

(OPV) solar cells belong to third-generation photovoltaic technology. Even if DSSC 

attains lower PCE than a first-generation solar cell, the chances for better 

improvements are still existing in DDSCs than in a conventional silicon-based solar 

cell.1  

1.1.1 Overview of dye-sensitized solar cell (DSSC) 

DSSCs have specific advantages over traditional silicon-based solar cells due to their 

reasonable cost of production, easier structure modification, and simple synthetic 

procedures. It is well known as Grätzel cell, which is originally co-invented by Michael 

Grätzel and Brian O'Regan in 1988. Whereas, DSSCs achieved prominence in the 

scientific field just after they invented the first effective DSSC in 1991 using a                          

Ru-based sensitizer (PCE of over 7%).17 In fact, Ru-based dye-sensitizers afford more 

PCE than Ru-free photosensitizers, the highly expensive and rare earth nature of 

Ruthenium metal, its practical application should be restricted for future endeavours. 

The failure of the expected efficiency is the major challenge faced by the researchers 

in DSSCs compared to the conventional silicon-based solar cell. To overcome the 

challenge, a reframing in major components which are involved in DSSC is essential. 

The four major components involved in a DSSC include photosensitizer, photoanode, 

counter-electrode, and an electrolyte.18 The modifications in those major components 

lead to improvement in power conversion efficiency.7, 19 The highlight feature of DSSC 

is that it could wonderfully imitate natural photosynthesis, allowing it to function 

even in mild light conditions.20 The systematic modifications in the major framework 

resulted in an approximate power conversion efficiency of 14 %; nevertheless, 

additional improvements in PCE are still in high demand, and persistent efforts in this 

area are continuing.21  

1.1.2 Working principle and major components of DSSC 

The basic working principle of a dye-sensitized solar cell is shown in (Figure 1.1). In 

the figure, the transparent conducting glass sheet treated as an anode (FTO, fluorine-
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doped tin oxide) has been coated with a mesoporous oxide layer, preferably TiO2 

(anatase) to activate electronic conduction. The mesoporous oxide layer 

(photoanode) provides a high surface area to active dye adsorption, thereby increases 

the light-harvesting efficiency (LHE) of the solar cell.22 Because of the higher 

electronic band gap of TiO2 (3.2 eV), it fails to absorb most of the solar spectrum than 

silicon (1.1 eV). Whereas due to the less expensive, stable, and abundant features of 

TiO2, it got an extensive range of acceptance in DSSC. For absorbing the incident light, 

a monolayer of dye is covalently bonded to the mesoporous metal oxide layer. 

Further, the glass rod coated with a catalyst, typically Pt has been treated as a counter 

electrode that facilitates efficient regeneration of the redox couple in the electrolyte. 

Finally, an electrolyte containing redox mediator is sandwiched between the glass 

rods to enable effective dye regeneration of the oxidized dye.1, 7, 17 

                                 

Figure 1.1 Major components and working principle of the dye-sensitized solar cell.23 

In DSSC, when the light gets incident on the adsorbed dye molecule, it gets 

excited from HOMO (highest occupied molecular orbital) to LUMO (lowest 

unoccupied molecular orbital) of the dye-sensitizer. The excited electron is then 

injected into the conduction band (CB) of the semiconductor, leaving the dye in its 

oxidised state. Then, the electrons are moved to an anode and are reached at the 

counter electrode through an external circuit before it gets collected by the 

electrolyte. The oxidised dye is regenerated by the electron transfer from the redox 

electrolyte. Finally, the entire circuit is completed by the reduction at the electrolyte. 

The entire processes demonstrate the generation of electric power without any 

chemical transformation. The two main failures occurring in DSSC include 
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recombination of the injected electron with a) oxidised dye and b) with an electrolyte. 

Thus, the long life of the injected electron is very essential for the better performance 

of DSSC. Also, the optimization in all four components should be considered not only 

as a single component alone for improving the performance of DSSC.23 

1.1.2.1   Photoanode  

Photoanode plays a substantial role in PCE. It effects the critical parameters those are 

involved in the determination of PCE such as open-circuit voltage (eVoc), short-circuit 

current density (JSC), absorption maximum, and fill factor (FF).24 In DSSC, the 

photoanode which has been deposited on the transparent glass plate has two major 

roles viz. charge carrier and light harvester, considered as the back bone of DSSC.25  

For the photovoltaic application, the key component of photoanode termed as 

semiconductors having an electronic band width of 1-2 eV are appropriate.26 But the 

small band width metal oxide semiconductors suffer corrosion from the electrolyte, 

thereby high band width semiconductors such as TiO2 (3.0 to 3.4 eV) and ZnO (3.1 to 

3.3 eV) are chosen extensively.26 ZnO was the initially used photoanode which is 

developed in 1972 by Tributsch.27 The poor PCE, reduced surface area for dye 

adsorption, lower photostability, and reduced light-harvesting efficiency than TiO2 

are the main challenges handled by ZnO.28 Practically, TiO2 is the widely used 

semiconductor in DSSC due to its stable, abundant, cost-effective, and non-toxic 

characteristics over ZnO.24, 29, 30 The three polymorphs of TiO2 available for DSSC 

application are anatase (3.2 eV), rutile (3.0 eV), and brookite (3.4 eV),31 respectively. 

Among those, TiO2 anatase is the extensively used polymorph due to its high mobility, 

high reactivity, and fast electron injection rate to the CB of semiconductor. The 

various other semiconductors used in DSSCs are SnO2,32 Nb2O5,33-36 WO3,37 In2O3,38 

SrTiO3,36, 39 Zn2SnO4,40 BaSnO3,41 CoTiO3,42 etc. For improving the efficiency of 

photoanodes, doping with other metal atoms, and surface treatment with other 

metals are also explored in the literature.25     

1.1.2.2   Electrolyte   

Apart from metal oxide semiconductors, the electrolytes used in DSSC devices have a 

strong influence on key parameters such as JSC, VOC, FF, resulting in PCE.11, 43, 44 During 

the device operation, the electrolyte manages charge transport between the counter 
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electrode and semiconductor and acts as a source for the regeneration of oxidized 

dye.45 Classically in DSSCs, liquid-electrolytes based on organic solvents are used. 7 In 

the first efficient DSSC reported by Grätzel and O’Regan, a liquid electrolyte based on 

carbonate solvent with I−/I3
− redox couple has been utilized.17 For an efficient DSSC, 

the electrolyte should be stable, less volatile, and must be a good solvent for the redox-

couple components. However, the major problem detected with widely used 

liquid I−/I3
− electrolyte has been related to its high volatility, which leads to low ion 

mobility and long-term stability issues in DSSCs.44, 46 Since iodine is corrosive to 

metals, it reduces the stability of DSSCs. Also, the higher concentration of iodine 

induces dye aggregation at the dye/semiconductor interface which may result in 

smaller eVOC.1, 19 To avoid dye aggregation, several additives such as 4-tert-

butylpyridine (4TBP),47 and guanidium thiocyanate48 have been introduced along 

with liquid electrolytes for improving the efficiency. Hence, for the best functioning of 

charge transport kinetics in DSSCs, the liquid electrolyte should consist a solvent, 

redox couple, and an additive.11 The other explored redox mediators for DSSC 

application include Br− / Br3
− ,49 SCN− / SCN3

− ,50   SeCN− / SeCN3
− ,51 FeCN6 ,

3−/4−

 

Co(II)/Co(III)complex,52, etc., and found that the advantage of those alterations leads 

to a record PCE of 12.3 % with [Co(bpy)3]2+/3+ couple.53, 54    

Further, to overcome the main difficulties in liquid electrolytes with organic 

solvents, vivid varieties of electrolytes are explored such as non-volatile ionic 

electrolytes, solid electrolytes, quasi-solid electrolytes, etc.11, 54 In ionic electrolyte, in 

place of volatile solvent, an aromatic or non-aromatic organic cations, and anions as 

solvent has been used. It is found that the incorporation of non-volatile ionic liquid 

improves stability issues and showed reasonable efficiency.55 For better performance, 

the charge transport issues involved in ionic electrolytes should be rectified by 

further modifications. In solid-state electrolyte, the liquid electrolyte has been 

replaced with inorganic p-type semiconductors or organic hole transporting 

materials and found that it could achieve better stability than the ionic electrolyte. 

While, due to the poor interface contact (at semiconductor/electrolyte) and lower 

conductivity, this class of electrolyte shows lower PCE. In quasi-solid electrolytes, the 

problems associated with liquid and solid electrolytes have been rectified by 

combining those two electrolytes to form a gel electrolyte.56, 57 It shows better 
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stability, durability, and volatility compared to other known electrolytes. However, its 

low ionic mobility through the viscous medium results in lower PCE than the dye 

sensitizers with liquid electrolytes. The above findings explain the importance of 

stability, interface contact property, viscosity, and durability of electrolytes for the 

better performance of DSSC.11 

1.1.2.3   Counter electrode 

In DSSCs, the counter electrode (CE) acts as a conducting material ensures effective 

electron transport between the external circuit and the cathode. By reducing the 

electrolyte, it acts as a catalyst for the regeneration of oxidised dye. For the effective 

regeneration of the oxidized redox couple, CE collects electrons from the external 

circuit (anode) and returns those electrons backs to the electrolyte. So, it is found that 

CE has an important role in the photovoltaic parameters of DSSC.2, 58, 59 For the 

effective working of DSSC device, CE should have good conductivity, stability, high 

catalytic property, and large surface area. Because of the excellent electro-catalytic  

property, platinum is the widely accepted counter electrode in DSSC applications.5 8  

While due to the high cost, scarcity, and weak stability of Pt with redox couple, DSSCs 

demand alternate counter electrodes, which results in the development of other low-

cost-abundant materials such as graphene, carbon, and graphite. The synthesis and 

modification in those platinum-free counter electrodes give a new outlook for the 

future dye design with an affordable making cost. 60 61 44, 62-64   

1.1.2.4   Dye-sensitizers 

The key difference in DSSC that of the conventional silicon-based solar cell appears in 

electron transport and incident light absorption processes, those are not performed 

by the same material in DSSC. In DSSCs, light absorption has been taken place in dye 

molecules, while electron-hole transport has been carried out by metal oxide 

semiconductors and electrolytes.65 In this regard, the light-harvesting efficiency of a 

solar cell depends on a dye sensitizer, which has been considered as an integral part 

of the DSSC. Since dye sensitizer is as important as photoanode, extensive research 

efforts have been performed for the structural design of dye molecule alone and show 

that dye-sensitizer has a noteworthy role towards LHE, electron-injection, charge-

recombination, and dark current (dye aggregation on semiconductor), etc.7, 18, 66, 67   
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The specific requirements for an efficient dye-sensitizer include: a) wide 

absorption spectrum in the visible and near IR region for efficient LHE, b) the 

anchoring groups in the dye molecule such as -COOH, -SO3H, -H2PO3, etc. should have 

a capability of permanent chemisorption to OH group of TiO2 semiconductor surface, 

which implies good chemical adsorption stability, c) for effective electron-injection to 

the semiconductor, LUMO should be higher than the CB of the metal oxide 

semiconductor, d) HOMO of the dye should be lower than the redox potential of the 

electrolyte used for ensuring the efficient dye regeneration of the oxidized dye, finally, 

e) for limiting the non-radioactive decay of the excited dye to the ground state, the 

dye aggregation on the surface should be avoided, which often increases with the 

reduced oxide film thickness.67-69 

1.1.3 Theoretical background for computing photovoltaic 

properties of dye-sensitizers 

The overall efficiency () of a dye-sensitized solar cell as compared to incident solar 

power on the cell (𝑃𝑖𝑛𝑐) can be calculated as70: 

    = FF
𝑉𝑂𝐶  𝐽𝑆𝐶
𝑃𝑖𝑛𝑐

 Eq. (1.1) 

where 𝑉𝑂𝐶, 𝐽𝑆𝐶, FF characterize open-circuit voltage, short-circuit current density, and 

fill factor, respectively. In the above equation, the short-circuit current density 𝐽𝑆𝐶, 

which is related to quantum yield for electron injection efficiency ( 
𝑖𝑛𝑗𝑒𝑐𝑡

) and 

absorption coefficient can be assessed as: 

𝐽𝑆𝐶 = ∫𝐿𝐻𝐸 () 
𝑖𝑛𝑗𝑒𝑐𝑡

𝑐𝑜𝑙𝑙𝑒𝑐𝑡  d Eq. (1.2) 

where LHE is the light-harvesting efficiency at a given wavelength, which can be 

calculated as:  

LHE = 1 – 10 – f, where f denotes the oscillator strength of the dye molecule.71 If higher 

the oscillator strength, higher will be the LHE, which leads to better 𝐽𝑆𝐶 . Electron 

collection efficiency, 𝑐𝑜𝑙𝑙𝑒𝑐𝑡  is a property associated with structure of 

semiconductor.72 For simplification 𝑐𝑜𝑙𝑙𝑒𝑐𝑡   value can be considered to be constant 

(when we are using the same photoanode and different sensitizers). Further, In DSSCs 
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the photo-induced electron injection from dye to the semiconductor can be 

considered as charge transfer (CT) process, which is related with 𝐺𝑖𝑛𝑗𝑒𝑐𝑡.
73, 74 In 

other words, 𝐺𝑖𝑛𝑗𝑒𝑐𝑡  measures electron injection rate, more negative 𝐺𝑖𝑛𝑗𝑒𝑐𝑡 gives 

greater electron injection efficiency. As a result, 𝐽𝑆𝐶  could be improved by enhancing 

LHE and 𝜙𝑖𝑛𝑗𝑒𝑐𝑡.The electron injection-free energy change can be computed as72: 

𝐺𝑖𝑛𝑗𝑒𝑐𝑡 = 𝐸𝑑𝑦𝑒 − |𝐸𝐶𝐵| (Eq. 1.3) 

In (Eq. 1.3), 𝐸𝑑𝑦𝑒∗ denotes excited state oxidation potential and 𝐸𝐶𝐵 represents the 

energy of the conduction band edge of the TiO2 semiconductor (-4.0 eV). The excited 

state oxidation potential is connected with ground state oxidation because electron 

injection always begins from an unrelaxed excited state 𝐸𝑑𝑦𝑒∗. Thus, 

𝐸𝑑𝑦𝑒∗ = 𝐸𝑑𝑦𝑒 − λmax (Eq. 1.4) 

In the above equation, 𝐸𝑑𝑦𝑒 and λmax represent ground state oxidation potential, and 

the vertical transition energy (eV), respectively.75, 76 The ground state oxidation 

potential could be computed as negative HOMO energy, according to Koopmans 

theorem.77 

Also, it is important that the oxidized dye should be regenerated from the electrolyte. 

The free energy change for dye regeneration computed from ground state oxidation 

potential can be written as:78  

   𝛥𝐺𝑟𝑒𝑔 = 𝐸𝑑𝑦𝑒 − 4.8 𝑒𝑉                                             (Eq. 1.5) 

Finally, to compute the overall performance of DSSC, the open-circuit voltage (eVOC) 

must be calculated. Open-circuit voltage can be defined as the difference between the 

Fermi level of the electron in TiO2 and the redox potential of the electrolyte I−/I3
− . It 

is also related to LUMO energy which can be theoretically estimated as: 

   𝑒𝑉𝑂𝐶 =  𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐶𝐵                                (Eq. 1.6) 

Based on the aforesaid critical parameters, we could predict the efficiency of the 

designed or synthesized system and found that by improving Jsc and eVOC, we could 

enhance overall PCE.  
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1.1.4 Classification of dye-sensitizers 

The different dye-sensitizers developed for DSSC application can be broadly classified 

into four 1) metal-based dye-sensitizers 2) porphyrins, 3) phthalocyanines and 4) 

metal-free organic dyes.7, 66, 79, 80  

 

Figure 1.2 Molecular structures of Ru-based dye-sensitizers, where TBA = tetra butyl 

ammonium.81-84 

1.1.4.1 Metal-based dye-sensitizers 

The history of metal-based dye sensitizer starts with the discovery of Ru-based dye 

sensitizer in 1991.17 The widely accepted Ru based dyes (Figure 1.2) includes N3 (red 

dye),81 N179,82 N749 (black dye),83 C101,84, etc., all those dyes showed a PCE more 

than 10 %. The Ru-based dyes are broadly classified into carboxylate polypyridyl Ru-

dyes, phosphonate Ru-dyes, and polynuclear bipyridyl Ru-dyes.85 The high efficiency 

observed in Ru-dyes can be attributed to their fast electron injection, good adsorption 

stability with TiO2, stable oxidation state, broad range of visible light absorption, and 

good photovoltaic properties.86 The reviews on Ru based sensitizers and their 
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application in DSSC help us to interpret the charge transfer characteristics in 

ruthenium complexes and give an outline on the current advancements for DSSC 

application.65, 80, 86-89 The other metal ion sensitizers promising for DSSC application 

include OS, Re, Fe, Pt, and Cu, etc., 90-94 and found that those are having limited use in 

DSSC application. 

1.1.4.2 Porphyrins 

Porphyrins are naturally occurring macrocyclic compounds which hold a central ring 

cavity to coordinate metals, yielding metalloporphyrins (Figure 1.3a).95 The 

metalloporphyrin (Metals: Zn2+, Cu 2+, etc.) based dyes are less toxic and cheaper than 

Ru-based photo-sensitizers.96 A representative example is given in Figure 1.3b. 

Metalloporphyrins show high absorption and emission spectra in the visible region 

which can be attributed to the effective charge separation between donor and 

acceptor region.95, 97 The high molar extinction coefficient and excellent light-

harvesting efficiency make them suitable for solar cell application. Because of the 

planar structure of porphyrins, that possesses dye aggregation at semiconductor 

surface and results in poor PCE.98 A common strategy used for the rectification of dye 

aggregation includes the incorporation of bulky substituents at the donor site which 

shows improved efficiency in porphyrins. The method used for the rectification of dye 

aggregation includes the incorporation of bulky substituents at the donor site which 

shows improved efficiency in porphyrins. In recent years, substantial work progress 

has been made in porphyrin-based DSSCs to improve the photovoltaic performance, 

that reached up to a PCE of 13 %.13 It is also found that metal-free porphyrins are 

having lower PCE than Zn-porphyrins. The detailed developments in porphyrin-based 

DSSCs are reviewed in literature and those provide further insight into the structure-

performance relationship in porphyrin-based DSSCs.13, 98, 99  
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Figure 1.3 a) Molecular structure of metalloporphyrin (M: Zn2+, Cu2+, etc.)                                      

b) Representative example of Zn-porphyrin photosensitizer.96 

1.1.4.3 Phthalocyanines 

For overcoming the drawbacks of porphyrins, phthalocyanines have been explored. It 

consists of four isoindole subunits linked together through nitrogen atoms and 

forming a planar 18 -electron system as shown in (Figure 1.4).100, 101 The 

distinguished extraordinary light-harvesting efficiency, robustness, and thermal 

stability over porphyrin offer significant importance in photovoltaics.101 The 

tendency of dye aggregation on the semiconductor surface is the main issue with 

phthalocyanines, which can be rectified by the incorporation of co-adsorber.7 The 

recent advancements in this class of DSSCs reached up to a PCE of 6%,101 

 

Figure 1.4 Representative example of phthalocyanine photosensitizer.99    

Further, the enhancement in the PCE of metal-based dyes has been attained by 

co-sensitization, where two or more dyes are added to enhance the desired optical 

and photovoltaic properties.80, 102 Even if the metal-based class of dye sensitizers are 
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having comparable PCE to silicon-based solar cells, the high cost of production, low 

molar absorption coefficient, limited functionalization, short range of absorption in 

the near infra-red (NIR) region, and environmental toxicity are the major weaknesses 

possessed, and those concerns directed toward the search for metal-free sensitizers.  

1.1.4.4  Metal-free organic dyes 

The metal-free class of organic dyes can be prepared relatively less expensively than 

metal-based dye-sensitizers, and these classes of dyes incorporate different light-

absorbing groups into the organic framework for the fine-tuning of the spectral range. 

The high molar extinction coefficient observed in the metal-free class of organic dyes 

reports remarkable importance in the field of DSSCs. The general structure of metal-

free organic sensitizers includes a D-π-A framework (Figure 1.5), where the three 

major parts comprise donor (D), π -spacer, and an acceptor (A), respectively. The           

π -spacers, usually π -conjugated systems connect the donor and acceptor groups by 

forming bridges. The donor groups involved in the structural framework should be 

electron-rich for the effective intramolecular charge transfer (ICT) of electrons from 

D to A through π-spacer. The acceptor part involved in the basic structure helps the 

sensitizers for effective anchoring onto the semiconductor.103 The rapid progress on 

the development of metal-free sensitizers increased after 2011 and became the most 

potential alternative for Ru-based sensitizers. So far, the modifications on the basic 

structural framework of organic dye sensitizers reached up to a maximum PCE of 13.6 

%,104 while using co-sensitization with an alkoxy silyl-anchor dye and a carboxy-

anchor organic dye, a maximum PCE of 14.3 % has been attained.21 According to the 

working principle of DSSC, when the light incident on the dye molecule, there is an 

intramolecular charge transfer (ICT) from D to A through π -spacer, which excites an 

electron to the LUMO of the dye. This electron transport is considered to be essential 

for the electron injection from dye molecule to TiO2 surface.  

 

Figure 1.5 Schematic representation of D-π-A based dye-sensitizer. 

e-

Donor π-spacer Acceptor TiO2

e-

e-

Intramolecular charge transfer
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1.1.5 Distinctive design strategies in metal-free organic sensitizers 

The frequently used molecular design strategy in metal-free sensitizers comprises a 

D-π-A type architecture, the examples are given in Figure 1.6. In literature, several 

theoretical, as well as experimental groups, have been considered different 

combinations of D, π-spacer, and A in the general D-π-A framework and analysed their 

structure-performance relationship in DSSCs. Since the electron-donating ability of 

donors has a significant role in light-harvesting efficiency, various functional groups 

viz. triphenylamine (TPA),105 carbazole,106 phenothiazine,107, 108 perylene,109 

coumarin,110 indolines,111 fluorene,112 merocyanine,113 hemicyanine,114 N,N 

dialkylaniline,115 phenothiazine,116 tetrahydroquinoline,117 Squaraine,118 ullazine,119 

indolizine,120 julolidine,121 etc. have been incorporated as donors in D-π-A and all 

those systems gained diverse effects on PCE. The planarity of donor molecules is also 

studied for estimating the effective ICT and confirms that the planar nature of the 

donor has a vital role toward open-circuit voltage. Also, the planarity increases the 

electron delocalization in donors result in a redshift of the absorption peak, thereby 

improves PCE.122 Since the modifications with appropriate design strategies extend 

the absorption of the organic dyes to NIR region, several other design strategies like 

D-A-π-A-type and D-D-π-A-type have been developed, and those models facilitate 

electron migration, inhibit dye aggregation, and improve photostability.103, 123, 124  

 

Figure 1.6 Examples of TPA and coumarin-based D-π-A type dye-sensitizers (from left to 

right).110, 125 

In D-D-π-A approaches, the expansion of the donor part with an additional 

donor group could be considered as the one easy method for enhancing the electron-

donating strength of the donors. Examples of this class are shown in Figure 1.7. By 

introducing additional donors in the structural unit, we can enhance the molar 

extinction coefficient and also tunes the HOMO - LUMO energy level of the dye 

sensitizers to a preferred absorption range. Further, the addition of extra electron-

donating groups like OCH3, and alkyl chains, onto the D-D-π-A framework had a better 
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enhancement in the overall performance of DSSC compared to the corresponding bare 

D-D-π-A systems.126-129 In the above said studies, the incorporation of bulky groups 

could prevent dye aggregation on the semiconductor surface effectively, thereby  

improves photovoltaic performance.127 

 

Figure 1.7 Examples of D-D-π-A-type dye-sensitizers.126, 129 

In D-A-π-A-type (Figure 1.8), for improving the performance of DSSC, 

additional electron-withdrawing units such as diketopyrrolopyrrole (DPP),130 

benzothiadiazole (BTD),131, 132 and isoindigo133 have been introduced between the 

donor and the π-bridge as an auxiliary acceptor.134, 135 Zhu and Wu, jointly proposed 

the above novel concept, in which a series of auxiliary acceptors such as benzotriazole, 

quinoxaline, and phthalimide has been introduced for the design of D-A-π-A-type 

sensitizers. They treated additional anchoring units as “electron trappers,” which can 

enhance ICT, tune the HOMO - LUMO energy gap, reduce dye-aggregation, and 

improve photo-thermal stability of dye-sensitizers for improving the overall PCE.136 

The detailed description about the other known auxiliary acceptors (Figure 1.9) and 

their role for improving the optical and photovoltaic properties of D-A-π-A type 

sensitizers are reviewed by Zhu and Wu, and found that additional electron acceptor 

units are helpful for improving the dye stability and efficiency.136  

 

Figure 1.8 Representative example of D-A-π-A-type dye-sensitizer.137 



   

16 
 

 

Figure 1.9 Typically used auxiliary acceptors in DSSCs: a) benzothiadiazole (BTD), b) 

benzotriazole, c) quinoxaline, d) phthalimide, e) TPD, f) diketo-pyrrolopyrrole (DPP), g) 

thienopyrazine, h) thiazole, i) cyano-substituted phenyl, j) fluoro-substituted phenyl, and k) 

cyano vinyl.  

 

Figure 1.10 Representative examples of a) D-π-A-π-A b) D–π–(A)2 c) D-A-A and d) double 

D–π–A bridge types metal-free dye sensitizers. 138, 139, 140-145 

The other known metal-free architectures (Figure 1.10) developed for DSSC 

application include D-π-A-π-A,143-145 D-A-A,139 D–π–(A)2, 
138

 and double D–π–A 

bridges.140-142 The incorporation of rigid conjugated electron donors and π-spacers 
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results in excellent DSSC performance. Also, Han et al. proved that the introduction of 

non-planar donor groups with large-steric hindrance resists dye aggregation and 

electron-charge recombination without any co-adsorbent.146 The reviews on metal-

free dye sensitizers offer a better understanding of the different structure-

performance relationship in DSSC and proves that the introduction of additional 

donors, acceptors, and π-spacers results in wide absorption coverage, higher molar 

extinction coefficients, lower HOMO - LUMO energy gap, and dark current 

suppression etc.18, 147  

Apart from conventional donors, several push-pull heterocyclic π-conjugated 

systems such as thiophene, n-hexyl-2,2’-bithiophene, dithieno [3,2-b:2′,3′-d] 

thiophene, furan and pyrrole, as donors have been developed by various groups148-150 

for scrutinising their excellent charge-transfer characteristics. According to the above 

studies, the incorporation of push-pull compounds as donors enhances their charge 

transport properties and offers a bathochromic shift on the absorption maximum 

when compared to the standard system involved in those studies. There are only 

limited studies regarding heterocyclic compounds as donors and are found to be 

beneficial for DSSC application.  

In addition to the abovementioned design strategies, the inclusion of co-

adsorber like deoxycholic acid (DCA), improves the performance of DSSC by 

enhancing the electron injection efficiency. The co-adsorber can be considered as a 

molecule not having any absorption properties but it gets adsorb on the 

semiconductor surface reduces dye aggregation of the dye on the semiconductor, 

consequently improves the performance of DSSC.151  

1.1.6 Influence of spacer units  

In DSSC fabrication, the individual design approaches on spacers have a promising 

role in enhancing the LHE of the dye-sensitizer.152, 153 The major design strategies in 

spacers focused on the variation of spacer types, spacer chain length, and planarity of 

spacers.154 The spacer length and types involved could significantly influence the 

HOMO – LUMO energy gap and are expected to tune the region of absorption spectra 

to a longer wavelength region.84,155-157 The commonly used spacers in DSSC 
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application involves 1,3 butadiene,69 phenyls,158 ethynyls,159 phenyl ethynyl,160 

furan,137, 161, 162 thiophene,137, 163, 164 fused thiophenes,165, 166 pyrrole,167 

 

Figure 1.11 The generally used spacers for DSSC applications. 

thieno [3, 2-b] thiophene,168 etc. (Figure 1.11). Furthermore, it is found that type of 

spacer moiety has a leading role on the photovoltaic properties of dye molecules. For 

example, Liu et al. reported that D-π-A systems with thiophene and furan spacers 

exhibit better photovoltaic performance than phenyl spacers.169 Also, the 

replacement of olefinic spacers by rigid π-spacers for instance phenyl, thiophene, and 

furan improved the overall performance of the DSSC device.157 Lin, Ko, and co-

workers described that thiophene conjugated spacers have better absorption 

properties than phenyl spacers, which can be attributed to the more planar structure 

of thiophene unit with the neighbouring rings. Thus, thiophene is the widely used 

spacer moiety in DSSC and noted that its photophysical properties improved with 

spacer length.156, 157, 170-172 From the above remarks, we could understand that choice 

of spacers in DSSC is the one key tactic to improve the efficiency of DSSCs. The effect 

of spacers on the photophysical properties of D-π-A systems is theoretically studied 

by Tsai and workers and described that spacer type, length and planarity have a 

substantial role in absorption maximum and charge transfer rate.173 In that study the 

increased number of thiophene spacers in D−π–A system exhibits better electron 

injection rate and absorption properties than phenyl moieties. Moreover, spacer 

length influences the back electron transfer kinetics associated with the performance 

of dye in DSSCs. A Theoretical study conducted by He et al. showed that dye 
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regeneration efficiency and electron injection efficiency decrease with an increase of 

π-spacer length.174 Also, lower the dye regeneration efficiency, greater the charge 

transfer rate, which is needed for the high-performance DSSCs.175 Hartland and co-

workers showed that shorter spacer length reduces the electronic coupling element 

and thereby reduces open-circuit voltage (eVOC).176 The effect of spacer length on 

recombination rate (back electron transfer) and electron-injection have been 

investigated by various groups and found that optimal spacer chain length controls 

dynamics of electron injection, and recombination at dye/semiconductor 

interfaces.152,177,178  

The studies regarding the planarity and size of rigid spacer systems showed 

that the incorporation of a rigid system affects the geometrical and electronic 

properties of the dyes and plays a key role in enhancing the performance of dye 

sensitizers.179, 180 The planar conjugated spacers have a higher molar absorption 

coefficient as well as red-shifted absorption maximum compared to its non-planar 

analogue. For example, sensitizers with indeno [1,2-b] thiophene spacer displayed 

better ICT and higher molar absorption coefficient relative to non-planar analogue, 

thiophene-phenyl unit.181 Following the above principle, several other planar units 

have been introduced in DSSC such as fluorene,182, 183 cyclopentadithiophene,18 4  

indenofluorene,185 and dithieno-[3,2-b;2′,3′-d]thienyl.117 The incorporation of rigid 

fused units like benzotriazole (BTZ), quinoxaline (QX), or benzothiadiazole as 

electron-deficient spacers had a significant improvement in PCE than coplanar               

π-spacers, which can be attributed to their enhanced electron delocalization, reduced 

electron-hole recombination, and improved optical properties, etc.186-188 Zhang and 

co-workers also studied the influence of rigid fused electron-rich and electron-

deficient units as π-spacers, which provides more insight into the structure-

performance relationship of dye-sensitizers for DSSC applications.72 Finally, we could 

conclude that the modifications of π spacers are an effective way to achieve highly 

efficient sensitizers for DSSC applications.170, 180 

1.1.7 Significance of acceptors or anchoring units  

As one of the essential parts of a dye sensitizer, the effect of the acceptor or anchoring 

group on the optical and photovoltaic properties of a dye-sensitizer has been studied 
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by various experimental and theoretical groups.189-191 Anchoring groups help the dye 

molecule to adsorb onto the TiO2 surface and allows electron transfer from the dye to 

TiO2, by forming a coordinate bonding or bidentate bridging linkage with the Lewis 

acid site of TiO2. Consequently, the interaction between the acceptor of the dye and 

the TiO2 surface has a crucial role in the photovoltaic performance of DSSCs.192-194 

Additionally, the electron-withdrawing ability of the anchoring unit (A) could tune 

HOMO and LUMO energies of the dye molecule, resulting in a different electron 

injection capability in dye molecules, which in turn finally affects Jsc and eVoc of dye 

sensitizers.195  

 

Figure 1.12 The frequently used anchoring groups in DSSCs viz. carboxylic acid, 

cyanoacrylic acid, and rhodanine 3-acetic acid (left to right)  

The frequently utilized acceptors in DSSCs are cyanoacrylic acid, carboxylic 

acid, and rhodanine/rhodanine-3-acetic acid, respectively (Figure 1.12).66, 152 The 

good adsorption stability and excellent electron-withdrawing ability make 

cyanoacrylic acid highly appropriate for DSSC applications.196 Covalent bonding is the 

major adsorption mechanism involved in dye/semiconductor surfaces.197 The 

different adsorption configurations between carboxylic acid and TiO2 surface have 

been identified as monodentate ester, bidentate chelating, bidentate bridging, 

monodentate and bidentate H-bonding, and as a monodentate coordinating mode 

through CO, respectively, which is shown in Figure 1.13.152, 192 Among those various 

adsorption modes bidentate chelate and bidentate bridging configurations showed 

superior stability over other adsorption modes.7 Since the adsorption configuration 

affects LUMO energy, the choice of preferred configuration is central in DSSC for 

improving efficiency.198  

The other reported anchors for DSSC application include perylene199 

dicarboxylic acid anhydride,200-202 2-hydroxybenzonitrile,203 8-hydroxyquinoline,203  

3-hydroxy-N-methylpyridinuim,204 catechol,205-207 hydroxamate,208, 209 sulfonic 
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acid,210, 211 acetylacetonate (acac),212, 213 boric acid,214 nitro groups,215 tetrazole 

groups, salicylic acid216 and aldehyde groups,199, 217 those studies offered a detailed 

outlook regarding the electronic structure, stable adsorption configuration, and 

photo-physical properties of each anchor in detail. Also, those findings highlight the 

necessity of the choice of anchoring unit for further design rules in dye sensitizers.192 ,  

195, 218  

 

Figure 1.13 The possible adsorption configurations for carboxylic acid onto the metal oxide 

semiconductor (M = Si, Sn, Ti, etc.)192 

1.1.8 Importance of theoretical study in the design of dye 

sensitizers 

Computational strategies for developing highly efficient DSSCs are having paramount 

importance in photovoltaics. It provides a deep insight regarding the fundamental 

molecular information which are not accessible with experimental studies.219  

Accordingly, over the past 30 years density functional theory (DFT) and time-

dependent DFT (TD DFT) have a significant role in optimal dye design, screening 

molecular properties, and understanding the in-depth mechanism of the photovoltaic 

process. Another way, the accurate description of electronic structure, dye-

semiconductor interaction, and electrolyte interactions could offer an overview of the 

fundamental process that takes place in DSSCs.220 The main properties that are 

studied with electronic structure include rationalization of optical properties of dyes, 

frontier molecular analysis, and photovoltaic properties, while it is also found that all 



   

22 
 

the properties associated with the performance of DSSC are not equally predictable 

with electronic structure method.220 TD-DFT calculation is reliable for analysing the 

excited state properties and provides in-depth knowledge about the charge transfer 

processes in dye sensitizers.  

In the literature, the quantum chemical parameters such as electrophilicity 

index (), electron-accepting power (+), and electronic chemical hardness (h) have 

been used for the examination of molecular properties of the dye and found that those 

are helpful for the prediction of dye stability, electron injection efficiency, and ICT 

rate.221-223 Chemical hardness is defined as the resistance of the dye to intramolecular 

charge transfer, thus by lowering chemical hardness we could improve the short-

circuit current density (JSC).224, 225 The higher electrophilicity defines better dye-

stability. Apart from those parameters, HOMO - LUMO orbital energy analysis, life 

time of excited state, absorption spectra, NBO analysis, investigation of charge 

carriers, electrostatic potential, charge transfer function (C+/C-), and analysis of 

dye/TiO2 adsorption stability, etc. are very helpful for finding the structure-

performance relationships in DSSCs.226 Recently Yang et al. described that molecular 

electrostatic potential (MESP) can be considered as a new tool in theoretical 

chemistry to predict chemical reactivity. It is found that MESP plot is helpful to locate 

electron-dense and deficient regions in a molecule, hence it could be suitable for the 

analysis of the electron transport process in DSSC.72  

The other primary factors that affect the overall performance of DSSCs such as 

𝐺𝑖𝑛𝑗𝑒𝑐𝑡,  𝐺𝑟𝑒𝑔, JSC, eVoc, and LHE are possible to compute theoretically, and those 

studies offer an accurate description of electron injection and regeneration efficiency 

of dye molecules in DSSCs.227  

 Apart from the above concerns, the selection of reliable exchange-correlation 

functional-based DFT method is important for the calculation of the electronic 

structure of isolated dye and dye adsorbed TiO2 (dye/TiO2). Pure DFT functionals 

often underestimate (or) overestimate the HOMO - LUMO energy gap values. Hence 

the choice of exact exchange correlational DFT method which is more reliable than 

pure DFT is necessary for the simulation of absorption spectra and calculation of 

energy gap values.228 Since the interaction between dye and semiconductor shift the 
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position of LUMO of the dye molecule, thereby affecting the electron injection 

efficiency of dye to the semiconductor, the theoretical studies on the 

dye/semiconductor interaction have a significant role in determining the overall 

efficiency.195, 220 The good adsorption stability results in better photovoltaic 

performance. Thus, by calculating adsorption energy, we can predict the 

characteristics of DSSC.229, 230 Theoretically, adsorption energy between dye and TiO2 

can be calculated as Eads = Edye+TiO2 − (Edye + ETiO2), where Edye+TiO2, Edye, and ETiO2 

represent the energies of adsorbed dye, isolated dye, and bare TiO2 respectively. It 

should also be noted that adsorption configurations of anchoring group onto the 

semiconductor surface display a substantial role in adsorption stability and affects the 

electron-charge transfer kinetics in DSSC, the selection of the best adsorption 

configuration is the first step in the theoretical simulation of the adsorption 

process.195 Most of the theoretical studies considered TiO2 surface for adsorption. 

Among the several polymorphs of TiO2, anatase and rutile are the commonly used 

ones.  

The detailed theoretical advancements that happened in this area have been 

systematically and comprehensively reviewed by Izadyar and Arkan. The review 

highlights different aspects of molecular properties and charge transfer processes 

such as selection of appropriate method/basis set, effect of substituents on donor, 

frontier molecular analysis, importance of chemical descriptors, solvent effect, 

influence of electrolyte, dye-semiconductor interactions, etc, which are crucial for the 

dye design are explained in detail.226 Finally, we could conclude that first principle 

studies have been contributed numerous advancements in dye design, which is 

beneficial to reveal the structure-performance relationship in DSSC. 72, 226, 231-236  

1.1.9 Objective of the study 

From the detailed examination of theoretical and experimental studies about DSSCs, 

we noticed that the electron-rich nature of donor motif, their modifications, spacer 

modifications such as type, and chain length bring advancements in optical, and 

photovoltaic properties of dye-sensitizer. However, to the best of our knowledge, a 

theoretical quantification of donor strength, as well as electronic effect transmitting 

power of spacers are not explored in the literature. So, in the thesis, we intend to 
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calculate and analyze the aforesaid fundamental parameters with the help of 

advanced DFT methodology and analysis of electronic features using MESP. It is 

anticipated that the theoretical judgement regarding those quantities will help us to 

choose a particular dye for further structural advancements, which may lead to the 

development of new electron-rich donors with improved photovoltaic performance. 

Moreover, to effectively compete with the existing energy shortage, the emerging 

theoretical simulation is beneficial by maintaining a low-cost than experimental 

studies.  
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Part B: Computational Chemistry Methods 

1.2 An overview of computational chemistry 

Computational chemistry is an emerging field of chemistry in which mathematical 

approximations implemented on computers are utilized to tackle chemical problems. 

The foundation of computational chemistry is based on two important theories viz. 

classical mechanics based on Newton’s equations of motion and quantum mechanics 

based on Schrödinger equation. The basics of quantum mechanics developed at the 

earliest of 1920, while the application is limited to small molecular systems. After the 

development of efficient computer technology, the application for complex systems 

began to be realised, and thus it could be considered as a product of the digital age. 

Computational chemistry got its distinct field of study when Walter Kohn and John 

Pople won the nobel Prize in Chemistry in 1998 for their work on density functional 

theory (DFT) and computational methods in quantum chemistry.237 In practice, 

computational methods have now become an integral component in all the disciplines 

of chemistry as they increase the microscopic, atomistic, and dynamic understanding 

of molecular systems.238 It is extensively used in quantum mechanics for the study of 

molecular structures, analysis, and interpretation of experimental data, study of 

reaction mechanism, predicting IR, NMR, and UV-Visible spectra of molecular species, 

etc. Its application is now extended in computer modelling and simulation techniques 

to understand the structure and properties of different states of matter.  

For determining the molecular structure by geometry optimization, total 

energy approximation by solving the time-dependent Schrödinger equation is the 

basic or first step. There are different methods included in computational chemistry 

for the determination of total energy, which could be classified as ab initio quantum 

chemical methods (Latin term for ''from the beginning''), density functional theory 

(DFT) methods, semiempirical quantum chemical methods, molecular mechanics 

(MM), molecular dynamics (MD), Monte-Carlo (MC) simulations and hybrid quantum 

mechanics/molecular mechanics (QM/MM) methods. In the ab initio method, 

empirical or semi-empirical parameters are not involved to solve the Schrödinger 

equation, while parameters that are derived directly from theoretical principles, for 

example, constants such as speed of light, mass, and charge of electrons, Plank’s 
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constant, etc. are used. Ab initio method is expensive and applies to small systems. In 

semi-empirical methods, the determination of wave function and energy of quantum 

many-body systems are determined using experimental data (parametrization). In 

DFT, the total energy is not expressed in terms of wave function instead it is expressed 

in terms of electron density. This method shows a balance between accuracy and 

computational cost and could be applied from smaller systems to complex systems. 

For modelling the molecular systems ranging from small to large, molecular 

mechanics simulations can be used. It uses vibrational and conformational motions of 

the system for the calculation of energy. MM is otherwise known force field method 

where atoms are considered as balls and bonds as springs.239-242 To examine the time-

dependent behaviour of the system, MD uses quantum mechanics, molecular 

mechanics, or the mixture of both to calculate the forces which comprise Newton’s 

laws of motion.243 

1.2.1 Ab initio quantum chemical methods 

Ab initio method comes under the electronic structure method, where quantum 

mechanics is the basis of computation with direct use of theoretical principles. 

According to quantum mechanics, the energy and other related properties are 

obtained by solving the Schrödinger equation,244  

 EH =   (Eq. 1.7) 

where H is the Hamiltonian operator,  is the N-body wave function, and E is the 

energy eigenvalue of the system . Ab initio method considers electronic and nuclear 

interactions in an atom and hence it is used to describe the inter atomic interactions 

in a quite different environment. Consequently, in the ab initio method, the electronic 

Schrödinger equation for many-electron systems is solved. The Hamiltonian operator 

for a system of N electrons and M nuclei can be written in the atomic unit as: 
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 (Eq. 1.8) 

In the above equation, the first two terms represent the electronic and nuclear kinetic 

energy operators, the third, fourth, and fifth terms in Hamiltonian represent the 

potential energy operators corresponding to nuclear-electron, electron-electron, and 
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nuclear-nuclear interactions, respectively. The notations RA and ri stand for the 

position vectors of nuclei and electrons. riA represents the distance between ith 

electron and Ath nucleus, and rij is the distance between ith and jth electrons. Further, 

RAB denotes the distance between Ath and Bth nucleus. MA is the ratio of the mass of the 

nucleus to the mass of an electron and ZA is the atomic number. Finally, 2
i∇  and 2

A∇

are Laplacian operators.   

According to the basic principle, the Schrödinger wave equation can be exactly 

solvable for hydrogen and hydrogen-like atoms. Since the solution of the Schrödinger 

equation is the basis for quantum chemical calculations, approximation methods are 

needed to solve the wave equation for many-electron systems. The best-known 

approximation method used in many-electron systems is Born-Oppenheimer (BO) 

approximation, which considers electronic and nuclear motion are separable.245, 246 

BO approximation neglects nuclear motion while describing the electronic motion in 

a molecule. Because nuclei are heavier than the electron and moves moderately than 

the electrons. Thus, BO approximation makes the second term (nuclear kinetic energy 

term) in Eq. 1.8 as zero and nuclear-nuclear repulsion term as constant (fifth term of 

Hamiltonian). The remaining terms in the Hamiltonian (Eq. 1.8) constitute the motion 

of N electrons in the field of M point charges, the electronic Hamiltonian Helec can be 

written as: 
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 (Eq. 1.9) 

In (Eq. 1.9), the third term stands for electron-electron interactions, the 

determination of the exact solution for this term is highly demanding. To estimate the 

solution for electron-electron interactions, consider an approximation in which N 

electrons are moving completely independent of each other, the corresponding term 

becomes zero. Hence the total wave function can be written as the product of N 

electron wave function as given below: 

)()....Ψ()Ψ(Ψ=Ψ NN2211 rrr  (Eq. 1.10) 

Also, the Schrodinger equation to the electronic Hamiltonian Helec which is separated 

out for electronic motion can be represented as: 
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( ) ( )}{};{}{};{ AielecelecAielecelec ΦEΦH RrRr =  (Eq. 1.11) 

where {ri} and {RA} characterise the position of electrons and nuclei, respectively. The 

electronic wave function which depends on electronic co-ordinates {ri} (explicitly) 

and the position of the nuclei {RA} (implicitly) is denoted as elec. On solving Eq. 1.11, 

we will get the energy of the electronic wave function which defines the motion of 

electrons.247 The above relation shows that BO approximation effectively separates 

electronic and nuclear Hamiltonians and their corresponding wave functions. Thus, 

using the wave function from the Schrödinger equation, any experimentally  

observable properties can be calculated as the anticipated value of the appropriate  

operator. Finding an exact solution to the many-body Schrödinger equation is not so 

easy, for which an appropriate approximation method is required.   

1.2.1.1 Hartree-Fock theory 

The Hartree-Fock (HF) method is a variational, wavefunction-based approach in 

which motion of each electron can be defined by a single-particle function (orbital) by 

assuming that electrons are non-interacting. It is the most popular ab initio method 

established to solve the time-independent Schrödinger equation, after applying the 

Born-Oppenheimer approximation.248 In HF method, due to the non-interacting 

nature of electrons, the total Hamiltonian of the many-electron system (H) can be 

expressed as a sum of one electron Hamiltonian given in Eq. (1.12).245 

𝐻 = − ∑ℎ(𝑖)

𝑁

𝑖=1

 (Eq. 1.12) 

Where ℎ(𝑖)  is the one-electron Hamiltonian and the corresponding one-electron 

wavefunction can be obtained as the product of single-electron spin-orbital 

wavefunctions; which is known as Hartree product ( HP ). i.e.,  

)().....()(=),.....,,( 2121 NkjiN
HP χχχ xxxxxx   (Eq. 1.13) 

where, kji χχχ ,, etc. represent spin orbitals and 1x , 2x , etc. represent combined 

spatial and spin coordinates of each electron, respectively. Also, this N electron 

wavefunction shows that the probability to find one electron in many electrons 
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system is independent of the position of other electrons.249 But in reality, this does 

not happened, where the electronic motion is interrelated as they experience 

coulombic repulsion due to the same charge. Further, HP  is considered as the 

eigenfunction to the total Hamiltonian (H) and one of the problems with the Hartree 

product is that electrons are indistinguishable, which means the antisymmetric 

principle is not obeyed. This additional requirement on electronic wavefunction can 

be rectified by arranging the N-electron wavefunction in the form of slater 

determinant (Eq. 1.14) as given below. 
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where 
1

√𝑁!
 is a normalization factor. The interesting consequence of the slater 

determinant is that the electrons are all indistinguishable and the motion of electrons 

with parallel spins is correlated when the many-electron wave function is 

represented in slater determinant form.250, 251 The normalized slater determinant can 

be represented as given in Eq. 1.15. 

( )
NjiN χχχ ..... =xxx ......21,  

 (Eq. 1.15) 

According to variational principle, the wave function giving the lowest energy is the 

finest and can be calculated as an expectation value of the Hamiltonian over this 

approximate wave function. It is noted that by increasing the size of the basis set, the  

energy goes on decreasing, until a limit, named the Hartree-Fock limit. Thus, the finest 

approximate wave function 0 that gives the lowest energy ( 0E ), is given by the               

(Eq. 1.16). 

000 =  HE   (Eq. 1.16) 

By choosing appropriate spin orbitals iχ , minimum energy can be attained and the 

corresponding eigenvalue equation is named as Hartree-Fock equation; represented 

as: 

)(=)()( ii χχif xx   (Eq. 1.17) 
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where f(i) is a one-electron operator called the Fock operator, which can be written 

as, 

𝑓(𝑖) =  −
1

2
𝑖

2 − ∑
𝑍𝐴

𝐫𝑖A
+

𝑀

𝐴=1

𝑉HF(𝑖) (Eq. 1.18) 

In Eq. (1.18), VHF(i) symbolizes the Hartree-Fock potential which could be defined as 

the average potential experienced by the ith electron due to the remaining electrons. 

Thus, in the HF method, the elaborated many-electron problem is replaced by a one-

electron problem where the electronic interaction is considered in an average way. 

Generally, the HF potential of a particular electron (1) depends on the spin orbitals of 

the remaining electrons.; hence it can be denoted as,     

𝑉HF(1) = ∑((𝐽𝑗(1) − 𝐾𝑗(1))

𝑁

𝑗

 (Eq. 1.19) 

where the term Jj is the coulomb operator which comprises the coulombic repulsion 

between the electrons and Kj is the exchange operator which characterizes the 

quantum correlation due to the Pauli’s exclusion principle. The coulomb and exchange 

operators can be written as given below. 

𝐽𝑖(1)= ∫ 𝑑𝐗2|𝑗(2)|
2 1

𝑟12
 (Eq. 1.20) 

                                                                 

And 

𝐾𝑗 (1)𝑖
(1) = [∫ 𝑑𝐗2 𝑗  (2)

1

𝑟12
𝑖

(2)] 𝑗(1) (Eq. 1.21) 

In closed-shell molecules or atoms, Roothaan and Hall introduced a single matrix form 

named Roothaan equations for solving the HF equation.252, 253 It is a representation of 

HF equation in a non-orthonormal basis set and commonly known as Restricted 

Hartree–Fock theory. It is independently established in 1951 by Clemens C. J. 

Roothaan and George G. Hall, henceforth it is also named as Roothaan-Hall equations. 

According to Roothaan equations, the HF equation (Eq. 1.17) is rewritten by 
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substituting the unknown molecular orbitals 
i  (Eq. 1.22) as a linear combination of 

known basis functions K and leads to (Eq. 1.23). 

𝑖(𝐫) = ∑ 𝐶 𝑖 (𝐫)

𝐾

 =1

 Where i=1, 2, 3,…., K (Eq. 1.22) 

iC
 are the coefficients of 

 , and K is the total number of basis functions. Thus 

Roothaan-Hall equation for closed-shell systems can be written in a single matrix 

form as:                                                    

FC=SCε  (Eq. 1.23) 

where ε, S, F are orbital energies, overlap matrix, and Fock matrix, respectively. In the 

equation, Fock matrix is the matrix representation of Fock operator (Eq. 1.18) in the 

basis function Φμ. Further, to determine the eigen values from the Roothaan-Hall 

equation, the unknown molecular orbital coefficients which could be obtained from 

diagonalization of the Fock matrix have been used.  

The major limitation observed with the HF method relates to electron 

correlation, which is ignored in HF theory formulated using Roothaan approach. Even 

if the electron correlation is exceedingly small, it has large deviations from 

experimental results. To overcome this weakness several post-Hartree Fock method 

has been explored.  

1.2.1.2 Post-Hartree-Fock methods 

Post-Hartree-Fock methods are generally developed to improve the limitations of the 

HF method or self-consistent field (SCF) method. The major problem with HF method 

is that it does not consider the electronic correlation/repulsion between the electrons 

while the average repulsions are only considered.254 Therefore, to correct the 

limitations of the HF method, Post Hartree-Fock methods add electron correlation 

which can be considered as the most accurate way of comprising electronic 

repulsions. The electron correlation energy, Ecorr is calculated by subtracting the 

energy in Hartree-Fock limit (EHF) from the exact nonrelativistic energy of the system 

(0). 

𝐸𝐶𝑜𝑟𝑟 = 0 − 𝐸𝐻𝐹 (Eq. 1.24) 
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Generally, post-Hartree-Fock methods give more precise results than the HF method, 

the accuracy is good with the price of added computational cost. The major post 

Hartree-Fock methods are Moller-Plesset perturbation theory MPn (where n is the 

order of correlation),255, 256 configuration interaction (CI),257 coupled-cluster 

theory,258 and multi-configurational self-consistent field (MCSCF).  

1.2.1.2.1   Møller-Plesset perturbation theory 

Møller–Plesset perturbation (MP) theory, established in 1934 by Christian Møller and 

Milton S. Plesset is a quantum chemistry Post–Hartree–Fock ab initio method.256 

Being a Post-Hartree-Fock method, MP theory rectified the limitation of HF theory by 

incorporating electron correlation (called perturbation) to the HF Hamiltonian. Since 

the calculation involved in Møller-Plesset is not variational, the energy obtained may 

be lower than the true ground state energy. Thus, the actual Hamiltonian operator in 

MP theory becomes: 

                         H = H0 + λV                                                     (Eq. 1.25) 

where λ is an arbitrary real parameter that controls the size of the perturbation. The 

term H0 denotes the unperturbed Hamiltonian operator and V is the perturbation. In 

this theory, the difference between the exact Hamiltonian and the Fock operator is 

considered as the perturbation.255, 256 It can be seen that the first MP energy as zero 

(EMP1 = 0), hence total energy looks like that obtained from HF method. Hence a 

meaningful amount of electronic correlation is added by using MP2 energy. Third-

order (MP3) and fourth-order (MP4) calculations are also frequently used in small 

systems while higher-level MP calculations, especially (MP5) are possible only in few 

computational chemistry codes. Among the MPn methods, MP2 are the most popular, 

and those MP calculations are restricted to a single point where the geometry 

optimization is performed at a lower level of theory as the expensive computational 

cost.256, 259, 260 

1.2.1.2.2   Configuration interaction (CI) method 

Ab initio method in which excited and transition state properties are solved to 

describe the electronic state is called configuration interaction method. In this 
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method, configuration of the electron can be expressed as a linear combination of 

slater determinants and the term interaction implies the mixing of different electronic 

configurations.261 Also, interaction among the electronic configurations can be solved 

using a variational wave function that can be written as a linear combination of 

configurational state functions (CSFs) resulting from spin orbitals; hence CI wave 

function can be written as: 

|0⟩ = 𝐶0 |0⟩ +  ∑ 𝐶𝑎
𝑟  |a

r ⟩+  ∑ 𝐶𝑎𝑏
𝑟𝑠

𝑎<𝑏
𝑟<𝑠

𝑎𝑟

 |ab
rs ⟩+ ∑ 𝐶𝑎𝑏𝑐

𝑟𝑠𝑡

𝑎<𝑏<𝑐
𝑟<𝑠<𝑡

 abc
rst + ⋯. (Eq. 1.26) 

The first term in the above equation represents the slater determinant corresponding 

to the HF wave function, and the remaining terms create singly, doubly, triply, etc. 

excited determinants with appropriate expansion coefficients. Occupied orbitals are 

denoted as a, b, etc. indices, whereas orbitals involved in the electron excitations are 

represented as r, s, etc. Depending on the number of electronic excitations involved, 

the number of newly constructed determinants may vary. As per the number of 

excitations, CI methods are classified as configuration interaction single-excitation 

(CIS), single and double excited CI method (CISD), triple (CISDT) and quadruple 

(CISDTQ) excitation calculations.262 Here triple and quadruple excitations are used 

only when extremely high accuracy is required. If only one spin-orbital differs, we 

describe this as a single excitation determinant. If two spin orbitals differ, it is a double 

excitation determinant and so on. It is noted that truncating the CI space as in CID, 

CISD, etc. will reduce the computational cost by limiting the electronic excitations. For 

example, in CID, the excitation is limited to double, while in CISD the excitation is 

limited to single and double. In full CI method, all possible excitations are permitted 

and hence accuracy and computational cost increases.245, 263  

1.2.1.2.3   Multi-configurational self-consistent field (MCSCF) 

We know that in CI method SCF wavefunction is used for constructing the 

configuration state function. While in MCSCF, we can use multiple determinants for 

constructing the wavefunctions, gives the most accurate result with a given 

computational cost. It has been generally used to create qualitatively correct 

reference states of molecules where HF and DFT are inadequate.264 However, for 

Free Hand

Free Hand

Free Hand
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doing calculations, this method requires technical support from the user. We have to 

find which molecular orbits are to be used and there should be a correlation between 

bonding and antibonding orbits. Also, we can consider a combination 

between CI (Where the molecular orbitals are not varied, but the expansion of the 

wave function) and HF (there is only one determinant, but the molecular orbitals are 

varied). Consequently, MCSCF wavefunctions are generally used as a reference state 

for multiconfiguration-reference configuration interaction (MRCI)262 or multi 

perturbation theory called complete active space perturbation theory (CASP2). These 

methods can be used in an accurate way for the study of ground and excited state 

properties, where other all methods fail, rarely computed due to the demand of 

massive amount of computational cost.  

1.2.1.2.4   Coupled cluster (CC) theory 

Whenever high accuracy is required, the coupled-cluster method (CC method) has 

been extensively used for the computation of atomic and molecular electronic 

structure, which includes calculations in excited state properties. As a post-Hartree 

Fock method, CC comprises electron correlation and enables efficient, accurate, and 

size-extensive solution of electronic Schrödinger equation. This method was initially  

used in the 1950s for many-body quantum systems in nuclear physics, latter Cizek 

(1966) and Paldus (1991) initiated those calculations in quantum chemical 

calculations.265 In CC theory method, the Schrödinger equation has been reformulated 

as a non-linear equation by parametrization via an exponential excitation operator.266 

The wavefunction for a multielectron system can be formulated by the operation of 

an exponential operator (T) on a single determinant. Moreover, it is the perturbation 

variant of many-electron theory (MET), consequently, the solution derived from this 

method is exact. Comparing with MET, CC theory is somewhat simpler and gives 

highly accurate results. Depending on the highest number of allowed electronic 

excitations in the cluster operator (T), it is classified as CCSD, CCSD(T), and CCSDTQ, 

where S, D, T, and Q stand for singles, doubles, triples, and quadruples excitations, 

respectively. Thus, the cluster operator (T) for CCSD (T)can be written as: 

T = T1 + T2 + T3                   (Eq. 1.27) 

https://en.wikipedia.org/wiki/Configuration_interaction
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In (Eq. 1.27), T1, T2, T3 denote the operators of all single, double, and triple excitations. 

Also in the notations, the terms in the round bracket indicate that the contributions 

from those excitations can be calculated using many-body perturbation theory.245 

1.2.2 Semiempirical methods 

Semiempirical methods are based on HF method, which holds the position between 

ab initio method and molecular mechanics.267 It is noted that ab initio method gives 

highly accurate results as experiments for the heat of formation, whereas moderate 

accuracy is given for molecular structure determination. The excited properties are 

also determined by ab initio method where the cost in terms of computational 

resource is the key concern. MM methods are extremely fast and handle big systems, 

but those methods are not adequate to represent the geometries involved in bond-

breaking and bond-making processes. Here comes the importance of semiempirical 

methods. As in molecular mechanics, the semi-empirical method employs empirical 

parameters, and it is quantum chemical in nature as ab initio. In semiempirical 

methods, the extensive use of approximations allows us to study bulkier systems 

where the full HF method without approximation is too costly. In this approximation, 

the electrons which are not effectively involved in chemical reactions are not 

considered for Hamiltonian calculation, therefore reduces the complexity of the 

calculation (inclusion of electron correlation), and found to be effective in larger 

systems. If there are N orbitals involved in the calculation, then the two-electron 

repulsion integral scales as N4, whereas by applying approximation the repulsion 

integrals are reduced to N2, thereby simplifies the calculation. 

Basically, to reduce the complexity of computation, semiempirical methods use 

three approximations viz. the elimination of the core electrons from the calculation, 

the use of a minimum number of basis sets, and the reduction of two-electron 

repulsion integral. One of the first semiempirical method called CNDO/2 (complete 

neglect of differential overlap) is introduced by John Pople where core approximation 

and zero-differential overlap (ZDO) have been considered.268 INDO (Intermediate 

neglect of differential overlap), and NDDO (Neglect of Diatomic Differential Overlap) 

- the most successful basis of the modern semiempirical method are the other two 

methods proposed by John Pople. Later in 1977, Michael Dewar and Walter Thiel 
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proposed modified Neglect of Diatomic Overlap, MNDO where parameters are 

assigned for different orbit types and such kinds of approximations could reproduce 

properties such as dipole moments, heat of formation, geometric variables, etc. 

Current MNDO methods are Austin Model 1 (AM1) by Dewar and co-workers, and 

Parametric Method 3 (PM3) by James Stewart. In AM1, a similar approach to MNDO 

is considered along with a modified expression for nuclear-nuclear core repulsion. In 

PM3, a similar Hamiltonian that of AM1 has been used while the slightly different 

nuclear repulsion parameterization strategy improves the accuracy of 

thermochemical predictions.269 Another MNDO method is PDDG/PM3 (Pairwize 

Distance Directed Gaussian) which is suitable for calculating intermolecular 

interactions. The reparameterization improves the accuracy for determining the heat 

of formation, however, the common limitations in NDDO remain unchanged like 

calculation of conformational energies, activation barriers, and description of 

radicals, etc.270 

1.2.3 Density functional theory (DFT) 

Density Functional Theory (DFT) has been used for the investigation of the electronic 

structure of many-body systems and has revolutionized the quantum-chemical 

development of the last 30 years. Since 1970, DFT method was incredibly famous for 

calculations in solid physics, latter 1990s, this method attains enough accuracy in 

quantum chemistry calculation where it uses better model exchange and correlation 

interactions.271, 272 In DFT, functions of another function (functionals) has been used 

for calculating the properties of many-electron system without considering the 

higher-order parameters (fundamental material parameters). In DFT, to compute the 

ground state energy of a many-electron system, we do not consider the 3N 

coordinates of the wavefunction, rather we can consider the one variable called the 

density of electron in terms of 3 coordinates, which reduces the complexity in the 

calculation for large systems. According to DFT, the energy of the electronic system 

can be calculated from electron density ρ(r), which is the function of space and time 

rather than wavefunction (which is used in HF theory), and the integration of electron 

density over all space gives the total number of electrons, N.273 
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𝑁 = ∫ (𝐫) 𝑑𝐫 (Eq. 1.28) 

In the modern DFT method, the total energy of the molecular system can be calculated 

using electronic potential acting on the molecular system, which could be constructed 

as the sum of external potentials Vext (depends on the structure and the elemental 

composition of the system) and effective potential Veff (represents the interelectronic 

interactions). Thus, a system of ‘n’ electrons can be written as a set of ‘n’ one-electron 

Schrödinger-like equations called Kohn–Sham equations. 

1.2.3.1 Thomas Fermi model 

DFT, which is originated from Thomas–Fermi (TF) model for the electronic structure 

of many-body systems was developed shortly after the invention of the Schrödinger 

equation in 1927.274-276 According to this model, an electronic state of a uniform 

electron gas is assumed to be a solution of the Schrödinger equation based on electron 

density.277 That is, if the electrons in a solid crystal are distributed uniformly and 

there is no external magnetic field, then the external potential (corresponds to the 

nuclear–electron interaction potential) depends only on the distances from the nuclei, 

and thus it can be calculated from the nuclear charge and electron density. 

Consequently, the kinetic energy functional of the electron density in TF model, 

TTF[(r)] is formulated as: 

𝑇𝑇𝐹[(𝐫)] =
3

10
 (3𝜋2)

2
3⁄  ∫()

5
3⁄  (𝐫) 𝑑𝐫 (Eq. 1.29) 

The total energy in terms of electron density can be expressed by incorporating the 

interaction between electron-nucleus and electron-electron as follows: 

𝐸[𝜌(𝐫)] =
3

10
(3𝜋2)

2
3⁄ ∫𝑑𝒓 𝜌

𝟓
𝟑⁄ (𝐫) − 𝑍 ∫

𝜌(𝐫)

𝐫
 𝑑𝐫 +

1

2
 ∬

𝜌𝐫1𝜌𝐫2
|𝐫1 − 𝐫2|

 𝑑𝐫1𝑑𝐫2 

                            (Eq. 1.30) 

In the above equation, the second and third terms correspond to electron-nucleus 

interaction and electron-electron interactions, respectively. Although the method 

provides an interesting theory for representing the Hamiltonian as a function of 

electron density, the accuracy of the method is not reliable. Since the method does not 

consider the exchange energy of an atom, the resulting kinetic energy function 
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becomes approximate. Later in 1928 Paul Dirac added exchange-energy functional, 

however, the accuracy remained unaltered.  

1.2.3.2 Hohenberg-Kohn theorems 

The limitations of Thomas–Fermi model has been reviewed in 1964 by a theorem 

called, Hohenberg-Kohn (HK) theorems.278 The theorems can be applied to any 

system having electrons moving in presence of an external magnetic field. According 

to the first HK theorem, external potential can be considered as a unique functional of 

electron density and states that ground-state density exclusively predicts all the 

properties of a many-electron system. The second HK theorem states that, if the input 

electron density is true, the functional delivers ground state energy of the system 

gives the lowest energy. Since those two theorems were proven mathematically, they 

can be considered as the basics of DFT method. According to the theorems, the energy 

functional E[ρ(r)] can be determined from the ground state density and could be 

calculated as the sum of two terms as follows: 

𝐸[(𝐫)] =  ∫ 𝑉𝑒𝑥𝑡  (𝐫)(𝐫)d𝐫 + F[(𝐫)] 
(Eq. 1.31) 

In the above equation, the first term represents the interaction of the electrons with 

an external potential Vext(r) typically due to the coulomb interaction with the nuclei, 

and the second term denotes the universal function of electron density F[ρ(r)]. To 

obtain minimum energy, a Lagrangian multiplier, µ (electronic chemical potential) 

can be introduced as: 

 
μ

E

V

=








ext
)(δ

)(δ

r

r





 
(Eq. 1.32) 

The Eq. (1.32) is the DFT equivalent of Schrödinger equation. Also, it has been found 

that HK theorems lack accurate approximations for ground-state density F[ρ(r)]. In 

practice, computation of energy of the interacting electron is not exactly accurate with 

HK theorem. 

1.2.3.3 Kohn-Sham equations 

In 1965 Kohn and Sham reconstructed the DFT into a practical electronic structure 

theory. Hohenberg-Kohn theorem fails to provide a way of finding the ground state 



   

39 
 

density or kinetic energy of the system. To address this problem, Kohn-Sham 

proposed an alternative approach where a fictitious non-interacting system is 

constructed and assumes that the density of this fictious system is same as that of 

interacting electrons.279 Thus Kohn-Sham Equations are focused on the outcome of a 

fictitious system of non-interacting electrons, the energy functional E[ρ(r)] can be 

written as a combination of three terms as follows 

where the terms EKE[ρ(r)], EH[ρ(r)], and EXC[ρ(r)] denote kinetic energy of non-

interacting electrons, Hartree electrostatic energy of the electrons and the 

contributions of exchange and correlation to energy, respectively. Here the first two 

terms in (Eq. 1.33) can be rewrite as  

𝐸𝐾𝐸[ (𝐫)] =  ∑ ∫𝑖  (𝐫)(−


2

2
)

𝑁

𝑖=1

𝑖  (𝐫)d𝐫 
(Eq. 1.34) 
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 d𝐫1d𝐫1 

 (Eq. 1.35) 

 

By substituting Eq. (1.34) and Eq. (1.35) in Eq. (1.33), the full expression for energy 

functional E[ρ(r)] becomes: 

𝐸[ (𝐫)] =  ∑ ∫ 𝑖 (𝐫)(−
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) 𝑖 (𝐫)d𝐫+
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𝐫 −  𝑅𝐴

𝑀

𝐴 =1

  (𝐫) d𝐫 

                                    (Eq. 1.36) 

where the contribution of exchange and correlation to energy is defined as the 

difference between the exact and non-interacting kinetic energy of the system along 

with the contribution due to exchange and correlation. As per the theorem, the 

electron density of an N electron system can be defined as the sum of the square 

moduli of N one-electron orbitals:                   

 

2

1
i )()( 

=

=
N

i

rr
               (Eq. 1.37) 

𝐸[(𝐫)] = 𝐸𝐾𝐸[ (𝐫)] +  𝐸𝐻[ (𝐫)] + 𝐸𝑋𝐶[ (𝐫)]  (Eq. 1.33) 
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By using the expression for entire electron density (Eq. (1.37) and appropriate 

variational theorem, we can solve the Schrödinger equation for each one-electron 

Kohn-Sham equation as: 

{−
1
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2
− (∑

𝑍𝐴

𝒓1𝐴

𝑀

𝐴=1

)+ ∫
𝜌𝒓2

𝒓12
𝑑𝒓2 + 𝑉𝑋𝐶[𝒓1]}Ѱ𝑖(𝒓1) = 𝑖Ѱ𝑖(𝒓1)    

 (Eq. 1.38) 

 

where εi represents the molecular orbital energies, and VXC is the exchange-

correlation functional which is related to exchange-correlation energy as  

)(
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V   (Eq. 1.39) 

Unfortunately, in the Kohn–Sham approach, the exchange-correlation potential and 

corresponding exchange-correlation energy are the two unknown terms included in 

the calculation of total energy. Since EXC is not known exactly, which has to be solved 

for the practical applications of DFT. To address the problem, several approximations 

have been introduced and which are discussed in the next section.  

1.2.3.4 Exchange-correlation functionals 

For the practical application of Kohn–Sham approach, we have to address the solution 

for exchange-correlation energy EXC. However, in a closed mathematical form, the 

solution for the problem is not exactly known yet. Thus, from the beginning stage 

itself, DFT methods have been used several approximations for Exc. By this time,  

several approximated functionals have been introduced with varying levels of 

complexity and Perdew proposed a useful way of categorizing complexity known as 

“Jacob’s ladder.”280 (Figure 1.14) 

 

Figure 1.14 Schematic diagram of “Jacob’s ladder” of exchange exchange-correlation 

functionals proposed by J. P. Perdew.281 
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The exchange-correlation energy, 𝐸𝑋𝐶 can be expressed as a sum of two terms, 

one exchange term 𝐸𝑋 (associated with the interaction of electrons of the same spin) 

and a correlation term 𝐸𝐶 (associated with the interaction of electrons of opposite 

spin). The corresponding functionals are exchange functional and correlation 

functional, respectively. Thus, we can write exchange correlation functional as: 

)]([+)]([=)]([ rrr  CXXC EEE   (Eq. 1.40) 

The functional dependance of 𝐸𝑋𝐶 on electron density can be written as: 

𝐸𝑋𝐶[ (𝐫)] =  ∫  (𝐫) 𝑋𝐶 [ (𝐫)] d𝐫  (Eq. 1.41) 

where  (𝐫)  and 𝑋𝐶  represent electron density and energy density, respectively. 

Finally, for the practical application of DFT, approximations for 𝐸𝑋𝐶 functionals are 

introduced and the most common types of exchange-correlation functionals are 

discussed below.
 
 

1.2.3.4.1 Local density approximation (LDA) 

Local density approximation (LDA) is the simplest known density functional 

approach where the approximations are derived from homogenous electron gas. In 

this regard, a heterogeneous system is divided into infinitesimal volumes, and 

electron density in each volume can be taken as constant. Based on this assumption, 

the obtained exchange-correlation energy from each volume is assumed to be the 

exchange-correlation energy of a homogeneous electron gas of the same density. The 

expression for exchange energy can be written as282: 
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 (Eq. 1.42) 

 It is noted that the calculation of correlation energy is more complicated and which 

leading to numerous different approximations.283 The analytical expression for 

correlation energy is available in low- and high-density limits and hence for the full 

range of densities many-body perturbation theories have been proposed, more 

accurate results are obtained from quantum Monte Carlo simulations.284 
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1.2.3.4.2 Generalized gradient approximation (GGA) 

In generalized gradient approximation methods, the exchange-correlation potential 

depends on the electron density and its gradient )(∇ r


 So, there is a significant 

improvement in the accuracy by GGA than LDA.285 The general form of exchange-

correlation energy obtained from GGA is: 

𝐸𝑋𝐶 [𝛼
(𝐫), 𝛽

(𝐫)  ] =  ∫  𝑋𝐶  (𝛼
(𝐫),𝛽

(𝐫), ⃗⃗  𝛼
(𝐫), ⃗⃗  𝛽

(𝐫)  ) d3𝐫  (Eq. 1.43) 

The GGA functionals are made by adding a correction term to the LDA functionals. 

These methods have followed two main lines: the first one is the numerical fitting 

procedures proposed by Becke. And the second group of GGA has been developed by 

Perdew which is a more rational-based one and gives importance to the development 

of exchange-correlation functionals.286 The popular examples of GGA functionals 

include Becke88 (B88),287 Perdew 86,288 Perdew-Wang 91 (PW91),289 Perdew-Burke-

Ernzerhof (PBE),290 and Lee-Yang-Par (LYP).287, 291 

1.2.3.4.3 Meta GGA 

Meta GGA functionals are known as third-generation functionals and they used 

second-order derivatives of density and kinetic energy densities as additional degrees 

of freedom to offer enhanced performance over LDA and GGA.292, 293 The highly 

parameterized approximate functionals developed by Truhlar and coworkers named 

Minnesota is based on meta GGA functional. In Minnesota functionals, there are 

different family of functionals, published in different years starting from 2005 to 

2015.294, 295 

1.2.3.4.4 Hybrid density functional (H-GGA) 

These are fourth-generation functionals in which “exact exchange” extracted from HF 

exchange energy has been included as a functional of the Kohn-Sham molecular 

orbitals. By adding HF exchange energy with DFT exchange-correlation, H-GGA shows 

a significant improvement over GGA and hence widely used in quantum chemical 

calculations. The most widely used H-GGA functional is B3LYP, where to control the 

mixing of HF exchange 3-parameters are employed.296 The other examples are B3P86, 

B3PW91, B97-1, MPWB1K, and X3LYP. Another new class of exchange correlational 
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functionals is Hybrid-meta GGA (HM-GGA), these depend on HF exchange, electron 

density, the gradient of electron density, and the kinetic energy density. HM-GGA 

methods are similar to H-GGA, and the only difference that occurs is that they start 

from meta GGA as a substitute for GGA.286 The main outcome of these functionals is 

the improvement in the determination of barrier heights and atomization energies. 

The examples for HM-GGA methods are B1B95, BB1K, MPW1B95 and TPSS1KCIS. In 

summary, the performance of H-GGA and HM-GGA is better than GGA and LDA, while 

the performance of each functional depends on the property under evaluation, and on 

the type of system under study.  

1.2.3.5 Dispersion corrections 

The long-range van der Waals (vdW) type interactions have significant importance 

for predicting the electronic structure, stability, and reaction mechanism for a many-

electron system. So, in molecules having Van der Waals type interactions, we have to 

incorporate dispersion corrections to the KS-DFT functionals (exchange-correlation 

functional).297-299 According to this principle the total energy of the system can be 

represented as:   

dispDFTKSDDFT EEE += −−                                 (Eq. 1.44) 

The mathematical expression for dispersion energy can be expressed as: 
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(Eq. 1.45) 

In the above equation Nat denotes the number of atoms in the system, S6 is a global 

scaling factor that depends on the used dispersion function. C6ij represents the 

dispersion coefficient for an atom pair ij. Rij is the interatomic distance, and fdmp is the 

damping function that must be used to avoid near-singularities for small interatomic 

distances.  

1.2.3.6 Time-Dependent density functional theory (TD DFT) 

Time-dependent density functional theory is used for the study of excited-state 

properties of many-electron systems in the presence of time-dependent potentials, 
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such as electric or magnetic fields.300-302 It extends the basic ideas of ground-state 

properties formulated by DFT to excitations. The approach is same as DFT and the 

only variable involved in this approach is electron density which is a function of space 

and time.303 In TD DFT, density has been obtained from the fictious non-interacting 

system named Kohn-Sham system, and the final analytical expression for the time-

dependent variant of effective potential called Kohn-Sham potential can be obtained 

by several sophisticated approximations.304  

The basics of TD DFT calculation has been published in 1984 by Erich Runge and 

Eberhard K. U and known as Runge-Gross (RG) theorem.302 The RG theorem can be 

considered as the analogue of HK theorem in DFT. It suggests Hamiltonian in presence 

of time-dependent function as: 

{ }( ) { }( ) { }( ) { }( )t,V+W+T=t,H ext rrrr ˆˆˆˆ    (Eq. 1.46) 

Here the first two terms viz. T̂ and Ŵ  symbolise kinetic energy of electrons, and 

electronic interactions, respectively. The last term extV̂ represents the external 

potential which defines the electrons' interaction with the nuclei of the system. In the 

case of non-trivial time-dependence, an additional explicitly time-dependent 

potential can also exist from a time-dependent electric or magnetic field. In general, 

the time-dependent many-body Schrödinger equation is,  

{ }( ) { }( ) { }( )ttHt,i ,,
t

rrr 


=
∂

∂
 (Eq. 1.47) 

where H is the Hamiltonian operator which has a general form given in Eq. (1.47). As 

RG theorem,302 by starting from the Schrödinger equation, we can calculate electron 

density, from which we can determine the external potential. Also, it is noted that the 

absolute square of wavefunction { }( ) 2
,tr , probability of finding the electron at 

position r, takes the form: 

𝜌(𝐫, 𝑡) = 𝑁 ∫ 𝑑3𝐫2… .𝑑3𝐫𝐍 |Ѱ(𝐫1, 𝐫2, … . . 𝐫𝑁, 𝑡)|2 (Eq. 1.48) 

Unfortunately, RG theorem failed to suggest how to calculate that valuable quantity 

named electron density. To address this problem, Kohn-Sham utilized a fictious 

system of non-interacting systems, subject to an external potential. In this approach, 



   

45 
 

the electron density obtained from the fictious non-interacting system is taken as the 

density of the original interacting system. In time-dependent case, the fictious 

systems obey the time-dependent Schrödinger equation, and density obtained from 

the time-dependent Kohn-Sham (KS) orbital is represented as: 

𝜌(𝐫, 𝑡) = ∑|𝑖  (𝐫, 𝑡)|
2

𝑁

𝑖=1

 (Eq. 1.49) 

In this approach, kinetic energy of the non-interacting system can be calculated and 

the only problem raised is the determination of external potential Vext(r,t). So, to 

calculate Vext (r, t), the time-dependent KS potential can be written as279 

)]([][)()]([ t,ν+t),(ν+t,t,ν XCHartreeextKS rrrr ρρρ =  (Eq. 1.50) 

The first term in (Eq. 1.50) denotes the external potential and the second term, the 

Hartree potential constitutes the classical electrostatic interaction between the 

electrons. The Hartree potential can be rewrite as: 

𝐻𝑎𝑟𝑡𝑟𝑒𝑒 = [ ](𝐫, t)] =  ∫ 𝑑3𝐫
  (𝐫 , t)

|𝐫 − 𝐫|
 (Eq. 1.51) 

The last term in the expression (Eq. 1.51) represents the exchange-correlation 

potential, which constitutes all properties of a many-electron system. As ground-state 

DFT, the exact solution for Vxc as a functional of the density is unknown, and to obtain 

an appropriate solution for Vxc several approximations have been proposed. 

Comparing with ground-state DFT, the approximation methods are still in the first 

phase and the simplest approximation is the adiabatic local density approximation 

(ALDA), which is analogues to LDA in DFT. ALDA assumes that xc at (r, t) is equivalent 

to the xc potential of a homogeneous electron gas and retains all the faintness of the 

LDA approximation. Even though it suffers drawbacks, ALDA-based exchange 

correlational functionals is the most widely used approximation approach and it 

executes well to define features like excitation energies.305 The interests in developing 

xc functionals are continuing with the demand for computational resources. Recently, 

Nonadiabatic electron dynamics in time-dependent density functional theory has 

been developed by Gulevich and Zhumagulov, named oscillator model for xc kernels 

(OMXC). The approach is based on the representation of the frequency-dependent 
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exchange-correlation kernel, which enables one to replace the costly memory 

integrals and reduces the computational cost to that of ALDA-based TD DFT.306 

1.2.4 Theoretical methods used in the study  

In the thesis, the widely used hybrid GGA density functional, B3LYP is used for the 

ground state optimization of the systems. In 1993, Axel Becke developed hybrid 

B3LYP method to investigate the vibrational spectra and circular dichroism.307 It 

offers wide range of application in various fields of chemistry and emerged as a 

standard tool for the estimation of electronic stricture analysis of dye-sensitizers. As 

a hybrid (i.e., mixed) functional, B3LYP has been constructed as a linear combination 

of exchange or correlational functionals of LDA, GGA and HF exchange energy. It 

employs three empirical parameters, which regulates the mixing of HF exchange 

energy (𝐸𝑋
𝐻𝐹) and density functional exchange and correlation energies. In B3LYP, the 

mixing of 5-components such as Hartree-Fock, LDA, Becke88 exchange, VWN and LYP 

correlations are involved. Here, B3 term denotes Becke -3-parameter and LYP refers 

Lee-Yang-Parr correlation functional.308 Thus, the exchange-correlation energy of 

B3LYP can be written as: 

LYP
c

LDSA
c

B
X

HF
X

B3LYP
XC cE+EcbΔ+aEaE )-(++)-(= 11 ELDSA

XE  (Eq. 1.52) 

In the above equation (Eq.1.52), Beck 88 and LYP have been used as GGA exchange 

and correlation functionals. For the evaluation of optical and photovoltaic properties, 

the long-range corrected TD-CAM B3LYP hybrid functional has been used. It is the 

most efficient and widely used method for the estimation of excited-state properties 

and found that range-separated functionals provide better results in optical 

properties than hybrid or pure functionals.  

1.2.5 Basis sets  

A basis set is a mathematical description of functions called basis functions which in 

turn are combined to makes molecular orbitals. The basic functions are atomic 

orbitals which are used to approximate the electronic wavefunction of a molecular 

system. Consequently, to construct the wavefunction of a molecular system we can 

use molecular orbital as a function of basis set. The mathematical expression for 

molecular orbital i , as a linear combination of basis functions 
j  is given by  
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𝑖 =  ∑𝐶𝑖𝑗

𝑗

 𝑗   (Eq. 1.53) 

In equation (1.53), the constant term (Cij) and parameters involved in the basis 

functions are solved using variational theorem to produce a self-consistent field (SCF) 

for the electrons. The major types of atomic orbitals involved in quantum chemical 

calculation are slater type orbitals, and Gaussian type orbitals. Out of these, Gaussian 

type orbitals (GTO) are widely used, which can be attributed to the efficient 

implementations of Post-Hartree–Fock methods. Further for the better approximate 

wavefunction, we can also use a larger basis set where the cost of computation will be 

high.  

Since hydrogenic basis functions are not sufficient for the description of an atom 

exactly, a better level atomic orbital named slater type orbitals (STO) are invented by 

J. C. Slater.309 A minimal basis set comprises a minimum number of atomic orbitals 

needed for the construction of molecular orbital. In STO, the minimal basis set is 

represented as STO-nG, where n is an integer and G is a Gaussian type orbital. The 

mathematical expression for STO is given by: 

r -cba ezyNxz)y,(x, =STO
abcΦ  (Eq. 1.54) 

where x, y, z represents the angular part of the orbital, and N is a constant called the 

normalization constant. Further, a, b, c denotes the components of angular 

momentum (L = a +b + c), and   is the orbital exponent which determines the width 

or spread of the orbital. The STO basis sets are highly effective for atoms and diatomic 

molecules and provide a radial component of orbital function. But for the evaluation 

of a many-center two-electron system, STO provides complicated calculations. It has 

been found that STO provides an improvement over hydrogenic orbitals to describe 

accurate electronic contribution in a molecule, that improvement in computational 

efficiency in terms of the accurate description of atomic orbital are attained by 

combining STOs with Gaussian functions.310-312 In GTOs the dependence of radial part 

with radious is r2, while it is r in STO. Hence, it is understood that, in all the basis sets, 

the changes always occur in the radial part and the spherical harmonic functions are 
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used to describe the angular part of the orbital. Thus, the mathematical expression for 

GTO 310-312 is: 

2r -cba ezyNxz)y,(x, =GTO
abcΦ  

(Eq. 1.55) 

Unfortunately, in Gaussian functions, the exact shape of an atomic orbital cannot be 

obtained and this could be attained by replacing each STO with several Gaussian 

functions.313 These Gaussian functions form primitive Gaussian basis set and the 

corresponding linear combination of primitive Gaussian functions are known as 

contracted Gaussian function(CGTO). The Gaussian type orbitals are represented as 

N-MPG*, where N represents the number of Gaussian primitives used for each inner-

shell orbital. The hyphen denotes a split-basis set where the valence orbitals are 

double zeta. The terms M and P indicate the number of primitives used for 

constructing inner (large zeta function), and outer valence (small zeta function) 

regions. The asterisk to the notation G means that a single set of Gaussian 3d 

polarization functions is included on heavy atoms. A double asterisk (**) means that 

a single set of Gaussian 2p functions is included for each hydrogen atom.313 Another 

important addition is the diffuse functions that allow electron density to occupy a 

large area of space. This kind of diffuse functions are significant for the systems having 

lone pairs, anions, the systems in their excited state, etc.314 The diffuse functions are 

generally added by + or ++ signs. These are essential for treating anions and 

electronegative atoms. The single + version adds the diffuse function to heavy atoms 

while in the double ++ version, the diffuse function is added to the hydrogen atom.315  

The majority of quantum chemical calculations employ a contracted GTO 

(CGTO) set where the optimization of GTO functions with coefficients improves the 

quality of the basis set.316-318 Typically, there are two kinds of contractions- 

segmented contraction and general contraction. The Pople-style basis set families (3-

21G, 6-31G,...) and the Karlsruhe basis sets come under segmented contraction, while 

the correlation-consistent (cc) basis set families by Dunning and co-workers are 

included in general contracted basis sets. i.e., the quality of basis set can be increased 

using an increased number of contracted Gaussians. Further, a complete basis set 

(CBS) which is developed by the systematic increase in the number of basis functions 

could be able to define the system completely. Dunning’s basis sets (cc-pVDZ, cc-pVTZ, 
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ccpVQZ, etc.) are intended to converge smoothly towards the CBS limit by 

extrapolation. Those are constructed by adding shells of functions to a core atomic HF 

function. For example, in cc-pVDZ, 1s, 1p, and 1d functions are added to the core 

atomic HF function and in cc-pVTZ, an extra f-function is added along with 1s, 1p, and 

1d to atomic HF function.319  

In addition, for reducing the computational cost needed for the calculation on 

heavier systems such as transition metals, lanthanides, polyatomic molecules, and 

molecules containing heavy atoms, effective core potentials (ECP) have been used.320, 

321 It is found that heavy metals with large inner electrons require a large set of 

Gaussians to describe them. This issue can be simplified by introducing effective core 

potential for the inner electrons, thereby we could eliminate the need for the core 

basis functions. Here, the replacement of inner core electrons with ECPs treats only 

the valence electrons explicitly, which are generally involved in bonding. Further, 

ECPs are also used for representing relativistic effects, which are usually confined 

with core electrons. Thus, in ECPs both the scalar (spin-free) relativistic effects and 

spin-orbit (spin-dependent) relativistic effects are included. The frequently used 

ECPs are Los Alamos National Laboratory (LANL) ECPs and Stuttgart/Cologne ECPs. 

The thesis work includes three distinct kinds of basis sets. To construct the basis 

functions for smaller atoms such as C, H, N, O, F, S, and Cl, Pople basis set                                          

6-31G(d, p),322 and Dunning’s correlation consistent basis set cc-pVDZ have been 

utilized. To describe transition metal atom Ti, the ECP LANL2DZ is used. 

1.2.6 Molecular electrostatic potential (MESP) 

The molecular electrostatic potential (MESP) surfaces illustrate the charge 

distributions in a molecule three-dimensionally as shown in Figure 1.15. This charge 

distribution gives an overall idea regarding the charged regions in the molecule, 

thereby gives knowledge regarding the molecular reactivity.323, 324 In typical MESP 

plots, the red colour regions correspond to high electron density while blue colour 

regions show low electron density. The intermediate levels have been shown by 

yellow and green colours. Molecular electrostatic potential (MESP) at a given point 

p(x, y, z) in the vicinity of a molecule can be defined as “a force that is acting on a  

positive test charge (a proton) located at p through an electron charge cloud 

http://www.cup.lmu.de/oc/zipse/los-alamos-national-laboratory-lanl-ecps.html
http://www.cup.lmu.de/oc/zipse/ecp2.html
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generated by its electron and nuclei.” The concept was introduced by Scrocco and  

Tomasi, and thereafter it has been emerged as an excellent tool for predicting various 

 

Figure 1.15 Molecular electrostatic potential surface of benzene, benzene, fluorobenzene, 

chlorobenzene, and bromobenzene (left to right).324 

chemical as well as biological properties325. The basic principle behind MESP is 

Coulomb’s law. According to Coulomb’s law, “the force of attraction or repulsion 

between two point charges is directly proportional to the product of the charge and 

inversely proportional to the square of the distance between the charges”: 

 2r0

21

4

r̂
=



qq
F  (Eq. 1.56) 

where q1 and q2 are the two stationary electrically charged particles, r̂ denotes a unit 

vector joining the position vectors of q1 and q2. ‘r’ represents the distance of 

separation between the point charges q1 and q2, and 4ε0 is the proportionality 

constant. The electric field, E produced by a fixed-point charge q at r is given by the 

equation:  

 
3

0 r4

qr
=


E   (Eq. 1.57) 

Further, the electrostatic potential, V at a point r in the field generated by a point 

charge q0 can be calculated as: 

 r4

q
=

0

0


V       (Eq.1.58) 
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Since the allocation of electric charge generates potential in the surrounding space,  

the MESP, V(r) at a point r around a molecule by its electron and nuclei can be 

computed as:326-328 

 
(Eq. 1.59) 

In the above equation, ZA represents the charge on the nucleus A located at a distance  

RA, (r′) is the electron density, and r′ is a dummy integration variable. In Eq. 1.61, the 

first and second terms denote the potential by the bare nucleus and its electron 

distribution, respectively. Here, the possible net charges finally obtained with V(r) viz. 

positive, and negative provide information regarding molecular reactivity. If Both 

terms in the above equation are positive, that equation follows subtraction, which are 

generally obtained from three different situations. If the contribution from the two 

terms is equal, MESP becomes zero. If the first term dominates over the second, MESP 

will be positive which shows the closeness at the nucleus, while the second term 

dominates, MESP becomes negative which shows the proximity at lone pair sites, π-

bonds, etc. In this regard, the most negative valued MESP minimum denotes electron 

localization in a molecule, which is known as the electron-rich site.  

Further, MESP can be determined experimentally by X-ray diffraction 

techniques. It is widely used as a tool for determining the active sites in the molecule. 

For this purpose, the correct position of MESP minimum and corresponding MESP 

value at that position is essential. For the more precise determination of active site, 

the topographical analysis of MESP minimum which is based on critical points (CPs) 

is essential. The CPs define a point at which the partial derivatives of MESP vanishes. 

In general, a CP can be represented as an ordered pair (R, S). Here, rank R denotes the 

number of non-zero eigenvalues of the Hessian matrix and signature S represents the 

algebraic sum of the signs of these eigenvalues, respectively. The CPs (3, +3), and (3, -

3) correspond to MESP minimum (Vmin), and maximum, respectively. While (3, +1), 

and (3, -1) denotes saddle points. 326, 327, 329 
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1.2.7  Solvation models 

 

Figure 1.16 Schematic representations of solvent models.310 

Surrounding effects are crucial for the successful simulation of the experiment. In 

computational chemistry, solvation models are used as a computational method 

which incorporates solvent-effect on the photo-physical properties of molecular 

systems. The term “solvation” refers the interaction between solvent and solute, 

which leads to a stable solute-solvent complex formation. The widely used solvation 

models are: explicit and implicit solvent models (Figure 1.16).330, 331 In the explicit 

solvent model, molecular details of each solvent have been considered, shows an 

accurate simulation of the natural environment. While, if we are considering multiple 

interaction configurations of each solvent, that model becomes computationally 

expensive. In the implicit solvent model, solvents are treated as a continuous 

polarizable medium with a fixed dielectric constant where the solute molecule is kept 

inside the cavity in the solvent medium. Since it provides a continuous solvent 

medium instead of individual explicit solvent molecules, it is also named as the 

continuum solvation model. It is found that the charge distribution and polarizability  

of a solute have an significant role on static interaction between solute and solvent. In 

the implicit solvent model, solute polarization in solution has been explained using a 

concept called reaction field. Further, for the effective description of solute 

polarization, a method called self-consistent reaction field (SCRF) has been employed 

for accounting the effect of polarizable medium on a solute system. Depends on the 

nature of the solvent cavity and reaction field, the SCRF methods are grouped into 
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two: polarizable continuum model (PCM), and solvation model based on density 

(SMD). 239, 332  

In the polarizable continuum model (PCM), the solvent cavity has been made as a set 

of interlocking spheres centered on atoms constituting the molecule. It is developed 

by Tomasi and co-workers.333-335 In PCM, the free energy of solvation, ΔGsol has been 

calculated as follows:  

ΔGsol = ΔGelec + ΔGdisp + ΔGcav (Eq. 1.60) 

where ΔGelec, and ΔGdisp, denote electrostatic solute-solvent interaction, and solute-

solvent dispersion interaction and the resulting repulsion, respectively. While ΔGcav 

represents cavitation energy which is vital to create a molecular cavity inside the 

continuum. There are three variants of PCM are available for analyzing the solvent 

effect on a chemical system336 such as dielectric PCM (D-PCM), conductor PCM                      

(C-PCM), and integral equation formalism PCM (IEFPCM). D-PCM is the original 

method for analysing the solvation effect while in C-PCM, a conductor medium is used 

for modelling the surrounding instead of the dielectric. In the last one, PCM equations 

used an integral equation formalism.  

Solvation model density (SMD) method is the widely accepted universal model 

because of its applicability to both charged or neutral solutes in any solvent.337 In 

SMD, the electron density of the solute as a whole has been considered for solvent 

interaction instead of its partial atomic charge. Also, the cavities for the solvent 

interactions are made by the superpositions of nuclear-centered spheres. In this 

model, the solvation free energy is calculated as a sum of two main components viz. 

electrostatic term and cavity-dispersion solvent-structure term. The first component 

arises from the SCRF treatment and contributes the solution for an electrostatic term 

in terms of IEF-PCM. The second term is the contribution arises from short-range 

interactions between the solute and solvent molecules in the first solvation shell. This 

contribution is a sum of terms that are proportional (with geometry-dependent 

proportionality constants called atomic surface tensions) to the solvent-accessible 

surface areas of the individual atoms of the solute. In the thesis, SCRF-SMD solvation 

model is used for computing optical and photovoltaic properties. 
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1.3 Conclusions 

The dye-sensitized solar cells are considered as an emerging photovoltaic technique 

for the ever-growing energy demand. The increased global population in recent years 

surges the demand for an alternative source of renewable energy like solar energy. In 

this context, DSSCs have a key role in the production of electrical energy by the 

effective harvesting of direct sunlight. In the first part of chapter 1, an overview of 

DSSCs is given. It gives a brief description of the working principle, major components 

in DSSC, types of dye-sensitizers, the typical structure of dye-sensitizer and its 

modifications, etc. in detail. The importance of theoretical studies for the design of 

DSSCs and the theoretical back ground for the estimation of efficiency of DSSC devices 

are also comprised in part A of chapter 1. 

Nowadays computationally driven dye design strategies for the improved PCE have a 

vital role in DSSC. It is found that theoretical studies are immensely helpful for the 

prediction of efficiency and gives an outlook on fundamental photophysical processes 

involved in DSSC. In part B of chapter 1, an overview on computational chemistry 

methods is given. It also comprises the basic principles of DFT, and MESP, which has 

been utilized to compute the electronic effect transmission power of spacers and to 

quantify the electron-donating strength of donors in dye sensitizers.  
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Part A: Substituent Effect Transmission Power 

of Alkyl, Alkenyl, Alkynyl, Phenyl, Thiophenyl 

and Polyacene Spacers 

2.1 Abstract  

The transmission of substituent effect through a variety of spacers viz. alkyl, alkenyl, 

alkynyl, phenyl, thiophenyl, and polyacene has been studied by modeling Y-G-X type 

molecular systems (Y- reaction center, G - spacer moiety and X - substituent) using 

B3LYP/6-31G(d,p) density functional theory. The reaction center is always kept as a CC 

double bond and the molecular electrostatic potential (MESP) minimum (Vm) observed 

for this bond showed subtle variation with respect to the changes in the spacer unit and 

the nature of substituent. Strong linear correlations are observed between Hammett 

substituent constants (σI and σp) and Vm, which recommend the aptness of Vm as an 

electronic descriptor to quantify the substituent effect. Since Vm offers an alternative 

measure of substituent effect, the correlation between Vm and σp has been used for 

assessing the transmission of substituent effect through a variety of spacer moieties. The 

highest transmission coefficient () is always observed for smaller spacer length. Among 

all the spacers, alkenyl showed the highest and alkyl showed the lowest transmission 

power. The study recommends the use of short chains of CC double, CC triple or a 

combination of both as spacers for the effective transmission of substituent effect to the 

reaction center.  

2.2 Introduction 

Substituents in molecules are regarded as functional groups and tuning of various 

chemical properties can be achieved by controlling the substituent effects.1, 2 The 

theory of substituent effect has been considered as fundamental to the prediction of 

molecular reactivity.1-6 The electronic effect of a substituent can be transmitted to the 

reaction center via a transmitting moiety. For example in a molecule Y-G-X,                              

(Y- reaction center, G - spacer moiety and X - substituent), the effect of X at Y through 

G can be interpreted with the famous Hammett relationship log(KX/K0) = , where  
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is the reaction constant and  is the substituent constant. Hammett equation and 

several of its modifications3, 7 have been used in a quantitative way for the effective 

interpretation of substituent effects.8 The applicability of σ-constants for a variety of 

molecules assisted the understanding of structure-activity and structure-property 

relationships in chemistry.9-21  

Substituent effects are classified into inductive (through σ bond), π - resonance 

and through space (field) effects.1, 3, 22, 23 The separation of the substituent effect into 

inductive (σI or F) and resonance effect (σR or R) was done by Swain and Lupton.24 

They interpreted that the negative and positive values of substituent constant 

indicate the electron-donating and withdrawing nature of substituents, respectively. 

Using quantum chemical approaches, many efforts have been made to model the 

substituent effect. 8-21, 25-30 Substituent effects are responsible for small perturbations 

on the molecular electron density distribution, which can be measured by means of 

correlating them with the computed quantities of total energy, atomic charges, and 

electrostatic potentials resulting from ab initio quantum chemical or semiempirical 

methods.15, 31-35 Further, several experimental studies have utilized Y-G-X type 

systems to understand the substituent effect transmission ability of various spacer 

moieties using geometrical variables, ionization techniques, and NMR chemical shifts 

etc.30, 36-44 

Among the several theoretical quantities used to interpret Hammett constants, 

topographical analysis of molecular electrostatic potential (MESP) provided a clean 

approach to substituent effects.9-11, 27-29 The prediction and rationalization of 

reactivity trends using MESP have been pioneered by Scrocco, Tomasi, and                                

co-workers.45, 46 Politzer and Murry widely used the MESP plots calculated using 

standard electronic structure theory to interpret while the topographical analysis of 

MESP has been pioneered by Gadre et al.47-50 From the MESP topographical studies on 

conjugated organic molecular systems, Suresh et al. have shown that critical features 

of MESP are useful for the quantification of inductive,51 resonance,52 steric53 and 

proximity effects26 of substituents. Also, MESP minimum (Vm) has been used as a 

powerful electronic descriptor to quantify substituent effect, trans influence, and two 

electron donor character of ligands.9, 11, 54-57 Here we intend to study Y-G-X type 

systems using Vm analysis. The substituent effect transmission power of X through the 
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spacer will be assessed by the Vm observed over Y, an olefinic moiety. Although the 

significance of such spacers in donor-acceptor systems is well known, quantification 

of substituent effect transmission power of a variety of spacer systems is yet to be 

systematically analyzed. Previous studies showed that modifications in spacer units 

such as their π-bond character, conjugation length, and planarity had a significant role 

in electron transmission power, absorption wavelength, and other related 

photophysical properties.58-61 Here spacers such as alkyl, alkenyl, alkynyl, phenyl, 

thiophenyl, and polyacenes have been selected to include the inductive, and 

resonance effect aspects. We envision that this study will provide useful information 

regarding the future dye designing and other related studies.  

2.3 Computational methodology 

Geometry optimization has been carried out with B3LYP/6-31G(d, p) density 

functional theory method.62, 63 MESP computations are also done at the same level of 

theory and basis set. Previous studies showed that this method is adequate for 

calculating MESP features.10, 16, 64 Gaussian 09 programme package has been used for 

all the calculations.65 Vibrational frequency analysis is done with the same level of 

theory to confirm that the number of imaginary frequencies is zero for all the 

optimized geometries. 

2.4 Results and discussion 

2.4.1 MESP topography and spacer effects 

MESP is one of the most appropriate electronic descriptors to understand the electron 

withdrawing and donating nature of substituents and ligands.9, 10, 50, 54, 66, 67 It is 

recognized that electron rich region in a molecule experiences a significant change in 

MESP minimum (Vm) due to substituent effects. Here we consider an olefinic bond 

(Figure 2.1) as a sensitive region to understand the precise variation of Vm with 

respect to the substituent effect. A general notation C2H3-Gn-X has been used to denote 

the molecule, where Gn stands for the repeating 'n' spacer G units between C2H3 and 

X. The effect of substituent on C2H3 - has been measured in terms of Vm 
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 on its CC double bond. Electron donating and withdrawing substituents used in this 

study include NH2, OH, CH3, H, F, Cl, CF3, CHO, CN and NO2. The spacers selected for 

the study are alkyl, alkenyl, alkynyl, phenyl, thiophenyl, and polyacenes (Figure 2.1). 

For a reasonable understanding about the spacer length, systems up to n = 3 have 

been considered. In studies related to the substituent effect, a system with X = H is 

described as the unsubstituted reference system. Hence the change in Vm due to 

substitution is designated as ∆Vm which gives a direct estimation of the substituent 

effect.27 

 

Figure 2.1 Various spacers considered to quantify the transmission power of spacers. The 

double bond marked in red is the region where MESP minimum is located for X = NH 2, OH, 

CH3, H, F, Cl, CF3, CHO, CN and NO2  

MESP isosurface for 1a, 2a, 3a, 4a, 5a and 6a (X = H) is shown in Figure 2.2 

along with the respective Vm values at the terminal double bond, viz. -22.2, -18.6,                        

-13.8, -19.5, -18.4, -19.0 kcal/mol. The Vm at the terminal double bond for all the 
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substituted systems (total180 systems) is depicted in Table 2.1. The Vm ranges from   

-30.5 to 3.8 kcal/mol which indicates the effect of both spacer moiety and substituent 

on tuning the electron distribution on the double bond. In C2H3-alkyl-X systems                  

(1a - 1c), the inductive effect is the prime factor for electron transmission. 

 

Figure 2.2 MESP isosurface at -13.0 kcal/mol for 1a, 2a, 3a, 4a, 5a and 6a. Vm values in 

kcal/mol are also depicted. 

 

Figure 2. 3 Correlation between the Vm of 1a-1c with the inductive parameter (σI). 

A less negative Vm is observed for X = NH2 and X = OH than X = H suggesting the 

electron withdrawing inductive (-I) character of the highly electronegative N and O 
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atoms. For X = CH3 and n = 1, Vm is slightly more negative than X = H indicating the 

electron donating inductive (+I) effect of the methyl group. An increase in alkyl chain 

length slightly enhances this electron donation. Further, the –I effect of substituents 

Cl, CF3, CN, NO2 etc. are clearly reflected on their respective Vm. The diminishing –I 

effect with an increase in alkyl chain length is pronounced in the case of CN and NO2. 

Table 2.1 Vm (in kcal/mol) obtained over the terminal double bond of various spacer 

systems. 

 NH2 OH CH3 H F Cl CF3 CHO CN NO2 

1a -21.9 -20.7 -22.3 -22.2 -16.3 -14.0 -15.2 -15.1 -11.1 -10.7 

1b -22.3 -21.6 -22.5 -22.5 -19.1 -18.1 -18.6 -18.4 -16.4 -16.3 

1c -23.2 -22.1 -22.5 -22.5 -20.6 -19.9 -20.2 -20.0 -20.5 -18.8 

2a -30.5 -25.4 -21.6 -18.6 -17.0 -13.3 -8.6 -7.3 -3.6 0.1 

2b -28.6 -24.3 -20.8 -18.4 -17.9 -14.8 -10.7 -9.0 -6.8 -3.5 

2c -24.3 -23.3 -20.4 -18.3 -18.1 -15.6 -12.2 -10.5 -8.9 -6.0 

3a -25.9 -20.6 -18.4 -13.8 -14.0 -11.9 -3.7 -3.0 1.4 3.8 

3b -20.1 -16.3 -14.3 -10.2 -11.0 -9.7 -2.7 -2.0 1.3 3.1 

3c -13.2 -13.1 -11.5 -8.0 -8.9 -7.9 -2.1 -1.5 1.1 2.5 

4a -25.8 -21.8 -21.0 -19.5 -17.5 -15.1 -12.5 -11.1 -8.5 -6.7 

4b -22.0 -20.2 -19.8 -19.1 -17.9 -16.7 -15.4 -14.8 -13.2 -12.4 

4c -20.0 -19.4 -19.3 -18.9 -18.1 -15.1 -16.8 -16.4 -15.5 -15.0 

5a -24.5 -20.8 -20.1 -18.4 -16.3 -14.4 -10.5 -8.7 -6.2 -3.5 

5b -20.8 -19.1 -18.2 -17.1 -15.9 -14.8 -12.5 -10.7 -9.6 -7.3 

5c -18.6 -17.4 -17.2 -16.6 -15.8 -15.1 -13.5 -12.3 -11.5 -9.8 

6a -23.5 -20.6 -20.2 -19.0 -17.4 -15.8 -13.9 -12.8 -11.0 -9.5 

6b -22.1 -20.1 -19.6 -18.8 -17.5 -16.1 -14.8 -13.8 -12.4 -11.2 

6c -20.5 -19.5 -19.2 -18.6 -17.4 -16.4 -15.4 -14.6 -13.5 -12.6 
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For example, Vm of NH2 substituted systems shows a variation of ~1.3 kcal/mol from 

n = 1 to n = 3, while CN and NO2 exhibits a variation of 9.4 and 8.1 kcal/mol, 

respectively. The inductive control of electronic transmission in alkyl systems is 

confirmed by the strong linear correlation between Vm and inductive substituent 

constant (σI) (Figure 2. 3 and Table 2. 2). The slope of the correlation plot 19.081 

observed for spacer length n = 1 is the highest and it decreases to 10.343 for n = 2 and 

further decreases to 5.568 for n = 3. This data indicates the rapidly decreasing 

behavior of I with the increase in the number of CC single bonds.51   

Table 2. 2 Hammett parameters for the substituents employed in the study. 

X σp26 σI51 

NH2 -0.66 0.11 

OH -0.37 0.21 

Me -0.17 0.03 

H 0.00 0.00 

F 0.06 0.36 

Cl 0.23 0.44 

CF3 0.54 0.44 

CHO 0.51 0.46 

CN 0.66 0.61 

NO2 0.78 0.66 

For the case of unsubstituted alkenyl systems (2a - 2c), Vm values are observed 

at -18.6, -18.4, and -18.3 kcal/mol respectively. The small variation in Vm indicates the 

negligible impact of spacer length on electronic transmission whereas the individual 

effect of a substituent on Vm is very high in 2 series. For instance, ΔVm of NH2 and OH 

in 2 is significantly more negative than those in 1. In 2, NH2 and OH donate electrons 

mainly via resonance mechanism. NH2 is the most electron-donating with ΔVm -11.9, 

-10.2 and -6.0 kcal/mol for 2a, 2b, and 2c, respectively (Table 2. 3) while the most 

electron-withdrawing NO2 shows ΔVm 18.7, 14.9 and 12.4 kcal/mol. Increasing the 

spacer length diminishes the power of electron transmission. Further, in the case of 
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CH3, Vm is more negative than the unsubstituted system which can be mainly 

attributed to the electron-donating hyperconjugation and +I effect of CH3. Here the 

magnitude of electron donation for 2a - 2c in terms of ΔVm is -3.1, -2.4, and -2.1  

Table 2. 3 ΔVm in kcal/mol of various spacer systems. 

 Vm ΔVm 

X H NH2 OH CH3 F Cl CF3 CHO CN NO2 

1a -22.2 0.3 1.5 -0.1 6.0 8.2 7.0 7.1 11.1 11.5 

1b -22.5 0.2 0.8 0.0 3.3 4.4 3.9 4.1 6.1 6.1 

1c -22.5 -0.7 0.4 0.0 1.9 2.6 2.3 2.5 1.9 3.6 

2a -18.6 -11.9 -6.8 -3.1 1.6 5.3 10 11.3 15.0 18.7 

2b -18.4 -10.2 -6.0 -2.4 0.5 3.6 7.7 9.3 11.6 14.9 

2c -18.3 -6.0 -5.0 -2.1 0.3 2.7 6.1 7.8 9.4 12.4 

3a -13.8 -12.1 -6.8 -4.6 -0.2 1.9 10.1 10.8 15.2 17.6 

3b -10.2 -9.9 -6.0 -4.1 -0.8 0.5 7.5 8.2 11.5 13.3 

3c -8.0 -5.2 -5.0 -3.5 -0.9 0.1 5.9 6.5 9.2 10.5 

4a -19.5 -6.3 -2.3 -1.4 2.0 4.5 7.1 8.4 11.0 12.8 

4b -19.1 -2.9 -1.1 -0.8 1.2 2.4 3.7 4.3 5.8 6.7 

4c -18.9 -1.1 -0.5 -0.4 0.8 3.8 2.1 2.4 3.4 3.9 

5a -18.4 -6.1 -2.4 -1.7 2.1 4 7.8 9.7 12.2 14.9 

5b -17.1 -3.7 -2.0 -1.1 1.1 2.3 4.6 6.4 7.5 9.7 

5c -16.6 -2.1 -0.8 -0.6 0.8 1.5 3.1 4.2 5.1 6.8 

6a -19.0 -4.5 -1.6 -1.2 1.6 3.3 5.1 6.2 8.0 9.5 

6b -18.8 -3.3 -1.3 -0.9 1.3 2.6 4.0 5.0 6.3 7.5 

6c -18.6 -1.9 -0.9 -0.6 1.1 2.1 3.2 4.0 5.1 6.0 

kcal/mol (Table 2. 3). Substituents F, Cl, CF3, CHO, CN, and NO2 show a considerable 

decrease in the magnitude of Vm compared to the reference system, which 

authenticates their electron-withdrawing inductive and resonance effects.  The 
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ΔVm18.7, 15.0, 11.3, 10.0, 5.3, 1.6 kcal/mol observed for the substituents NO2, CN, 

CHO, CF3, Cl and F, respectively suggest that their electron-withdrawing power 

follows the order NO2 > CN > CHO > CF3 > Cl > F (Table 2. 3). The strong linear 

correlations observed between Vm of 2a, 2b, and 2c systems with Hammett constant 

σp (Figure 2.4 and Table 2.2) suggest that the MESP topographical quantity Vm is 

highly suited as an electronic descriptor to quantify the electron-donating and 

withdrawing nature of a substituent. The slope of the correlation plots decreases as n 

increase in the spacer length. Since σp = 0 stands for the unsubstituted systems, the Y-

intercept of the correlation plot corresponds to Vm of the unsubstituted system. 

Indeed, the Y-intercept and Vm of the unsubstituted system show very close 

agreement. 

The unsubstituted alkynyl systems, (3a - 3c) show Vm values at -13.8, -10.2, 

and -8.0 kcal/mol, respectively. The magnitude of these values is smaller than the 

unsubstituted alkenyl systems indicating the more electronegative Csp hybridized 

carbons in alkynl systems than Csp2 in alkenyl systems. Similar to 2, resonance effect 

dominates in 3 except for X = CH3 and X = CF3. The magnitude of electron-withdrawing 

effect (ΔVm) obtained for substituents such as NO2, CN, CHO, CF3, Cl, and F is very 

similar to that found for C2H3-alkenyl-X systems which indicates that substituent 

effect transmission power is similar for CC double bonds and CC triple bonds. 

The unsubstituted systems with phenyl ring spacers, 4a - 4c show Vm values at 

-19.5, -19.1, and -18.9 kcal/mol, respectively. The electron-donating NH2, OH, and CH3 

substituents enhance the negative character of Vm while the electron-withdrawing F, 

Cl, CF3, CHO, CN, and NO2 substituents diminish it. A similar Vm feature has been 

noticed for systems containing thiophenyl spacers, 5a - 5c, and polyacene spacers, 6a 

– 6c (Table 2.1). In 4 series with n = 2 and 3, adjacent two phenyl units are twisted 

away from planarity which gives a diminishing effect on the electron-

donating/withdrawing ability of the substituent. The CC single bond connection 

between two phenyl units in 4 proposes a significant inductive effect along with 

resonance.  In polyacenes, resonance effect dominates over the inductive effect. In 4, 

5, and 6 series, an increase in spacer length has a decreasing effect on the 

transmission power of the substituent effect.  
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Figure 2. 4 Correlation of Vm with Hammett parameter (σp) of a) alkenyl b) alkynyl c) phenyl 

d) thiophenyl and e) polyacene systems. 

2.4.2 Vm based quantification of substituent effect transmission 

power of spacers 

When a reacting center and substituent are separated by a variety of spacers, 

significant variations in the molecular properties can be observed.68 The transmission 

of the substituent effect through olefinic systems showed the applicability of ρ in 

(a)

(c) (d)

(e)

(b)
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calculating the substituent effect transmission power. From the previous studies,37, 39 

it is understood that the transmission power of a spacer can be quantified by the 

transmission coefficient () defined as   = 𝑠 0
⁄ , where 𝑠 is the reaction constant of 

a spacer for which the transmission power has to be quantified and 0 is the reaction 

constant of the reference group. Since Vm provides an alternative measure of 

substituent effects for π-conjugated systems, the correlation of Vm with σp can be used 

to evaluate the transmission ability of various spacers using the equation, Vm = ρσp + 

constant. Therefore, linear regression analysis between Vm and σp values is carried 

out to find the ρ values (Table 2.4). In order to calculate the transmission coefficients 

(), the phenyl group substituted 4a is taken as the reference system for 

Table 2.4 Slope, intercept, reaction constant (ρs), correlation coefficient (R) and 

transmission coefficient () of various spacers. 

X Slope Intercept ρs R  

2a 20.722 -17.84 20.722 0.994 1.592 

2b 16.868 -18.15 16.868 0.993 1.296 

2c 12.883 -17.80 12.883 0.981 0.989 

3a 20.662 -13.90 20.662 0.988 1.587 

3b 16.235 -10.76 16.235 0.985 1.247 

3c 11.905 -8.14 11.905 0.962 0.914 

4a 13.018 -18.00 13.018 0.987 1.000 

4b 6.667 -18.20 6.667 0.984 0.512 

4c 3.642 -18.02 3.642 0.895 0.280 

5a 14.344 -16.60 14.344 0.979 1.102 

5b 9.143 -16.03 9.143 0.973 0.702 

5c 5.891 -15.70 5.891 0.961 0.452 

6a 9.477 -17.87 9.477 0.984 0.728 

6b 7.438 -17.81 7.438 0.983 0.571 

6c 5.591 -17.65 5.591 0.974 0.429 
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all the spacers. For 4a systems, Vm = 13.018(σp) – 18.00 and the slope of this equation 

(4𝑎) is used as 0to determine . For example, the  value for 2a is calculated as                 

 = 2𝑎  /4𝑎   = 20.722/13.018 = 1.592 meaning that the transmission power of 2a is 

1.592 times higher than phenyl ring. Among the π-bonded spacers, for n = 1, the order 

of substituent effect transmission power of spacers is 2a  3a > 5a > 4a > 6a. On the 

basis of the average of all the   values for a particular spacer from n = 1 - 3, the order 

of transmission power of substituent effects is as follows: 2a - 2c > 3a - 3c > 5a - 5c > 

4a - 4c > 6a - 6c. This order is in agreement with the experimental findings37 and 

suggesting the appropriateness of Vm method for the present study.  

2.4.3 Combination of two different spacers and substituent 

selectivity 

To understand the transmission ability of a combination of two different spacers, we 

selected six types of spacers as shown in Figure 2. 5. In 7a and 7b, the substituent is 

connected to the double-bonded carbon and an aromatic ring, respectively. In Table 

2.5, the Vm values obtained for all the hetero spacers are reported. For substituent ‘H’ 

the Vm values of 7a and 7b are -18.76 and -18.89 kcal/mol showing a variation of 0.13 

kcal/mol between the two isomers. However, for other substituents, the difference in 

Vm is found to be less than 1.0 kcal/mol suggesting that the electron 

 

Figure 2. 5 Spacers considered to quantifying the effect of the combination of two different 

spacers.  
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Table 2. 5 Vm values (kcal/mol) obtained for hetero spacers. 

X 7a 7b 8a 8b 9a 9b 

NH2 -24.85 -24.22 -22.78 -21.02 -24.16 -23.72 

OH -21.96 -21.08 -20.27 -17.95 -21.52 -20.83 

Me -20.21 -20.21 -18.83 -17.07 -19.39 -19.77 

H -18.76 -18.89 -16.32 -15.88 -17.51 -18.32 

F -17.70 -17.70 -16.50 -14.56 -16.75 -17.13 

Cl -15.81 -15.75 -15.44 -12.80 -14.56 -15.44 

CF3 -13.24 -13.49 -10.86 -10.67 -11.42 -12.30 

CHO -12.05 -12.17 -9.79 -9.60 -8.85 -10.35 

CN -10.17 -10.48 -10.48 -7.78 -7.97 -8.85 

NO2 -7.97 -8.79 -8.79 -6.28 -5.21 -6.34 

donating or withdrawing nature is not highly affected whether ‘X’ is attached to the 

double bond or the phenyl ring. The Vm values for substituent ‘H’ of 8a and 8b are           

-16.32 and -15.88 kcal/mol indicating that total electron withdrawing nature of 

ethynylbenzene is more when ethyne is attached directly to the olefinic moiety. 

Further, the electron withdrawing and donating substituents show maximum 

influence when they are attached to the phenyl ring. Additionally, for 9a and 9b, Vm 

values for the unsubstituted systems are observed at -17.51 and -18.32 kcal/mol, 

respectively meaning that the variation is only 0.81 kcal/mol. In fact, for all the 

substituent except CHO and NO2, the variation is less than 1 kcal/mol. This confirms 

that electronic effect is not highly affected whether ‘X’ is attached to a double bond or 

thiophenyl ring. In general, a spacer made up of two different moieties, substituent 

effect transmission power of ‘X’ can show a minor variation depending on the 

connectivity of X with the spacer unit. 
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2.5 Conclusions 

The substituent effect transmission power of electron donating and withdrawing 

substituents on a terminal CC double bond has been assessed using MESP Vm analysis. 

The Vm observed on this bond showed significant change with respect to the electron 

donating/withdrawing nature of the substituent as well as the nature and length of 

the spacer unit. The Vm correlates strongly with an inductive parameter for systems 

consisting of alkyl spacers. Similarly, for all the π-conjugated systems, strong linear 

correlations were observed between Hammett substituent constant and Vm. The 

decreasing trend of slope values with an increase in the size of spacer length revealed 

the strongly diminishing nature of the substituent effect transmission. From the slope 

of the correlation plots, the transmission power of spacers is obtained which can be 

arranged in the order alkenyl > alkynyl > thiophenyl > phenyl > polyacene. For 

systems having alkyl spacers, transmission of substituent effect is the least as the 

inductive effect has a rapidly diminishing character with the increase in the size of the 

spacer unit. In summary, among all the spacer groups, alkenyl and alkynyl units are  

the most effective for the substituent effect transmission. 
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Part B: Density Functional Theory Study on the 

Donating Strength of Donor Systems in Dye-

Sensitized Solar Cells 

2.6 Abstract 

The electron-donating strength of donor (D) moieties in thirteen donor--acceptor 

systems (D1--A to D13--A wherein -- and A represent butadiene and cyanoacrylic 

acid units, respectively) have been studied using B3LYP/cc-pVDZ level density functional 

theory (DFT) calculations. The selected D moieties are encountered as a part of an 

organic sensitizer molecule in dye-sensitized solar cell (DSSC) applications. When D 

moiety is joined with -A, a certain amount of electron donation from D to A occurs 

leading to an increase in electron density at the A site of D--A compared to A site of -

A. This electron reorganization is quantified in terms of the change in molecular 

electrostatic potential (MESP) minimum (ΔVmA) at the acceptor site, the CN group of the 

cyanoacrylic acid. The ΔVmA is always negative, in the range -11.0 to -2.6 kcal/mol which 

provides a quick assessment of the rank order of the electron-donating nature of the D 

moieties in the ground state of D--A. The optical, and photovoltaic properties of D and 

D--A systems are also determined at TD-CAM-B3LYP/cc-pVDZ//B3LYP/cc-pVDZ level. 

An absorption redshift (Δλmax) in the range 81 – 242 nm is observed when D moieties 

change to D--A systems. The ground state property ΔVmA showed a strong linear 

correlation with the excited state property Δλmax. Further, ΔVmA is found to be 

proportional to the open-circuit voltage (eVOC). The resemblance of highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies of 

the D-–A system with the respective energies of donor and -A system shows that donor 

tunes HOMO, while -A tunes LUMO. Among the thirteen D--A systems, N,N-

dialkylaniline, and julolidine are rated as the best donors for photovoltaic applications. 

This study shows that MESP based assessment of donating strength of donor systems 

offers a powerful rational design strategy for the development of efficient dyes for DSSC 

applications. 
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2.7 Introduction 

Dye-sensitized solar cells (DSSCs) have been regarded as a high potential alternative 

for the conventional silicon-based solar cells due to their high molar extinction 

coefficient, low production cost, simple synthetic strategy, and easy structural 

modifications.69-73 DSSCs also perform relatively better than other traditional solar 

cells under diffuse light conditions and at a higher temperature.72-74 In DSSC 

applications, the sensitizers synthesized can be divided into two broad areas, viz. the 

metal-based systems such as Ru(II) polypyridyl complexes, and Zn(II) porphyrins75  

and the metal-free donor--acceptor (D--A) type organic dyes.76 The Ru-based 

polypyridyl sensitizers attained the highest power conversion efficiency over 11% 

than most of the metal-free sensitizers.77-82 This is due to the ability of metal 

sensitizers to absorb solar irradiation up to the near-infrared region, while other 

metal-free dye sensitizers absorb at shorter wavelength region.76, 83 So, a highly 

efficient sensitizer should have an absorption maximum near to Vis-NIR region 

associated with a long-lived charge excited state.84, 85 Due to the highly expensive, and 

toxic synthetic procedures involved in metal sensitizers, the organic dyes got 

remarkable importance in DSSC applications.76 Recent studies proposed important 

structural modifications on organic dyes86, 87 to achieve high power conversion 

efficiency (PCE) and over 12 % has been earned with a metal-free alkoxysilyl 

carbazole dye as a sensitizer.88 Yao et al reported an improved PCE of 12.5 % with a 

metal-free indenoperylene based D--A dye, the best-known metal-free organic dye.89 

In 2017, a simple designing strategy over phenothiazine moiety with ethynyl-pyrene 

enabled a PCE of 12 %.90 The other recent milestones in DSSCs include co-

sensitization, which enables higher photovoltaic performance over 14 % with a 

collaborative sensitization by silyl and carboxy anchoring groups.91 Many studies 

proposed the structural modification of the donor group of the D--A dye to achieve 

higher efficiency as increasing the electron-donating strength generally broadens and 

intensifies the region of absorption.92-94 In general, a dye sensitizer with D--A 

framework can be modified at donor,95, 96 spacer,59, 97-99, and anchoring groups100-102 

to improve the PCE. Typically, the acceptor portion (A) of the dye anchored onto the 

TiO2 semiconductor favours charge transfer of the excited electrons to the conduction 

band of the semiconductor.103 The oxidized dye is then regenerated by the electron 
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transfer from the electrolyte (I−/I3
− couple), while the electrolyte couple regains the 

electron from the platinum counter electrode.72, 104 Therefore, for an efficient dye 

sensitizer, an effective electron injection can occur from the dye to TiO2 

semiconductor if its highest occupied molecular orbital (HOMO) is observed at a level 

slightly below the redox couple of I−/I3
− electrolyte (-4.8 eV) and lowest unoccupied 

molecular orbital (LUMO) is observed above the conduction band of TiO2 (-4.0 eV).76, 

105, 106 

Apart from the simple D--A framework, several other configurations like                  

D-D--A,107-109 D-A--A,110-113 D--A-A,114 (D--A)2,115 and double D--A bridges116 

were also introduced and revealed that the introduction of additional donors, 

acceptors, and extension of  conjugation reduces the HOMO-LUMO energy gap and 

redshifts the absorption maximum. In other words, for the improved PCE, the donor 

should be stable, and electron-rich for the effective electron injection to the TiO2 

conduction band,96, 117, 118 and thereby broaden their absorption to Vis-NIR region.117, 

118 Therefore, for effective dye designing, it is very important to understand the 

electronic and photophysical properties of the dye systems.111 Density functional 

theory (DFT) and Time-dependent density functional theory (TD-DFT) can afford a 

more efficient approach to understand and predict these structural and electronic 

features without any time delay than the traditional trial and error methods.119-130 

Previous studies have shown that the donor strength has a significant role in 

absorption maximum, kinetics of electron injection and light-harvesting efficiency.131, 

132 Recently, the relevance of the theoretical estimation of donor strength in organic 

electronics has been explained by Köse.133 

 Thirteen typically used donor building blocks (Figure 2.6) in the DSSC 

applications are selected for this DFT/TDDFT study.92, 98, 134-139 The estimation of their 

donating strength is made by molecular electrostatic potential (MESP) topographical 

features of the donor molecules and the corresponding D--A systems. The MESP 

distribution is useful to understand the charge distribution within a molecule,56, 140-

142 and the regions with negative MESP values indicate electron-dense regions while 

positive-valued areas represent electron-deficient regions. 
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Figure 2.6 ChemDraw representation of donors (D1 - D13) and D--A systems (at the 

bottom). The bond shown in red colour is replaced with -A part to design the D--A system.  

The MESP based interpretation has been used for the study of substituent effects, 

intermolecular interactions, non-covalent interactions, hydrogen bonding, cation- 

interactions, aromaticity, and a variety of chemical phenomena.143-146 MESP analysis 

has been used in the field of organometallic chemistry for the quantification of 

electron-donating strength of phosphine and N-heterocyclic ligands.140 The global 

minimum (Vm) of MESP near the two-electron donor atom (P or N) indicates the net 

donating ability of the ligand for making a coordination bond with a metal centre. 

Further, Suresh and co-workers proved that MESP minimum (Vm) analysis is very 
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effective for the quantification of inductive, resonance, steric, and proximity effects of 

substituents.29, 51, 52, 142, 147 Recently the substituent effect transmitting power () 

through various spacer units is also calculated via MESP analysis and showed that Vm 

values are beneficial for the quantification of the transmission power of spacers. 148 

The study recommends the usage of short alkenyl systems as spacers for effective 

electronic transmission. Moreover, the above reliable studies confirmed that MESP is 

a powerful descriptor, capable to predict electronic properties of the molecular 

systems effectively. The present study focuses on MESP analysis of D--A systems 

towards photovoltaic applications. The butadiene moiety (-HC=CH-CH=CH-) and 

cyanoacrylic acid unit (-H2C=C(CN)-COOH are used as the -spacer and anchoring (A) 

group, respectively.  

2.8 Computational methodology 

The ground state geometry optimization has been carried out using B3LYP density 

functional theory (DFT) method149 using cc-pVDZ basis set,150 this DFT method has 

been extensively used in the theoretical studies of organic dyes for dye-sensitized 

solar cell applications.112, 127 Frequency calculations were also done with the same 

level of theory and confirmed that there were no imaginary frequencies. Vertical 

excitation energy calculations have been done for the first 7 states by using long-range 

and solvation effect-corrected CAM-B3LYP/cc-pVDZ DFT method123 in 

dichloromethane. The reliability of this method has been checked by doing the 

computation on experimentally known systems (Figure 2.7) using three more 

methods, viz. B3LYP,149 PBE1PBE,151 and B97XD152. For all these methods, the 

solvation effects are incorporated through the self-consistent reaction field (SCRF) 

calculation implemented in SMD (solvation model based on electron density) 

model.153 The TD-DFT calculations showed that the result given by CAM-B3LYP is the 

most reliable to reproduce the experimental absorption maximum (Table 2.6). DFT 

and TD-DFT calculations are done with the Gaussian 16 program package.154 For 

quantifying the electron donating strength of donors in D--A system, molecular 

electrostatic potential (MESP) analysis has been performed at B3LYP/cc-pVDZ level.  
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Figure 2. 7 Chemdraw representations of known systems (1 – 6).   

Table 2. 6 Benchmark time–dependent DFT calculations using DFT/SMD/cc-pVDZ 

method to obtain the absorption spectra. The absorption maxima max (nm) and 

oscillator strength (f) are given along with experimentally known max. All the 

geometries are optimized at B3LYP/cc-pVDZ level. 

Systems 
CAM-B3LYP B3LYP PBE1PBE B97XD 

Exp. λmax 
Deviation 

from exp. max 

(CAM-B3LYP) max f max f max f max f 

1 422 1.52 559 1.44 488 1.24 429 1.48 417 (EtOH) 92 -5 

2 499 1.99 577 1.71 560 1.80 488 2.01 506 (MeOH) 126 7 

3 409 1.25 508 0.65 482 0.75 398 1.35 388 (THF) 98 -21 

4 460 1.41 599 0.78 563 0.90 448 1.44 494 (DCM) 59 34 

5 355 1.09 445 0.39 420 0.49 348 1.15 338 (DCM) 155 -17 

6 388 1.60 462 0.64 436 0.93 382 1.67 388 (DCM) 118 0 

2.9 Results and discussion 

2.9.1 MESP analysis of donor molecules 

The MESP minima Vm are useful to locate the most electron-rich regions in the 

molecules. The Vm appears on aromatic rings, on hetero atoms and on CC double 

bonds of donor molecules (D1 - D13) are shown in Figure 2.8. Since all the systems  
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Figure 2.8 MESP minima at the donor site, VmD of the donor systems. Isosurface values in 

kcal/mol are given in brackets. Here carbon, nitrogen, sulfur, and oxygen atoms are shown in 

green, pink, yellow, and red in colours. 

contain at least one aromatic ring, the ring showing the most negative Vm (VmD) is 

taken for comparing the donor strength of each system. The VmD of all the systems are 
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depicted in Figure 2.8 along with other Vm values. In polycyclic aromatic hydrocarbon 

(PAH) systems (D1 - D3), VmD values lie in a small range -14.4 to -14.9 kcal/mol which 

can be attributed to similar -conjugation features which are not affected by a hetero 

atom or a substituent. In the D4 system, two phenyl rings show nearly a coplanar 

arrangement with the CC double bond and their VmD (-16.1 and -16.8 kcal/mol) values 

are more negative than a PAH while the third phenyl ring having a highly twisted 

arrangement with respect to the CC double bond shows VmD -13.7 kcal/mol. It appears 

that the presence of a conjugated CC bond in D4 enhances its electron density over the 

corresponding aromatic rings. In D5, three phenyl rings share the lone pair electron 

density from the nitrogen centre leading to a more negative character for VmD -15.6 

kcal/mol than a PAH. In D6, D7, and D8, an amino nitrogen centre is connected with 

an arene ring. In piperidine-phenyl system D6, the nitrogen centre is more 

pyramidalized than the other two and shows the least negative VmD (-21.6 kcal/mol) 

among the three. In D7 and D8, fusing the N-alkyl unit/s with the aromatic ring 

improves the planarization of the N-centre, leading to more electron donation via +R 

effect to the arene ring. As result, julolidine D8 shows the most electron-rich arene 

ring in terms of VmD (-26.4 kcal/mol) followed by D7 (-23.5 kcal/mol). Compared to a 

PAH, carbazole arene rings show significantly more negative VmD (-19.5 kcal/mol); 

here the sharing of N-centre lone pair is with two aromatic rings which leads to less 

negative VmD than D6 – D8. Similarly, in D10, sharing of N-lone pair with two arene 

rings can be seen in addition to the effect of hetero S atom. In this case, VmD is less 

negative than carbazole. In D11, the combined effect of three N-centres can be 

attributed to the electron-rich nature of the arene ring (VmD -21.3 kcal/mol) and 

among the N-centres, the N,N-dimethyl units are not fully effective of +R influence due 

to slight pyramidalization causing by steric congestions from the alkyl moiety of the 

adjacent five-membered ring. In D12, along with the +R contribution of N,N-dimethyl 

substituents, the conjugation effect of CC double bond is leading to relative more 

electron-rich arene rings. The least negative VmD -11.0 kcal/mol is observed in D13, 

the coumarin system. Here, the presence of a highly electron-withdrawing carbonyl 

group at the heterocyclic ring reduces the electron density on the aromatic ring. 

 



94 

 

2.9.2 MESP analysis of D--A systems  

 

Figure 2.9 MESP isosurface plot of a) representative D-π-A system, b) reference system. 

The donating strength of donor fragments in the D-π-A system has been studied by 

MESP analysis. The MESP isosurface plot of a representative D-π-A system (D12) is 

shown in Figure 2.9a along with MESP minimum (Vm) values at various positions. The 

positions selected for Vm analysis are (i) donor site (VmD), (ii) spacer site nearer to 

donor (VmS) and (iii) anchor site (VmA). The π-A portion is built by linking a butadiene 

moiety (-spacer) with cyanoacrylic acid moiety (A). Since the -spacer and anchor 

units are the same for all donors, it has been considered as a reference system and the 

corresponding MESP minimum at its spacer (VmS) and anchoring sites (VmA) are 

evaluated for comparing with those of D-π-A system (Figure 2.9b). The various MESP 

minimum values, viz. VmD, VmS, and VmA are shown in Table 2.7 along with the most 

negative Vm of the donor molecule (VmD). In Table 2.7, the quantities ΔVmD, ΔVmS, and 

ΔVmA represent the change occurred on the minimum potential of the donor, spacer 

and anchoring sites with the introduction of the π-A system. Further, in order to 

calculate ΔVmD, the most negative minima at the phenyl ring of each donor (VmD) have 

been subtracted from the corresponding minima (VmD) of the D-π-A system. Similarly, 

ΔVmS and ΔVmA have been calculated by subtracting the Vm values at spacer and 

anchoring moieties of the reference system (VmS and VmA) from the corresponding 

minima (VmS and VmA) of the D-π-A system.  
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Table 2.7 Vm (kcal/mol) of the D-π-A systems calculated with B3LYP/cc-pVDZ level.  

Systems VmD VmD' ΔVmD VmS VmS' ΔVmS VmA VmA' ΔVmA 

D1 -14.4 -8.2 6.2 -2.4 -3.3 -0.9 -50.3 -53.0 -2.7 

D2 -14.9 -9.8 5.1 -2.4 -3.3 -0.9 -50.3 -53.0 -2.6 

D3 -14.4 -8.0 6.4 -2.4 -4.0 -1.6 -50.3 -54.2 -3.8 

D4 -16.8 -7.8 9.0 -2.4 -4.3 -1.9 -50.3 -54.2 -3.8 

D5 -15.6 -7.7 7.9 -2.4 -6.3 -3.9 -50.3 -56.0 -5.7 

D6 -21.6 -9.3 12.3 -2.4 -8.0 -5.6 -50.3 -57.5 -7.2 

D7 -23.5 -8.8 14.7 -2.4 -8.3 -5.9 -50.3 -57.5 -7.2 

D8 -26.4 -10.0 16.4 -2.4 -10.8 -8.4 -50.3 -59.5 -9.2 

D9 -19.5 -12.0 7.5 -2.4 -4.8 -2.4 -50.3 -54.8 -4.5 

D10 -16.8 -9.4 7.4 -2.4 -5.3 -2.9 -50.3 -55.2 -4.9 

D11 -21.3 -11.0 10.3 -2.4 -7.5 -5.1 -50.3 -55.4 -5.1 

D12 -23.9 -14.1 9.8 -2.4 -12.9 -10.5 -50.3 -61.4 -11.0 

D13 -11.0 -1.9 9.1 -2.4 -8.0 -5.6 -50.3 -56.5 -6.2 

From Table 2.7, it is clear that when a donor part is being attached with a π-A 

system, the minimum potential on the donor site (VmD) becomes less negative 

indicating the electron transferring ability from the donor site to the π-A site. The 

term ΔVmD in Table 2.7 represents the change occurred on the minimum potential at 

the donor site during the π-A linkage which varies from 5.1 to 16.4 kcal/mol and 

indicates the intramolecular charge transfer involved in D-π-A system. Further, at the 

spacer site of D-π-A, electron density gain is observed represented by negative ΔVmS 

which lies in the range -0.9 to -10.5 kcal/mol. On the basis of ΔVmS, the highest 

donating strength can be attributed to D12, while the least donating strength can be 

assigned for PAHs.  

The VmA values indicate that the minimum potential at the anchor moiety, for 

example at cyano group, shows significant variations with respect to different donor 

units.  The most electron-donating donor is expected to show the most negative VmA. 

In DSSC applications, the cyanoacrylic portion has to be linked to the TiO2 

semiconductor for efficient electron transfer. By making the anchoring group 

electron-rich, efficient electron transfer from the dye to TiO2 can occur. In other 
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words, the efficiency of the DSSC system can be directly related to the electron-

donating strength of the donor moieties. Due to this reason, the change in MESP 

minimum appeared on the anchoring part (ΔVmA) has been considered as the donating 

strength of the donor moiety. The PAHs (D1-D3) showed the least negative ΔVmA (-2.7 

to -3.8 kcal/mol), indicating their poor electron-donating strength. Also, in D4 system, 

a similar donating strength -3.8 kcal/mol is observed. In D5, the introduction of N-

centre imparts more negative ΔVmA (-5.7 kcal/mol) than PAHs which explains its 

better electron-donating strength than polyacenes. In D6 and D7, the more planarized 

nitrogen centres in donor part impart more negative ΔVmA (-7.2 kcal/mol) and 

suggests its higher electron-donating strength than D5. In D8 system, the fused N-

centre with the aromatic ring further improves its planarization and leads to more 

negative ΔVmA -9.2 kcal/mol than D5, D6, and D7. In carbazole (D9), N-lone pair is 

shared between two aromatic rings through resonance, and as a result, the electron-

donating strength in terms of ΔVmA (-4.5 kcal/mol) appears weaker than those (D6 - 

D8) having only one aromatic ring for sharing N-lone pair. In D10, the presence of 

sulfur slightly enhances the negative of ΔVmA to -5.1 kcal/mol. Even though there are 

three nitrogen centres in ullazine, it shows a donating strength -5.1 kcal/mol which 

can be attributed to the influence of pyramidalized N,N-dimethyl groups in ullazine. 

In D12, more negative ΔVmA of -11.0 kcal/mol can be recognized with the +R effect of 

mostly planarized N,N-dimethyl substituents. Finally, in D13 a more negative ΔVmA            

(-6.2 kcal/mol) than PAHs has been observed due to the interplay of electron-rich 

nitrogen centre and the electron-withdrawing carbonyl group. These results strongly 

suggest that the incorporation of an electron-rich heteroatom in the donor region can 

have a positive influence on the electronic transmission to the acceptor moiety. On 

the basis of ΔVmA, the order of donating strength of donor groups can be written as D2 

< D1 < D3 = D4 < D9 < D10 < D11 < D5 < D13 < D6 = D7 < D8 < D12. The julolidine 

based donor system D8 and the N, N-dialkyl aniline incorporated D12 are the most 

efficient among the studied systems.  

2.9.3 Absorption spectra of donor and D--A systems  

The absorption maxima of all the systems (donor and D-π-A) along with oscillator 

strength (f) are summarized in Table 2.8. For the assessment of absorptional shift 

Δλmax, the absorption maximum of the D-π-A system was subtracted from the donor  
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Table 2.8 Maximum absorption wavelength λmax (nm), oscillator strength f, 

absorptional shift Δλmax and percentage MO contribution of donor and D--A systems 

at TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level. 

Donor D--A 

Systems λmax f MO contribution λmax f MO contribution Δλmax 

D1 320 0.52 H →L (93.2%) 401 2.21 H-1 →L (94.2 %) 81 

    376 0.03 H →L (74.6 %) 56 

D2 306 0.03 H-1 → L (33.6 %) 409 2.47 H → L (79.3 %) 103 

   H → L (19.9 %)     

   H → L+1 (39.5 %)     

 300 0.23 H → L (68.5 %)    109 

D3 408 0.59 H → L (98.7 %) 518 1.73 H → L (90.4 %) 110 

D4 300 0.78 H → L (97.0 %) 434 2.21 H → L (88.6 %) 134 

D5 284 0.03 H → L (90.8 %) 453 2.02 H → L (86.7 %) 169 

 279 0.38 H → L+1 (98.8 %)    174 

D6 256 0.05 H → L (87.8 %) 446 2.00 H → L (92.6 %) 190 

 236 0.37 H → L+1 (91.7 %)    210 

D7 261 0.09 H → L (90.5 %) 448 1.86 H → L (93.7 %) 187 

 226 0.18 H→ L+1 (90.0 %)    222 

D8 277 0.08 H → L (92.9 %) 480 1.95 H → L (93.2 %) 203 

 243 0.29 H→ L+1 (92.9 %)    237 

D9 286 0.06 H → L (87.6 %) 419 2.21 H → L (93.2 %) 133 

 262 0.31 H-1→ L (84.2 %)    157 

D10 319 0.02 H → L (95.2 %) 459 1.67 H → L (84.8 %) 140 

 275 0.18 H → L+2 (84.6 %)    184 

D11 324 0.38 H → L (90.8 %) 448 0.02 H → L (89.2 %) 124 

    411 2.11 H-1 → L (73.6 %) 87 

D12 278 0.20 H → L (78.0 %) 520 1.95 H → L (92.6 %) 242 

D13 334 0.64 H → L (95.3 %) 503 1.99 H → L (89.3 %) 169 



98 

 

system. For calculating Δλmax, HOMO → LUMO orbital transition has been considered,  

except for D1. In D1, λmax is observed for HOMO-1 → LUMO transition, while its HOMO 

→ LUMO transition is nearly forbidden due to very small f value. The data in             

Table 2.8 clearly suggest that the absorption maximum (λmax) of D-π-A shifts 

significantly to a higher wavelength region compared to the donor D. Since in all 

systems, we used same spacer and anchoring moiety (the -A unit), the influence of 

them on the absorptional shift (Δλmax) can be considered as same. This implies that 

the large variation in Δλmax exhibited by the D-π-A system is due to the variation in 

the donating strength of donor moieties. For instance, among all donor moieties, D1 

with Δλmax 81 nm is the least donating while D12 with Δλmax 242 nm is the most 

donating (Table 2.8). Further, ΔVmA with Δλmax with correlation coefficient shows a 

linear correlation 0.966 (Figure 2.10) shows the significance of donating strength 

ΔVmA on Δλmax. In the linear correlation plot, D1 and D11 based D-π-A systems exhibit 

slight deviation, which can be attributed as their less intense (f → 0.02 - 0.03) and 

nearly forbidden HOMO → LUMO charge transfer character of the orbital excitation. 

From the results the shift in absorption maxima (Δλmax) follows the order D12 > D8 > 

D7 > D6 > D10 >D5 > D13 > D9 > D4 > D3 > D2 > D11 > D1, preferably due to the 

nature of donor groups. Therefore, to improve the wavelength of absorption to a 

preferred region (Vis to NIR), its donating ability has to be tuned with the introduction 

of better electron-donating donor groups (preferably more nitrogen centres). 

 

Figure 2.10 Correlation between donating strength (ΔVmA) of D--A system and change in 

absorption maxima (Δλmax). 
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 The frontier molecular orbital energy levels given in Figure 2.11 show the 

HOMO-LUMO band gap features of D, D--A and -A (butadiene moiety linked with 

cyano acrylic acid). The HOMO value (h) of the D systems is in the range -4.66 to -5.70 

eV, whereas that of D--A system is in the range -4.96 to -5.89 eV. This data indicates 

the close resemblance of the HOMO level of D and D--A. On the other hand, the LUMO 

energy (l) of D shows a large deviation from the l of D--A indicating clear 

dissimilarity. In fact, l of D--A in the range -2.52 to -3.10 eV is very close to l -2.97 

eV observed for -A. Thus, the data in Figure 2.11 indicate that HOMO of D--A is more 

like HOMO of donor and its LUMO is more like that of -A. This feature is well evident 

in the frontier molecular orbital diagram given in D--A for representative cases 

(Figure 2.12). HOMO is more localized towards the donor region with decreasing 

orbital contributions from the -A, while the LUMO is mostly localized at the -A 

region. D1--A is an exception wherein HOMO-1 to LUMO is the allowed transition 

and its HOMO has a different  character, localized exclusively on the pyrene ring. The 

data in Figure 2.11 clearly suggest that linking the donor system to the -A unit is very 

effective for reducing the bandgap. For all cases, the HOMO level is tuned towards the 

value of I−/I3
− electrolyte couple while the LUMO level appears closer to the 

conduction band (CB) of TiO2. The HOMO and LUMO distribution and their energy 

levels suggest significant charge separation in the excited state leading to strong 

electron coupling of the dye with TiO2 semiconductor which promotes the electron 

transfer to the conduction band.156 

 

Figure 2.11 Frontier molecular energy level diagram of D--A systems at B3LYP/cc-pVDZ 

level. 
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Figure 2.12 Frontier molecular orbitals of representative D--A systems at B3LYP/cc-pVDZ 

level.  

Table 2.9 Absorption maxima of methyl substituted pyrene based D1--A systems at 

TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level. Here D1 represents 

unsubstituted pyrene-based D--A system, while D1-1, D1-2, D1-3, etc. represents the 

methyl substitution at 1, 2, 3, 4 and 5 positions of D1--A (see Figure 2.13 for 

numbering). 

D--A 
systems 

HOMO-1 
(eV) 

HOMO 
(eV) 

LUMO 
(eV) 

HLG 
(eV) 

λmax 

(nm) 
f 

MO 
contribution 

D1 -6.02 -5.88 -2.99 2.89 S1 → 401 2.22 H-1→ L (94.17 %) 

     S2 → 376 0.03 H → L (74.56 %) 

D1-1 -5.73 -5.39 -2.81 2.58 430 2.21 H → L (72.12%) 

D1-2 -5.95 -5.46 -2.92 2.54 404 1.05 H →L (45.84%) 

D1-3 -5.94 -5.62 -2.92 2.70 405 1.95 H-1 → L (69.83%) 

       H → L (21.06%) 

D1-4 -5.93 -5.62 -2.94 2.69 407 2.07 H-1 → L (74.28%) 

       H → L (17.43%) 

D1-5 -5.93 -5.83 -2.91 2.92 S1→ 405 2.19 H-1 → L (94.84%) 

     S2→381 0.03 H → L (75.33%) 

 

file:///F:/Divya/work3-b3lyp/B3LYP-ccpVDZ/D_A/Pyrene/pyrene.log
file:///F:/Divya/work3-b3lyp/B3LYP-ccpVDZ/D_A/Pyrene/Py_NMe2.log
file:///F:/Divya/work3-b3lyp/B3LYP-ccpVDZ/D_A/Pyrene/Py_NMe2.log
file:///F:/Divya/work3-b3lyp/B3LYP-ccpVDZ/D_A/Pyrene/py2nme2.log
file:///F:/Divya/work3-b3lyp/B3LYP-ccpVDZ/D_A/Pyrene/py3nme2.log
file:///F:/Divya/work3-b3lyp/B3LYP-ccpVDZ/D_A/Pyrene/py4nme2.log
file:///F:/Divya/work3-b3lyp/B3LYP-ccpVDZ/D_A/Pyrene/py5nme2.log
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Figure 2.13 ChemDraw representation of D1--A system. 

In general, compared to D systems, the absorption maxima of D--A systems 

show a significant red shift (Table 2.8) in the range 81 – 242 nm. In D1--A and             

D2--A, λmax is observed at 401 and 409 nm, respectively. The major electronic 

excitation of pyrene incorporated D1--A is assigned as HOMO-1 to LUMO. The 

forbidden HOMO to LUMO transition of D1--A can be changed to allowed one by 

appropriate substitution such as a substitution by the methyl group at the first or 

second position (Table 2.9 and Figure 2.13). The D3--A showed a broad absorption 

coverage in the visible region with λmax 518 nm corresponding to the  HOMO-LUMO 

transition. Among all, D3--A has the lowest HOMO-LUMO band gap, 2.26 eV (Figure 

2.11). The D4 in D4--A is more electron-donating than a PAH moiety and it shows a 

smaller bandgap 2.71 eV than D1 to D2 incorporated systems. Further, in nitrogen-

containing D--A systems (D5 - D13), the band gap energy decreases to a greater 

extent 2.31 – 2.75 eV for all except D9--A (2.87 eV) than hydrocarbon systems. 

Among the nitrogen-containing systems, D12--A showed the highest λmax 520 nm 

with band gap 2.39 eV while D11--A showed the lowest bandgap 2.31 eV. The λmax of 

D11--A observed at 411 nm is due to HOMO-1 to LUMO transition. Among all, the 

HOMO energy level of D12--A appeared nearest to the energy level of redox 

electrolyte while its LUMO level is 1.44 eV higher than the CB of TiO2. The LUMO 

energy level of all systems offer a favourable electron injection from the excited state 

to the conduction band of TiO2 while HOMO energies lower than the oxidation 

potential of I−/I3
− electrolyte (-4.8 eV) indicate effective dye regeneration. These 

results support their effective utilization in the DSSC application.  The D3--A,                     

D11--A and D12--A systems are among the lowest band gap systems, desirable for 

harvesting more light in the UV-visible region. 
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2.9.4 Analysis of photovoltaic parameters 

In Table 2.10, the 𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 values fall in the range -1.04 to -1.94 eV, the D11--A with 

the most negative value has the highest electron injection efficiency while D2 to D4 

based D--A systems show the lowest efficiency. The smallest 𝛥𝐺𝑟𝑒𝑔 0.16 eV is 

observed for D12--A and suggests its fastest dye regeneration efficiency. A good  

Table 2.10 Calculated vertical excitation energy, absorption maximum, oscillator 

strength f, HOMO LUMO energy, HOMO-LUMO energy gap (HLG), ground and excited-

state oxidation potentials (𝐸𝑑𝑦𝑒and 𝐸𝑑𝑦𝑒∗
 ), electron injectionfree energy change 

( 𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡), free energy change for dye regeneration (𝛥𝐺𝑟𝑒𝑔), and open circuit voltage 

(e𝑉𝑜𝑐) of D-π-A systems at TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level. 

Systems 
Excitation 

energy (eV) 
λabsmax 

(nm) 
f 

HOMO 
(eV) 

LUMO 
(eV) 

HLG 
(eV) 

𝐸𝑑𝑦𝑒 
(eV) 

𝐸𝑑𝑦𝑒∗ 
(eV) 

𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 

(eV) 

𝛥𝐺𝑟𝑒𝑔 

(eV) 
(e𝑉𝑜𝑐) 
(eV) 

D1 3.09  401  2.22 -5.88 -2.99 2.89 5.88  2.79 -1.21 1.08 1.01 

D2 3.03  409  2.47 -5.89 -3.00 2.89 5.89 2.86 -1.14 1.09 1.00 

D3 2.39  518  1.73 -5.35 -3.10 2.26 5.35 2.96 -1.04 0.55 0.90 

D4 2.86  434  2.21 -5.70 -2.98 2.71 5.70 2.84 -1.16 0.90 1.02 

D5 2.73  453  2.02 -5.37 -2.79 2.58 5.37 2.64 -1.36 0.57 1.21 

D6 2.78  446  2.00 -5.42 -2.68 2.74 5.42 2.64 -1.36 0.62 1.32 

D7 2.59  448  1.95 -5.40 -2.65 2.75 5.40 2.81 -1.19 0.60 1.35 

D8 2.77  480  1.86 -5.12 -2.52 2.60 5.12 2.35 -1.65 0.32 1.48 

D9 2.96  419  2.21 -5.78 -2.91 2.87 5.78 2.82 -1.18 0.98 1.09 

D10 2.70  459  1.67 -5.28 -2.84 2.44 5.28 2.58 -1.42 0.48 1.16 

D11 3.01  411  2.11 -5.07 -2.76 2.31 5.07 2.06 -1.94 0.27 1.24 

D12 2.39  520  1.95 -4.96  -2.56 2.39 4.96  2.57 -1.43 0.16 1.44 

D13 2.46  503  1.99 -5.35 -2.87 2.49 5.35 2.89 -1.11 0.55 1.13 

linear correlation between ΔVmA and 𝑒𝑉𝑂𝐶  is observed for all the cases (Figure 2.14) 

suggesting that the electron-accepting tendency of the acceptor part is well reflected 

on the LUMO levels. Among all the systems, julolidine based D8--A possesses the 
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highest l value resulting to the highest 𝑒𝑉𝑂𝐶  1.48 eV. The second-highest  𝑒𝑉𝑂𝐶   1.44 

eV is observed for D12--A. The ΔVmA values suggest that the electron-donating ability  

of PAHs moieties is the lowest among all the donors and the corresponding D1 to D3 

based D--A systems show the lowest range of 𝑒𝑉𝑂𝐶 , 0.90 – 1.01 eV. 

 

Figure 2.14 Correlation between ΔVmA (kcal/mol) and 𝑒𝑉𝑂𝐶  (eV). 

2.10 Conclusions 

Using MESP topographical analysis, the donating strength of thirteen known                  

(D1 – D13) typically used donor systems in the DSSC applications has been quantified. 

The redshift in absorption maximum (Δλmax) observed for the D--A systems is 

rationalized in terms of the amount of electron donation from the donor D moieties 

to the -A using the MESP parameter ΔVmA. The highest electron-donating strength 

ΔVmA observed in D12--A shows the highest Δλmax and maximum absorption 

wavelength λmax with a small band gap energy of 2.39 eV. In poor electron-donating 

D1 and D2 based D--A systems, the smallest Δλmax, and λmax are observed. A linear 

correlation obtained between ΔVmA and Δλmax confirms that Δλmax increases with 

increase in ΔVmA. The frontier molecular energy levels showed that HOMO of the D--

A resembles more like HOMO of the donor, whereas LUMO resembles more like LUMO 

of -A. Thus, the donor tunes the HOMO, while -A tunes the LUMO energy of the                 

D--A system for efficient dye regeneration and electron injection. Among all the 

systems, D12--A showed the highest electron injection efficiency. Since e𝑉𝑜𝑐 is 
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directly proportional to the power conversion efficiency of the solar cell, D8--A and 

D12--A having the highest eVoc can be regarded as the most efficient sensitizers for 

DSSC while the least eVoc displayed by PAH based (D1 - D3) D--A systems offer poor 

efficiency. The linear correlation between ΔVmA and eVoc shows that eVoc increases 

with increase in the negative character of ΔVmA and also proves that better sensitizers 

can be developed by connecting powerful electron donor to a -A system. One way to 

do this is by incorporating multiple lone pair bearing nitrogen centres in donors. Thus, 

the MESP approach offers an easy analysis tool for the quantification of donating 

strength of D--A systems in DSSC applications. 
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3.1 Abstract 

Donor--acceptor (D--A) systems typically used in dye-sensitized solar cells (DSSC) 

have been studied for assessing the donating strength of six donors (D1 – D6) under the 

influence of substituents such as CH3, C5H11, isopropyl, t-butyl, OH, OCH3, OC2H5, NH2,  

N(CH3)2, PhCH3, and PhNH2 along with -spacer butadiene and acceptor moiety 

cyanoacrylic acid. The substituent effect enhances electron donation from D to A 

through the -spacer. The enhancement in electron density at A has been quantified in 

terms of the difference in the molecular electrostatic potential (MESP) minimum at the 

cyano nitrogen (VmA) between -A and D--A. For unsubstituted D-π-A systems, VmA 

is in the range -0.2 to -5.7 kcal/mol, whereas the substitution enhances the negative 

character of VmA in the range -0.8 to -8.0 kcal/mol. In alkyls and Ph-CH3 substituted             

D--A systems, VmA lies in the range -0.8 to -6.7 kcal/mol, whereas the N(CH3)2 

substituted systems exhibit more negative VmA (more enhanced donating strength) in 

the range -5.1 - -8.0 kcal/mol. The more negative value of VmA implies the greater 

electron-donating ability of the D--A system. Optical and photovoltaic parameters 

(𝐺𝑟𝑒𝑔, 𝐺𝑖𝑛𝑗𝑒𝑐𝑡, 𝑒𝑉𝑂𝐶) are analyzed at TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-

pVDZ level DFT. An excellent linear correlation observed in all the six sets between VmA 

and absorption maximum (λmax) showing that λmax increases with enhanced donating 

strength. The higher absorption maximum obtained by N(CH3)2 substituted D--A 

systems lies in the range 430 nm to 490 nm, explains the outstanding donating ability of 

N(CH3)2 than other substituents. The reduced highest occupied molecular orbital 

(HOMO) – lowest unoccupied molecular orbital (LUMO) gap (from 3.14 to 2.17 eV) with 

enhanced donating strength confirms the influence of substituent effects in broadening 

the absorption maximum. Further, in photovoltaic parameters, a strong influence of the 

substituent effect is observed. The N(CH3)2 substituted D1--A (D1-N(CH3)2) exhibits the 

highest eVOC (1.38 eV). The strong linear correlation observed for the ground state 

property VmA and open-circuit voltage eVOC provides guidelines for developing an 

effective strategy for designing dye sensitizer for desirable photovoltaic applications.  

3.2 Introduction 

Over the past 30 years, dye-sensitized solar cells (DSSCs) and its structural 

modification became an emerging research area in the field of photovoltaics.1-3 DSSCs 
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are considered as the most inventive candidate for the next generation clean 

renewable source due to easier structure modification, simple synthetic strategy, 

large absorption coefficient, and low production cost.1, 4-7 Nonetheless, the 

performance of DSSC is still in the bottleneck due to its lower power conversion 

efficiency (PCE) than the conventional silicon-based solar cells due to the inherent 

voltage loss during the dye regeneration and poor long term stability.8 In order to 

improve the PCE over conventional silicon-based solar cells, extensive research 

efforts like modification on electrolytes, semiconductors, and sensitizers have been 

executed and result in the development of new and efficient dye sensitizers.3, 5, 9-21 

Among the DSSCs, the Ru based sensitizers achieved the best PCE of 11%, which attain 

the comparable PCE of a silicon-based solar cell.5, 22, 23 But due to the scarce resource 

and highly expensive nature of Ru metal, its practical application is limited, and more 

research efforts have been resulted in the development of Ru-free organic 

sensitizers.6, 11, 24 However, the major challenge of organic solar cells is the 

enhancement of PCE, durability, and stability to compete with silicon-based solar 

cells. One of the key strategies for the synthesis of Ru free sensitizers is the designing 

of the D--A architecture, which enables the efficient electron transfer from a donor 

(D) to the acceptor (A) through a spacer ().25, 26 

 From the literature, it is understood that for the designing of highly efficient 

photosensitizers, different kinds of building blocks such as donors,27-35 spacers,36-41 

and anchoring units 42-46 are required in the D--A architecture to tune the electronic 

structure of the synthesized product. The fine-tuning of the HOMO - LUMO (highest 

occupied molecular orbital - lowest unoccupied molecular orbital) energy levels of a 

photosensitizer is often achieved by adjusting the substituent effect on the donor by 

the incorporation of electron-donating/withdrawing groups. In most of the cases, the 

electron-donating groups on donor moiety act as substituents and they have a 

profound impact on the electronic structure and efficiency of the desired dye 

sensitizer.6, 47-49 A priori knowledge on the donating strength of the donor can become 

helpful for the prediction of the PCE of the designed/synthesized system. A 

quantitative/mathematical comparison of donating strength of the typically used 

donors is lacking in the literature. 
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Figure 3.1 Chemdraw diagram of D--A system (top) and the donors D1 – D6. The R 

substituents are CH3, C5H11, isopropyl, t-butyl, OH, OCH3, O-C2H5, NH2, N(CH3)2, Ph-CH3, and 

Ph-NH2. The bond shown in red colour indicates the connecting position of D with -A. 

Here we have selected six different donor systems (D1 – D6), substituted with 

electron-donating groups such as CH3, C5H11, isopropyl, t-butyl, OH, OCH3, O-C2H5, 

NH2, N(CH3)2, N(C2H5)2, Ph-CH3, and Ph-NH2 to evaluate the donating strength on a    

-A system made up of butadiene π-spacer and cyanoacrylic acid (Figure 3.1). 

According to our previous study, butadiene spacer is rated as having the highest 

substituent effect transmitting power compared to triple bonded, aromatic, and 

heteroaromatic conjugated systems.50 Hence this moiety is employed in the study as 

-spacer for effective intramolecular charge transfer (ICT) and cyanoacrylic acid is 

used as acceptor (A). The molecular electrostatic potential (MESP) topographical 

analysis is used as a tool to measure the electronic effect of the substituted D on the 

acceptor A. MESP is a well-established tool for deriving many structure-property 

relationships for chemical and biological systems.51-53.54-57 According to Scrocco, 

Tomasi, and co-workers, the MESP describes the charge distribution around a 

molecule and the regions with more negative MESP indicate the more electron-dense 

region of that system.58, 59 Suresh and co-workers widely used MESP for the 

quantification of substituent effect,60 inductive effect,61 resonance effect,62 trans 

influence,63 cation -interaction,64, etc. In a recent study, we have shown that MESP 
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analysis is very useful for assessing the donating strength of D in D--A system.65 

MESP becomes a new theoretical tool for predicting the feasibility of organic electrode 

material for lithium-ion batteries66, explained by Shang, Chen, and co-workers. The 

wide range of applications in various fields supports the validity of MESP based 

studies for analyzing the photovoltaic properties of dye-sensitized solar cells. The 

present study focuses on the substituent effect in tuning various ground state 

electronic and photovoltaic properties of D--A systems for solar cell application.  

3.3 Computational methodology 

For the ground state geometry optimization of the D--A systems, widely utilized 

B3LYP density functional theory (DFT) method67 with cc-pVDZ basis set65, 68, 69 has 

been considered.  Vibrational frequency calculation was also done at the same level of 

theory and basis set, and confirms that there are no imaginary frequencies. 

Absorption maxima and vertical excitation energies for the first seven states are 

calculated using time-dependent DFT at the CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-

pVDZ level.70, 71 Here SMD stands for the incorporation of the solvation effect of 

dichloromethane the self-consistent reaction field (SCRF) approach72 as implemented 

in Gaussian16 suite of programmes.73 The dependency of bond localization of single 

and double bonds in ground state on the excited state properties has been analyzed 

using bond length alteration index (BLA).74, 75 The BLA index for the unsubstituted D1 

to D6-π-A systems are calculated with B3LYP and CAM-B3LYP geometries (Table 3.1a 

– Table 3.1b). The bonds employed to calculate BLA index are shown in Figure 3.2. 

For all a positive BLA index has been observed and larger BLA index has been 

observed with CAM-B3LYP. This indicates that carbon-carbon single and double bond 

are more localized with CAM-B3LYP than B3LYP. Also, the BLA index for the S1 state 

of a representative set of TPA systems has been calculated with CAM-B3LYP (Table 

3.2). The reduced BLA index for S1 than the S0 state indicates the delocalized nature of 

the system and also supports the ICT transfer involved in D-π-A systems. Previously, 

Gonzáles et al. noted that B3LYP fails to predict the excitation energies due to its 

intrinsic problems in describing charge transfer (CT) states whereas the long-range 

correction on them using CAM delivers good agreement with the experimental UV/vis 

absorption.75 They also observed that excited state properties are highly dependent 

on the localization of single and double bonds in the ground state structure which can 
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be quantified in terms of the BLA index. Our previous study also showed that the 

calculated absorption maximum of known D--A systems at CAM-B3LYP/SMD/cc-

pVDZ//B3LYP/cc-pVDZ level of theory agree well with the experimental absorption 

maximum.65 The MESP, 𝑉(r) has been evaluated using the electron density 𝜌(𝐫′) 

computed at B3LYP/ cc-pVDZ level. All calculations have been carried out using a 

Gaussian 16 program package.73 

 

Figure 3.2 Labeled bonds employed to calculate the BLA index. 

Table 3.1 a) BLA index for the unsubstituted D1 – D3-π-A systems in ground state 

with B3LYP and CAM-B3LYP functional. 

  D1-π-A D2-π-A D3-π-A 

Bond 
S0 S0 S0 S0 S0 S0 

B3LYP CAM-B3LYP B3LYP CAM-B3LYP B3LYP CAM-B3LYP 

BLA 0.039 0.046 0.039 0.043 0.035 0.046 

1 1.413 1.404 1.41 1.4 1.415 1.405 
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  D1-π-A D2-π-A D3-π-A 

Bond 
S0 S0 S0 S0 S0 S0 

B3LYP CAM-B3LYP B3LYP CAM-B3LYP B3LYP CAM-B3LYP 

BLA 0.039 0.046 0.039 0.043 0.035 0.046 

2 1.392 1.388 1.4 1.397 1.386 1.383 

3 1.401 1.395 1.432 1.420 1.415 1.406 

4 1.398 1.391 1.429 1.423 1.411 1.402 

5 1.395 1.390 1.402 1.394 1.389 1.386 

6 1.411 1.402 1.409 1.402 1.412 1.402 

7 1.460 1.464 1.460 1.464 1.451 1.457 

8 1.360 1.347 1.360 1.348 1.364 1.35 

9 1.435 1.422 1.435 1.422 1.431 1.439 

10 1.366 1.353 1.367 1.353 1.369 1.355 

11 1.429 1.435 1.428 1.435 1.425 1.432 

12 1.370 1.356 1.370 1.356 1.372 1.358 

Table 3.1 b) BLA index for the unsubstituted D4 – D6-π-A systems in ground state 

with B3LYP and CAM-B3LYP functional. 

 D4-π-A D5-π-A D6-π-A 

Bond 
S0 S0 S0 S0 S0 S0 

B3LYP CAM-B3LYP B3LYP CAM-B3LYP B3LYP CAM-B3LYP 

BLA 0.036 0.048 0.034 0.045 0.035 0.039 

1 1.423 1.415 1.409 1.399 1.37 1.357 

2 1.387 1.383 1.389 1.386 1.432 1.436 

3 1.406 1.399 1.414 1.406 1.413 1.405 

4 1.424 1.413 1.417 1.408 1.388 1.383 

5 1.394 1.392 1.391 1.387 1.406 1.401 

6 1.409 1.399 1.412 1.402 1.393 1.387 

7 1.456 1.461 1.452 1.458 1.397 1.392 

8 1.362 1.349 1.363 1.349 1.411 1.400 

9 1.433 1.441 1.432 1.440 1.482 1.479 
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 D4-π-A D5-π-A D6-π-A 

Bond 
S0 S0 S0 S0 S0 S0 

B3LYP CAM-B3LYP B3LYP CAM-B3LYP B3LYP CAM-B3LYP 

BLA 0.036 0.048 0.034 0.045 0.035 0.039 

10 1.368 1.354 1.369 1.354 1.454 1.459 

11 1.427 1.434 1.426 1.433 1.361 1.347 

12 1.371 1.357 1.372 1.357 1.435 1.422 

13     1.367 1.352 

14     1.429 1.436 

15     1.369 1.356 

Table 3.2 BLA index for the TPA (D3) based π-A systems in S0 and S1 states at                  

CAM-B3LYP/cc-pVDZ level. 

 S0 equilibrium at CAM-B3LYP/cc-pVDZ S1 equilibrium at CAM-B3LYP/cc-pVDZ 

   D3  D3 D3-CH3 D3-OH 

Bond BLA 0.046  0.010 0.011 0.011 

1  1.405  1.428 1.426 1.428 

2  1.383  1.373 1.372 1.373 

3  1.406  1.415 1.418 1.414 

4  1.402  1.418 1.415 1.417 

5  1.386  1.372 1.373 1.373 

6  1.402  1.426 1.428 1.425 

7  1.457  1.421 1.421 1.423 

8  1.350  1.39 1.389 1.388 

9  1.439  1.404 1.404 1.405 

10  1.355  1.390 1.390 1.389 

11  1.432  1.403 1.404 1.404 

12  1.358  1.388 1.388 1.388 
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3.4 Results and discussion 

3.4.1 MESP analysis 

 

Figure 3. 3 MESP isosurfaces at various sites of a) reference system, b) D1 and D1--A system, 

and c) D4 and D4--A system. Vm values are in kcal/mol.  

The MESP plot of two representative donors (D1 and D4) and their corresponding     

D--A systems (unsubstituted) are shown in Figure 3. 3 along with respective MESP 

minimum (Vm) at various sites. In donor systems, VmD represents Vm of the donor. For 

example, VmD of benzene (D1) and carbazole (D4) are -16.6 and -19.5 kcal/mol 
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(Figure 3.3). In D--A systems, VmD and VmS, represent the MESP minimum at donor 

and spacer (nearer to D), respectively, while Vm(OH), Vm(CO), and VmA represent the MESP 

minimum at the lone pair regions of OH, CO and CN of the acceptor moiety, 

respectively. Previous studies by Suresh and Gadre et al. have shown that lone pair 

regions in molecules can be characterized using MESP topographical analysis.76 The 

MESP minimum observed at the CN unit of π-A is considered as a reference value, VmA 

(Figure 3.3a) (-50.3 kcal/mol) to monitor the changes observed at this minimum due 

to the incorporation of D to π-A. One could also consider the MESP minimum Vm(OH) 

or Vm(CO) of π-A as a reference point similar to VmA because in general the trends 

observed for these quantities show a parallel behavior. Here VmA is selected as the 

reference point on the basis of its most negative character compared to all other 

minima.  

In Table 3.3, Vm of D--A systems at various sites viz. donor (VmD), spacer (VmS) 

and acceptor (Vm(OH), Vm(CO)  and VmA) are reported along with VmD'. The unsubstituted 

D--A systems are denoted as D1, D2, D3, D4, D5, and D6, and the substituents 

attached at D1 – D6 are represented as D1-CH3, D1- C5H11, D2- CH3, D2-C5H11, etc. The 

quantities VmD, VmS, Vm(OH), Vm(CO)and VmA represent the change in Vm at 

respective sites with the attachment of π-A to D. VmD has been calculated by 

subtracting the Vm observed at donor (VmD') from the respective Vm observed at D site 

of D-π-A (VmD). Likewise VmS, Vm(OH), Vm(CO), and VmA are estimated by subtracting 

the respective Vm at π-A viz. VmS ,Vm(OH), Vm(CO)  and VmA (Figure 3.3) from the 

corresponding values at D-π-A (VmS ,Vm(OH), Vm(CO) and VmA) (Table 3.3). 

Table 3.3 Vm (kcal/mol) at various sites of D--A systems calculated at                     

B3LYP/cc-pVDZ level. 

Donor 

moiety 

D-π-A 

system 
VmD' VmD VmS Vm(OH) Vm(CO) VmA VmD VmS Vm(OH Vm(CO) VmA 

Benzene D1 -16.6 -6.1 -2.6 -31.8 -38.9 -52.8 10.5 -0.2 -2.9 -2.9 -2.5 

 D1-CH3 -18.1 -6.5 -3.8 -32.7 -39.9 -53.8 11.5 -1.4 -3.9 -3.9 -3.5 

 D1-C5H11 -18.7 -7.2 -4.3 -33.1 -40.1 -54.2 11.5 -1.9 -4.3 -4.1 -3.8 

 D1-isopropyl -17.9 -6.7 -3.8 -32.9 -39.9 -53.8 11.2 -1.4 -4.1 -3.9 -3.5 
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Donor 

moiety 

D-π-A 

system 
VmD' VmD VmS Vm(OH) Vm(CO) VmA VmD VmS Vm(OH Vm(CO) VmA 

 D1-t-but -18.1 -6.9 -4.0 -32.9 -40.0 -53.9 11.2 -1.6 -4.1 -4.0 -3.6 

 D1-OH -17.9 -5.0 -4.3 -33.8 -40.9 -54.5 12.9 -1.9 -5.0 -4.8 -4.2 

 D1-OCH3 -18.8 -6.0 -5.0 -34.3 -41.4 -54.8 12.8 -2.6 -5.5 -5.4 -4.5 

 D1-OC2H5 -19.3 -6.5 -5.3 -34.5 -41.6 -55.3 12.7 -2.9 -5.6 -5.6 -5.0 

 D1-NH2 -23.1 -8.6 -7.6 -36.4 -43.7 -57.1 14.5 -5.2 -7.6 -7.7 -6.8 

 D1-N(CH3)2 -24.0 -9.1 -9.0 -37.7 -45.1 -58.4 14.9 -6.7 -8.8 -9.0 -8.0 

 D1-PhCH3 -16.7 -7.0 -3.7 -32.8 -39.8 -53.5 9.7 -1.3 -4.0 -3.8 -3.2 

 D1-PhNH2 -19.7 -9.5 -5.9 -34.5 -41.7 -55.0 10.2 -3.5 -5.6 -5.6 -4.7 

Pyrene D2 -14.4 -8.2 -3.3 -32.0 -39.3 -53.0 6.2 -0.9 -3.2 -3.3 -2.7 

 D2-CH3 -15.4 -8.7 -4.0 -32.6 -39.8 -53.7 6.7 -1.6 -3.8 -3.8 -3.3 

 D2-C5H11 -15.8 -9.2 -4.2 -32.8 -40.0 -53.9 6.7 -1.8 -4.0 -4.0 -3.6 

 D2-isopropyl -15.3 -8.8 -4.0 -32.4 -39.7 -53.7 6.5 -1.6 -3.6 -3.7 -3.4 

 D2-t-but -15.5 -8.9 -4.1 -32.4 -39.8 -53.8 6.6 -1.7 -3.6 -3.8 -3.5 

 D2-OH -15.2 -8.2 -4.0 -32.8 -39.9 -53.7 7.0 -1.6 -4.0 -3.9 -3.4 

 D2-OCH3 -15.9 -8.8 -4.5 -32.9 -40.2 -54.2 7.1 -2.1 -4.1 -4.1 -3.8 

 D2-OC2H5 -16.3 -9.2 -4.6 -33.3 -40.5 -54.3 7.1 -2.3 -4.5 -4.5 -4.0 

 D2-NH2 -18.1 -11.0 -5.8 -34.1 -41.2 -54.7 7.2 -3.4 -5.3 -5.2 -4.4 

 D2-N(CH3)2 -18.9 -11.5 -6.7 -34.7 -42.1 -55.8 7.3 -4.3 -5.9 -6.1 -5.5 

 D2-PhCH3 -14.7 -8.6 -3.8 -32.6 -39.7 -53.7 6.1 -1.4 -3.8 -3.7 -3.3 

 D2-PhNH2 -16.7 -10.7 -5.0 -33.4 -40.6 -54.5 6.0 -2.6 -4.6 -4.6 -4.1 

TPA D3 -15.6 -7.7 -6.3 -35.6 -42.5 -56.0 7.9 -3.9 -6.8 -6.5 -5.7 

 D3-CH3 -16.5 -8.3 -6.9 -36.0 -43.2 -56.7 8.2 -4.5 -7.2 -7.2 -6.3 

 D3-C5H11 -16.8 -8.7 -7.2 -36.0 -43.3 -57.0 8.2 -4.8 -7.2 -7.3 -6.7 

 D3-isopropyl -16.4 -8.3 -6.8 -35.8 -43.1 -56.6 8.1 -4.5 -7.0 -7.1 -6.3 

 D3-t-but -16.4 -8.3 -6.9 -36.1 -43.1 -56.4 8.2 -4.5 -7.3 -7.1 -6.0 

 D3-OH -17.5 -8.2 -7.5 -36.3 -43.5 -57.2 9.3 -5.1 -7.5 -7.5 -6.8 

 D3-OCH3 -17.9 -8.7 -7.7 -36.6 -43.7 -57.2 9.2 -5.3 -7.8 -7.7 -6.9 

 D3-OC2H5 -18.1 -8.9 -7.8 -36.7 -43.9 -57.4 9.2 -5.5 -7.9 -7.9 -7.1 
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Donor 

moiety 

D-π-A 

system 
VmD' VmD VmS Vm(OH) Vm(CO) VmA VmD VmS Vm(OH Vm(CO) VmA 

 D3-NH2 -19.4 -10.2 -8.7 -37.3 -44.5 -58.1 9.2 -6.3 -8.5 -8.5 -7.8 

 D3-N(CH3)2 -20.0 -11.0 -9.2 -37.7 -44.8 -58.3 9.0 -6.8 -8.9 -8.8 -8.0 

 D3-PhCH3 -15.3 -7.8 -6.4 -35.6 -42.7 -56.3 7.5 -4.0 -6.8 -6.7 -6.0 

 D3-PhNH2 -17.4 -9.7 -7.5 -36.3 -43.5 -57.2 7.7 -5.1 -7.5 -7.5 -6.8 

Carbazole D4 -19.5 -12.0 -4.8 -33.6 -40.6 -54.8 7.5 -2.4 -4.8 -4.6 -4.5 

 D4-CH3 -20.6 -12.3 -5.6 -34.2 -41.3 -55.3 8.3 -3.2 -5.4 -5.3 -5.0 

 D4-C5H11 -21.0 -12.7 -5.9 -34.3 -41.4 -55.5 8.3 -3.5 -5.5 -5.3 -5.1 

 D4-isopropyl -20.3 -12.2 -5.5 -34.0 -41.0 -55.1 8.1 -3.1 -5.2 -5.0 -4.8 

 D4-t-but -20.4 -12.4 -5.5 -34.1 -41.1 -54.9 8.0 -3.1 -5.3 -5.1 -4.6 

 D4-OH -21.0 -11.4 -6.0 -34.8 -41.5 -55.7 9.6 -3.6 -6.0 -5.5 -5.4 

 D4-OCH3 -21.6 -12.0 -6.5 -35.1 -42.0 -56.0 9.5 -4.1 -6.3 -6.0 -5.7 

 D4-OC2H5 -21.8 -12.4 -6.7 -35.1 -42.1 -55.8 9.4 -4.3 -6.3 -6.1 -5.5 

 D4-NH2 -23.6 -14.5 -7.9 -36.0 -43.2 -57.0 9.1 -5.5 -7.2 -7.2 -6.7 

 D4-N(CH3)2 -24.6 -14.7 -8.8 -36.8 -43.7 -57.5 9.9 -6.5 -8.0 -7.7 -7.2 

 D4-PhCH3 -19.5 -12.2 -5.2 -33.9 -41.0 -55.0 7.2 -2.8 -5.1 -5.0 -4.6 

 D4-PhNH2 -21.8 -14.6 -6.5 -34.9 -42.0 -55.7 7.2 -4.1 -6.1 -6.0 -5.4 

Phenothia
-zine 

D5 -16.8 -9.4 -5.3 -34.6 -41.7 -55.2 7.4 -2.9 -5.8 -5.6 -4.9 

 D5-CH3 -17.6 -9.0 -5.8 -34.7 -42.2 -55.7 8.6 -3.5 -5.9 -6.1 -5.4 

 D5-C5H11 -17.9 -9.5 -6.1 -35.2 -42.5 -55.8 8.4 -3.8 -6.4 -6.5 -5.5 

 D5-isopropyl -17.5 -9.0 -5.9 -35.0 -42.3 -55.3 8.5 -3.5 -6.2 -6.3 -5.0 

 D5-t-but -17.6 -9.0 -6.0 -35.1 -42.4 -55.7 8.6 -3.6 -6.3 -6.3 -5.4 

 D5-OH -18.1 -7.2 -6.3 -35.4 -42.9 -56.1 10.9 -4.0 -6.6 -6.8 -5.8 

 D5-OCH3 -18.4 -9.4 -6.7 -35.5 -42.7 -56.2 9.0 -4.3 -6.7 -6.7 -5.9 

 D5-OC2H5 -18.6 -9.8 -6.7 -35.7 -43.1 -56.5 8.8 -4.3 -6.9 -7.1 -6.1 

 D5-NH2 -19.5 -11.4 -7.3 -36.1 -43.4 -56.9 8.2 -5.0 -7.3 -7.4 -6.5 

 D5-N(CH3)2 -20.6 -12.4 -8.2 -36.6 -44.1 -57.5 8.3 -5.8 -7.8 -8.1 -7.2 

 D5-PhCH3 -16.7 -9.0 -5.5 -34.8 -42.0 -55.5 7.7 -3.1 -6.0 -6.0 -5.1 

 D5-PhNH2 -18.2 -11.2 -6.6 -35.4 -42.9 -56.2 7.0 -4.2 -6.6 -6.8 -5.9 
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Donor 

moiety 

D-π-A 

system 
VmD' VmD VmS Vm(OH) Vm(CO) VmA VmD VmS Vm(OH Vm(CO) VmA 

             

Coumarin D6 -5.7 -0.1 0.0 -30.1 -37.8 -50.5 5.6 2.4 -1.3 -1.8 -0.2 

 D6-CH3 -6.5 -0.4 -1.2 -31.0 -38.7 -51.3 6.1 1.2 -2.2 -2.7 -0.9 

 D6-C5H11 -7.2 -1.1 -1.6 -31.2 -39.0 -51.8 6.1 0.8 -2.4 -3.0 -1.5 

 D6-isopropyl -6.7 -0.6 -1.2 -30.7 -38.7 -51.1 6.0 1.2 -1.9 -2.7 -0.8 

 D6-t-but -6.9 -0.9 -1.4 -31.2 -38.9 -51.3 6.0 0.9 -2.4 -2.9 -1.0 

 D6-OH -6.1 - -1.9 -31.8 -39.5 -52.3 6.1 0.5 -3.0 -3.5 -1.9 

 D6-OCH3 -7.0 -0.1 -2.6 -32.1 -40.0 -52.6 7.0 -0.2 -3.3 -4.0 -2.3 

 D6-OC2H5 -7.5 -0.4 -2.9 -32.3 -40.2 -52.5 7.0 -0.6 -3.5 -4.2 -2.2 

 D6-NH2 -10.4 -2.1 -5.0 -33.9 -41.8 -54.3 8.3 -2.6 -5.1 -5.8 -4.0 

 D6-N(CH3)2 -11.3 -2.6 -6.3 -35.0 -43.0 -55.5 8.7 -4.0 -6.2 -7.0 -5.1 

 D6-PhCH3 -7.2 -1.6 -1.6 -31.2 -38.8 -51.5 5.6 0.8 -2.4 -2.8 -1.2 

 D6-PhNH2 -10.2 -4.2 -3.6 -32.8 -40.6 -53.2 6.0 -1.2 -4.0 -4.6 -2.8 

 

Figure 3. 4 Correlation between MESP parameters VmS, Vm(OH),  Vm(CO), and VmA.  
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The data in Table 3.3 show that the VmD of D-π-A system is always less negative 

than the VmD of the donor D. For various donor systems, VmD lies in the range 5.6 to 

14.9 kcal/mol which suggests that the D site of D-π-A system becomes electron 

deficient compared to a normal D. The electron deficiency at D can be attributed to 

ICT of electrons from D to the -A region which implies that Vm at the acceptor sites 

of D-π-A becomes more negative compared to -A and as a result always negative 

values are observed for Vm(OH), Vm(CO), and VmA. For example, when -A changes to 

D1--A, Vm at cyano region turns out to be more negative (VmA = -52.8 kcal/mol) than 

the respective Vm on the reference system (-A), VmA' (-50.3 kcal/mol). A similar trend 

in VmA is observed for all the remaining systems. Also compared to π-A, the π-spacer 

region of D-π-A shows more negative character for VmS in all cases except some of the 

coumarin-based systems. Among the donors, VmD value is the least negative for 

coumarin systems which can be attributed to the presence of electron-withdrawing 

carbonyl group in it. The quantities VmS, Vm(OH),  Vm(CO), and VmA show a parallel 

trend as shown in the correlation plots given in Figure 3.4. This suggests that any of 

these quantities can be used as a parameter to measure the donating strength of 

donor moieties to a common acceptor. Here VmA (for the CN group) is selected for 

this purpose. It may be noted that variation in VmD is not similar to VmA                  

(Figure 3. 5) because it accounts for the property of various donors whereas VmA 

accounts for the accepting ability of CN unit from various donors.   

 

Figure 3. 5 Correlation between VmD and VmA. 
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In Table 3.3, the lower ΔVmA in the range -0.2 to -5.1 kcal/mol have been 

attained by coumarin-based D--A systems which can be attributed to the presence 

of electron-withdrawing CO group in donor site. In benzene and pyrene-based 

systems, the strong conjugation feature in donors increases the negative character of 

ΔVmA values ( -2.5 to -8.0 kcal/mol) leading to better-donating strength than coumarin 

systems. In carbazole and phenothiazine systems, the charge transfer to the acceptor 

is enhanced (ΔVmA -4.5 to -7.2 kcal/mol) due to electron-donation from hetero atoms 

viz. nitrogen and sulphur. Among all, the TPA-based systems have the highest 

electron-donating strength ( -5.7 to -8.0 kcal/mol). 

Substituents at the donor region can be utilized for tuning the electron-

donating strength of the donor. For instance, alkyl substituents viz. CH3, C5H11, 

isopropyl, and t-butyl at the donor unit enhance the electron-donating strength of all 

the corresponding substituted D--A systems by an +I inductive effect. The 

substituents bearing lone pairs such as OH, OCH3, NH2, and N(CH3)2 improve the 

electron density of the donor unit, result in better electron-donating power than alkyl 

substituents (ΔVmA in the range -3.4 to -8.0 kcal/mol) +R resonance effect. Among all, 

N(CH3)2 substituted benzene and TPA-based D--A systems show the highest 

donation from donor to acceptor. The donating strength of various substituents 

attached on D--A system follows the order PhCH3  alkyls < -OH, -OR, PhNH2 < NH2 < 

N(CH3)2.  

3.4.2 Absorption spectra 

In Table 3.4, HOMO, LUMO energies, HOMO-LUMO energy gap (HLG), absorption 

maximum (λmax), and oscillator strength (f) of six different D--A systems with various 

substituents are reported. In all kinds of D--A systems, a systematic increase in λmax  

with respect to various substituents have been observed (388 to 490 nm), which can 

be correlated to the electron-donating strength of donor in the D--A system. This is 

evident in the excellent linear correlations between VmA and λmax obtained for all the 

six kinds of D--A systems (Figure 3.6). Also, with improved electron-donating 

strength of a D--A system, lowering of HLG is noted in every system, which lies in the 

range 3.14 to 2.17 eV. Among all, the highest λmax 490 nm has been shown by (NH3)2 

substituted phenothiazine system D5-N(CH3)2. For the six D--A systems and the 
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selected eleven substituents, 102 nm width is available for tuning λmax to a preferred 

region. For individual donors, the substituent effect alone can account for a tuning 

width 69 nm for benzene, 29 nm for pyrene, 19 nm for TPA, 42 nm for carbazole, 31 

nm for phenothiazine, and 57 nm for coumarin, respectively.  

Table 3. 4 HOMO, LUMO, and HOMO-LUMO energy gap (HLG) (in eV) observed for 

the ground state at B3LYP/cc-pVDZ level and absorption maximum λmax (nm), and 

oscillator strength (f) at CAM-B3LYP/SMD/cc-pVDZ// B3LYP/cc-pVDZ level. 

D--A system HOMO LUMO HLG λmax f 

Benzene      

D1 -6.13 -2.99 3.14 388 1.74 

D1-CH3 -6.01 -2.92 3.08 396 1.82 

D1-C5H11 -5.97 -2.90 3.07 398 1.86 

D1-isopropyl -6.01 -2.92 3.08 396 1.86 

D1-t-but -6.00 -2.92 3.08 397 1.89 

D1-OH -5.84 -2.85 2.99 408 1.78 

D1-OCH3 -5.79 -2.83 2.97 412 1.81 

D1-OC2H5 -5.77 -2.81 2.96 413 1.84 

D1-NH2 -5.53 -2.69 2.84 434 1.85 

D1-N(CH3)2 -5.34 -2.62 2.72 457 1.94 

D1-PhCH3 -5.89 -2.96 2.93 410 2.15 

D1-PhNH2 -5.52 -2.86 2.66 428 2.17 

Pyrene      

D2 -5.88 -2.99 2.89 401 2.22 

D2-CH3 -5.84 -2.95 2.89 404 2.27 

D2-C5H11 -5.81 -2.94 2.87 404 2.32 

D2-isopropyl -5.83 -2.95 2.88 404 2.30 

D2-t-but -5.82 -2.95 2.87 404 2.33 

D2-OH -5.85 -2.94 2.91 409 2.19 

D2-OCH3 -5.79 -2.92 2.87 410 2.20 

D2-OC2H5 -5.77 -2.91 2.86 410 2.23 

D2-NH2 -5.62 -2.86 2.76 419 2.20 

file:///F:/Divya/work3-b3lyp/benzene/bz_ref.log
file:///F:/Divya/work3-b3lyp/benzene/bz_ch3.log
file:///F:/Divya/work3-b3lyp/benzene/bz_c5h11.log
file:///F:/Divya/work3-b3lyp/benzene/bz_iso.log
file:///F:/Divya/work3-b3lyp/benzene/bz_tbut.log
file:///F:/Divya/work3-b3lyp/benzene/bz_oh.log
file:///F:/Divya/work3-b3lyp/benzene/
file:///F:/Divya/work3-b3lyp/benzene/
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D--A system HOMO LUMO HLG λmax f 

D2-N(CH3)2 -5.39 -2.81 2.58 3.17 2.21 

D2-PhCH3 -5.86 -2.97 2.89 406 2.49 

D2-PhNH2 -5.53 -2.91 2.62 411 2.53 

TPA      

D3 -5.37 -2.79 2.58 453 2.02 

D3-CH3 -5.31 -2.76 2.55 457 2.03 

D3-C5H11 -5.29 -2.75 2.55 458 2.06 

D3-isopropyl -5.31 -2.76 2.55 457 2.03 

D3-t-but -5.31 -2.76 2.55 457 2.02 

D3-OH -5.26 -2.73 2.53 460 2.02 

D3-OCH3 -5.24 -2.72 2.52 461 2.03 

D3-OC2H5 -5.23 -2.71 2.51 461 2.03 

D3-NH2 -5.13 -2.67 2.46 468 2.00 

D3-N(CH3)2 -5.03 -2.65 2.38 472 2.00 

D3-PhCH3 -5.31 -2.78 2.52 457 2.12 

D3-PhNH2 -5.17 -2.73 2.44 460 2.12 

Carbazole      

D4 -5.78 -2.91 2.87 419 2.21 

D4-CH3 -5.69 -2.87 2.83 424 2.27 

D4-C5H11 -5.67 -2.85 2.82 425 2.31 

D4-isopropyl -5.71 -2.88 2.83 424 2.30 

D4-t-but -5.70 -2.87 2.83 424 2.31 

D4-OH -5.58 -2.84 2.74 432 2.22 

D4-OCH3 -5.54 -2.82 2.72 433 2.27 

D4-OC2H5 -5.52 -2.81 2.71 434 2.29 

D4-NH2 -5.33 -2.75 2.58 447 2.23 

D4-N(CH3)2 -5.14 -2.71 2.44 461 2.26 

D4-PhCH3 -5.66 -2.90 2.76 427 2.53 

D4-PhNH2 -5.37 -2.83 2.53 433 2.57 

Phenothiazine      

D5 -5.28 -2.84 2.44 459 1.67 

file:///C:/Users/my%20pc/AppData/Roaming/work3-b3lyp/Pyrene/Py_NMe2.log
file:///C:/Users/my%20pc/AppData/Roaming/work3-b3lyp/Pyrene/Py_Phch3.log
file:///C:/Users/my%20pc/AppData/Roaming/work3-b3lyp/Pyrene/Py_PhNh2.log
file:///F:/Divya/work3-b3lyp/TPA
file:///F:/Divya/work3-b3lyp/carbazol
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D--A system HOMO LUMO HLG λmax f 

D5-CH3 -5.22 -2.81 2.41 464 1.69 

D5-C5H11 -5.20 -2.80 2.40 464 1.72 

D5-isopropyl -5.21 -2.81 2.40 465 1.68 

D5-t-but -5.22 -2.81 2.40 464 1.71 

D5-OH -5.15 -2.79 2.36 469 1.66 

D5-OCH3 -5.14 -2.78 2.36 469 1.70 

D5-OC2H5 -5.12 -2.77 2.35 470 1.71 

D5-NH2 -4.99 -2.74 2.25 482 1.62 

D5-N(CH3)2 -4.88 -2.70 2.17 490 1.62 

D5-PhCH3 -5.22 -2.81 2.41 464 1.69 

D5-PhNH2 -5.07 -2.78 2.29 469 1.78 

Coumarin      

D6 -6.19 -3.34 2.85 424 1.71 

D6-CH3 -6.09 -3.26 2.82 431 1.78 

D6-C5H11 -6.07 -3.25 2.82 431 1.84 

D6-isopropyl -6.09 -3.27 2.82 431 1.83 

D6-t-but -6.07 -3.25 2.82 432 1.84 

D6-OH -5.98 -3.20 2.78 439 1.77 

D6-OCH3 -5.94 -3.18 2.76 442 1.82 

D6-OC2H5 -5.92 -3.16 2.76 443 1.85 

D6-NH2 -5.71 -3.04 2.67 463 1.86 

D6-N(CH3)2 -5.56 -2.97 2.59 481 1.96 

D6-PhCH3 -6.00 -3.28 2.72 444 2.10 

D6-PhNH2 -5.68 -3.17 2.51 461 2.18 

 The VmA versus λmax correlations given in Figure 3.6 suggest that the 

substituent effect tunes the HOMO-LUMO energy gap (HLG). The HLG plot of a 

representative system D5-π-A (phenothiazine-based) is given in Figure 3.7 which 

shows that the introduction of substituents on the core D unit lowers the HLG from 

2.41 to 2.17 eV. The poor electron-donating ability observed in alkyls and PhCH3 

substituted systems display higher HLG (2.40 to 2.41 eV), while the lowest HLG has 

been attained with N(CH3)2 substituted D5--A. Similar trend in HLG is observed for 
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the remaining systems which confirms the significance of the substituent effect in 

tuning λmax (Table 3.4). The HOMO and LUMO plots of representative systems are 

shown in Figure 3.8. HOMO has a more delocalized distribution than LUMO with more 

orbital contributions from the donor site while the LUMO is largely delocalized along 

the π-spacer and acceptor moiety. 

 

Figure 3.6 Correlation between absorption maximum (λmax) and donating strength (VmA) of 

various D--A systems with different substituents.  
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Figure 3.7 Frontier molecular energy levels of phenothiazine based -A with various 

substituents at B3LYP/cc-pVDZ level. 

 

Figure 3.8 Frontier molecular orbitals of representative N(CH3)2 substituted D-π-A systems 

at B3LYP/cc-pVDZ level. 

3.4.3 Photovoltaic performance 

In Table 3. 5, electronic excitation energy, ground state oxidation potential 𝐸𝑑𝑦𝑒, 

excited state oxidation potential 𝐸𝑑𝑦𝑒∗, free energy change of electron injection 

𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡, free energy change of dye regeneration 𝛥𝐺𝑟𝑒𝑔, and open-circuit voltage 𝑒𝑉𝑂𝐶  

of D--A systems are described. The negative 𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 observed in the range -0.73 to  

-1.65 eV lies above the CB of TiO2 (-4.0 eV) and indicates the possibility of a 

spontaneous electron injection process from CB to TiO2. Also, a more electron-

donating substituent enhances the electron injection process as 𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 becomes 

more negative with such substituents. Alkyls and PhCH3 substituted D--A systems 

are less efficient for electron injection than the OH, OCH3, OC2H5, NH2, and N(CH3)2 
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substituted systems. Among all, the most negative 𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡  -1.65 eV is observed for 

phenothiazine system D5-N(CH3)2. The smaller electron injection efficiency (-0.79 to 

-0.81 eV) observed for alkyls and PhCH3 substituted coumarin systems can be 

attributed to their lower electron-donating strength than others.  

 

Figure 3.9 Correlation between donating strength ΔVmA and open-circuit voltage 𝑒𝑉𝑂𝐶  of                  

D--A systems. 

 From the previous studies, it is understood that the PCE of DSSCs depends on 

the free energy change for dye regeneration.77, 78 The lower the 𝛥𝐺𝑟𝑒𝑔 , faster will be 

the dye regeneration, leading to higher efficiency for the electron injection from dye 

to TiO2 semiconductor. In the studied systems, the fastest dye regeneration force 0.08 

eV has been attained by N(CH3)2 substituted phenothiazine system (D5- N(CH3)2), 

whereas the least dye regeneration (1.27 - 1.29 eV) has been possessed by alkyls, and 

PhCH3 substituted coumarin systems. The unsubstituted systems always possessed 

higher 𝛥𝐺𝑟𝑒𝑔  values (0.48 - 1.39 eV) than substituted ones (0.08 -1.29 eV) and suggests 

that the introduction of electron-donating substituents on the donor moiety gives 

better 𝛥𝐺𝑟𝑒𝑔values and improves electron regeneration efficiency. Similarly, a 

positive effect of substituents on 𝑒𝑉𝑂𝐶  is always observed confirming that by tuning 

the donating strength of the substituents, significant improvement in the 

performance of DSSC can be achieved. In all the six sets, N(CH3)2 substituted systems 

possess the best 𝑒𝑉𝑂𝐶  and among them, the highest is observed for D1- N(CH3)2 (1.38 

eV) whereas the lowest 𝑒𝑉𝑂𝐶  (0.72 eV) is observed for D6-PhCH3. 
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Table 3. 5 HOMO, LUMO, and HOMO-LUMO energy gap (HLG) (in eV) observed for 

the ground state at B3LYP/cc-pVDZ level. Excitation energy, ground, and excited state 

oxidation potential (𝐸𝑑𝑦𝑒, 𝐸𝑑𝑦𝑒∗), electron injection-free energy change 𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡, free 

energy change for dye regeneration 𝛥𝐺𝑟𝑒𝑔 , and open-circuit voltage 𝑒𝑉𝑂𝐶  at TD-CAM-

B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level. 

D--A 

 

Excitation 
energy 
(eV) 

HOMO 

(eV) 

LUMO 

(eV) 

HLG 

(eV) 

𝐸𝑑𝑦𝑒 

(eV) 

𝐸𝑑𝑦𝑒∗ 

(eV) 

𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 

(eV) 

𝛥𝐺𝑟𝑒𝑔 

(eV) 

𝑒𝑉𝑂𝐶  

(eV) 

Benzene          

D1 3.20 -6.13 -2.99 3.14 6.13 2.93 -1.07 1.33 1.01 

D1-CH3 3.13 -6.01 -2.92 3.08 6.01 2.88 -1.12 1.21 1.08 

D1-C5H11 3.11 -5.97 -2.90 3.07 5.97 2.86 -1.14 1.17 1.10 

D1-isopropyl 3.13 -6.01 -2.92 3.08 6.01 2.88 -1.12 1.21 1.08 

D1-t-but 3.13 -6.00 -2.92 3.08 6.00 2.87 -1.13 1.20 1.08 

D1-OH 3.04 -5.84 -2.85 2.99 5.84 2.80 -1.20 1.04 1.15 

D1-OCH3 3.01 -5.79 -2.83 2.97 5.79 2.78 -1.22 0.99 1.17 

D1-OC2H5 3.00 -5.77 -2.81 2.96 5.77 2.77 -1.23 0.97 1.19 

D1-NH2 2.85 -5.53 -2.69 2.84 5.53 2.68 -1.32 0.73 1.31 

D1-N(CH3)2 2.71 -5.34 -2.62 2.72 5.34 2.63 -1.37 0.54 1.38 

D1-PhCH3 3.02 -5.89 -2.96 2.93 5.89 2.87 -1.13 1.09 1.04 

D1-PhNH2 2.90 -5.52 -2.86 2.66 5.52 2.62 -1.38 0.73 1.14 

Pyrene          

D2 3.09 -5.88 -2.99 2.89 5.88 2.79 -1.21 1.08 1.01 

D2-CH3 3.07 -5.84  -2.95 2.89 5.84 2.77 -1.23 1.04 1.05 

D2-C5H11 3.07 -5.81  -2.94 2.87 5.81 2.74 -1.26 1.01 1.06 

D2-isopropyl 3.07 -5.83  -2.95 2.88 5.83 2.76 -1.24 1.03 1.05 

D2-t-but 3.07 -5.82  -2.95 2.87 5.82 2.75 -1.25 1.02 1.05 

D2-OH 3.03 -5.85  -2.94 2.91 5.85 2.82 -1.18 1.05 1.06 

D2-OCH3 3.02 -5.79  -2.92 2.87 5.79 2.77 -1.23 0.99 1.08 

D2-OC2H5 3.02 -5.77  -2.91 2.86 5.77 2.75 -1.25 0.97 1.09 

D2-NH2 2.96 -5.62  -2.86 2.76 5.62 2.66 -1.34 0.82 1.14 

file:///C:/Users/my%20pc/AppData/Roaming/work3-b3lyp/Pyrene/py4.log
file:///C:/Users/my%20pc/AppData/Roaming/work3-b3lyp/Pyrene/Py_C2H5.log
file:///C:/Users/my%20pc/AppData/Roaming/work3-b3lyp/Pyrene/py_isopropyl.log
file:///C:/Users/my%20pc/AppData/Roaming/work3-b3lyp/Pyrene/py_tbutyl.log
file:///C:/Users/my%20pc/AppData/Roaming/work3-b3lyp/Pyrene/Py_OH.log
file:///C:/Users/my%20pc/AppData/Roaming/work3-b3lyp/Pyrene/py5.log
file:///C:/Users/my%20pc/AppData/Roaming/work3-b3lyp/Pyrene/Py_OC2H5.log
file:///C:/Users/my%20pc/AppData/Roaming/work3-b3lyp/Pyrene/Py_Nh2.log


135 
 

D--A 

 

Excitation 
energy 
(eV) 

HOMO 

(eV) 

LUMO 

(eV) 

HLG 

(eV) 

𝐸𝑑𝑦𝑒 

(eV) 

𝐸𝑑𝑦𝑒∗ 

(eV) 

𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 

(eV) 

𝛥𝐺𝑟𝑒𝑔 

(eV) 

𝑒𝑉𝑂𝐶  

(eV) 

D2-N(CH3)2 2.88 -5.39  -2.81 2.58 5.39 2.51 -1.49 0.59 1.19 

D2-PhCH3 3.05 -5.86  -2.97 2.89 5.86 2.81 -1.19 1.06 1.03 

D2-PhNH2 3.02 -5.53  -2.91 2.62 5.53 2.51 -1.49 0.73 1.09 

TPA          

D3 2.73 -5.37 -2.79 2.58 5.37 2.64 -1.36 0.57 1.21 

D3-CH3 2.71 -5.31 -2.76 2.55 5.31 2.60 -1.40 0.51 1.24 

D3-C5H11 2.71 -5.29 -2.75 2.55 5.29 2.58 -1.42 0.49 1.25 

D3-isopropyl 2.71 -5.31 -2.76 2.55 5.31 2.60 -1.40 0.51 1.24 

D3-t-but 2.71 -5.31 -2.76 2.55 5.31 2.60 -1.40 0.51 1.24 

D3-OH 2.69 -5.26 -2.73 2.53 5.26 2.57 -1.43 0.46 1.27 

D3-OCH3 2.69 -5.24 -2.72 2.52 5.24 2.55 -1.45 0.44 1.28 

D3-OC2H5 2.69 -5.23 -2.71 2.51 5.23 2.54 -1.46 0.43 1.29 

D3-NH2 2.65 -5.13 -2.67 2.46 5.13 2.48 -1.52 0.33 1.33 

D3-N(CH3)2 2.62 -5.03 -2.65 2.38 5.03 2.41 -1.59 0.23 1.35 

D3-PhCH3 2.72 -5.31 -2.78 2.52 5.31 2.60 -1.41 0.51 1.22 

D3-PhNH2 2.69 -5.17 -2.73 2.44 5.17 2.48 -1.52 0.37 1.27 

Carbazole          

D4 2.96 -5.78 -2.91 2.87 5.78 2.82 -1.18 0.98 1.09 

D4-CH3 2.92 -5.69 -2.87 2.83 5.69 2.77 -1.23 0.89 1.13 

D4-C5H11 2.92 -5.67 -2.85 2.82 5.67 2.75 -1.25 0.87 1.15 

D4-isopropyl 2.93 -5.71 -2.88 2.83 5.71 2.78 -1.22 0.91 1.12 

D4-t-but 2.93 -5.70 -2.87 2.83 5.70 2.77 -1.23 0.90 1.13 

D4-OH 2.87 -5.58 -2.84 2.74 5.58 2.71 -1.29 0.78 1.16 

D4-OCH3 2.86 -5.54 -2.82 2.72 5.54 2.68 -1.32 0.74 1.18 

D4-OC2H5 2.86 -5.52 -2.81 2.71 5.52 2.66 -1.34 0.72 1.19 

D4-NH2 2.77 -5.33 -2.75 2.58 5.33 2.56 -1.44 0.53 1.25 

D4-N(CH3)2 2.69 -5.14 -2.71 2.44 5.14 2.45 -1.55 0.34 1.29 

D4-PhCH3 2.91 -5.66 -2.90 2.76 5.66 2.75 -1.25 0.86 1.10 

file:///C:/Users/my%20pc/AppData/Roaming/work3-b3lyp/Pyrene/Py_NMe2.log
file:///C:/Users/my%20pc/AppData/Roaming/work3-b3lyp/Pyrene/Py_Phch3.log
file:///C:/Users/my%20pc/AppData/Roaming/work3-b3lyp/Pyrene/Py_PhNh2.log
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D--A 

 

Excitation 
energy 
(eV) 

HOMO 

(eV) 

LUMO 

(eV) 

HLG 

(eV) 

𝐸𝑑𝑦𝑒 

(eV) 

𝐸𝑑𝑦𝑒∗ 

(eV) 

𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 

(eV) 

𝛥𝐺𝑟𝑒𝑔 

(eV) 

𝑒𝑉𝑂𝐶  

(eV) 

D4-PhNH2 2.86 -5.37 -2.83 2.53 5.37 2.51 -1.49 0.57 1.17 

Phenothiazine          

D5 2.70 -5.28 -2.84 2.44 5.28 2.58 -1.42 0.48 1.16 

D5-CH3 2.67 -5.22 -2.81 2.41 5.22 2.55 -1.45 0.42 1.19 

D5-C5H11 2.67 -5.20 -2.80 2.40 5.20 2.53 -1.47 0.40 1.20 

D5-isopropyl 2.67 -5.21 -2.81 2.40 5.21 2.54 -1.46 0.41 1.19 

D5-t-but 2.67 -5.22 -2.81 2.40 5.22 2.55 -1.45 0.42 1.19 

D5-OH 2.64 -5.15 -2.79 2.36 5.15 2.51 -1.49 0.35 1.21 

D5-OCH3 2.64 -5.14 -2.78 2.36 5.14 2.50 -1.50 0.34 1.22 

D5-OC2H5 2.64 -5.12 -2.77 2.35 5.12 2.48 -1.52 0.32 1.23 

D5-NH2 2.57 -4.99 -2.74 2.25 4.99 2.42 -1.58 0.19 1.26 

D5-N(CH3)2 2.53 -4.88 -2.70 2.17 4.88 2.35 -1.65 0.08 1.30 

D5-PhCH3 2.67 -5.22 -2.81 2.41 5.22 2.55 -1.45 0.42 1.19 

D5-PhNH2 2.64 -5.07 -2.78 2.29 5.07 2.43 -1.57 0.27 1.22 

Coumarin          

D6 2.93 -6.19 -3.34 2.85 6.19 3.27 -0.73 1.39 0.66 

D6-CH3 2.88 -6.09 -3.26 2.82 6.09 3.21 -0.79 1.29 0.74 

D6-C5H11 2.87 -6.07 -3.25 2.82 6.07 3.19 -0.81 1.27 0.75 

D6-isopropyl 2.88 -6.09 -3.27 2.82 6.09 3.21 -0.79 1.29 0.73 

D6-t-but 2.87 -6.07 -3.25 2.82 6.07 3.20 -0.80 1.27 0.75 

D6-OH 2.82 -5.98 -3.20 2.78 5.98 3.15 -0.85 1.18 0.80 

D6-OCH3 2.81 -5.94 -3.18 2.76 5.94 3.13 -0.87 1.14 0.82 

D6-OC2H5 2.80 -5.92 -3.16 2.76 5.92 3.11 -0.89 1.12 0.84 

D6-NH2 2.68 -5.71 -3.04 2.67 5.71 3.04 -0.96 0.91 0.96 

D6-N(CH3)2 2.58 -5.56 -2.97 2.59 5.56 2.98 -1.02 0.76 1.03 

D6-PhCH3 2.80 -6.00 -3.28 2.72 6.00 3.21 -0.79 1.20 0.72 

D6-PhNH2 2.69 -5.68 -3.17 2.51 5.68 2.99 -1.01 0.88 0.83 
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By considering the above-mentioned results, we analyzed the relation 

between electron-donating strength ΔVmA and open-circuit voltage 𝑒𝑉𝑂𝐶(Figure 3.9). 

The excellent linear correlation observed in all the six series of different D--A 

systems show that 𝑒𝑉𝑂𝐶  increases with enhancement in the donating strength of 

substituents. Overall, the study suggests that by selecting the appropriate donor and 

substituent, precise tuning of the optical and photovoltaic properties of the D-π-A 

systems can be achieved. Also, these results point out that the theoretical examination 

of donating strength of substituents using MESP analysis is promising for dye 

designing and efficiency prediction of D-π-A systems. 

3.5 Conclusions 

The electron-donating strength of donor in D-π-A system affects the optical and 

photovoltaic performance of DSSC, leading to better PCE in a solar cell. In the study 

using MESP analysis, we have characterized the donating strength (VmA) of six 

different sets of D-π-A systems, wherein π and A systems are butadiene and 

cyanoacrylic acid, respectively. The significance of eleven electron releasing groups at 

donor is also examined for a total of seventy-two D-π-A systems and achieved the fine-

tuning of the electron donation from the donor to the acceptor. In all the six different 

sets of D-π-A systems, the N(CH3)2 substituted D-π-A systems show the highest 

donating strength which can be attributed to the highest electron releasing nature of 

N(CH3)2 group. Also, the electron releasing groups at donors tune the HOMO and 

LUMO energies of all the corresponding D-π-A systems for better optical properties 

than unsubstituted systems. The optical and photovoltaic performance of D-π-A 

system are described at CAM-B3LYP/cc-pVDZ/SMD//B3LYP/cc-pVDZ level. The 

enhanced performance of these properties achieved with enhanced donating strength 

conveys the role of tuning the donating strength for better PCE. Among all, N(CH3)2 

substituted D1 system (benzene) possess the highest eVOC which can be attributed to 

its highest donating strength. These findings suggest that we can improve the 

photovoltaic performance of DSSC by tuning the ground state property, VmA at the 

acceptor site. All the findings imply that incorporation of more electron-releasing 

substituents on an electron-rich donor moiety improves/tunes the photovoltaic 

performance by facilitating efficient intramolecular charge transfer in D--A system. 
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The correlation plot of VmA with eVOC will provide an efficient guideline for 

developing an effective dye designing strategy for desirable photovoltaic properties. 
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4.1 Abstract 

Eighteen electron-rich nitrogen incorporated donors with butadiene -spacer and 

cyanoacrylic acid acceptor (A) as photosensitizers (D1--A to D18--A) for dye-

sensitized solar cell (DSSC) applications have been designed for improving the 

photovoltaic performance. The significance of nitrogen centres for revamping the 

donating strength (VmA) of D--A is scrutinized using molecular electrostatic potential 

(MESP) analysis at B3LYP/cc-pVDZ density functional theory (DFT). During the 

transformation of a donor (D) to D--A, a certain delocalization of electron density from 

D to -A has occurred, and the change in MESP minimum (VmA) observed at cyano 

region of D--A is related to the donating strength of D. Optical and photovoltaic  

properties are analyzed at TD/CAM-B3LYP/cc-pVDZ/SMD//B3LYP/cc-pVDZ level. In 

D1--A to D18--A, VmA are in the range -7.0 to -19.0 kcal/mol and the increase in 

donating strength is found to be proportional to the number of planar nitrogens in 

donors. The D12--A exhibited the most negative VmA (-19.0 kcal/mol) indicating the 

highest electron-donating strength of D12 whereas the least negative VmA (-7.0 

kcal/mol) displayed by D7--A is correlated to the weak donating character of D7. By 

increasing the electron-donating strength of D in D-π-A, a red-shift in the absorption 

maximum (max) by 162 to 294 nm is observed. Further, the open-circuit voltage (eVoc) 

calculated for the D-π-A systems showed a strong linear relationship with VmA. The 

LUMO (lowest unoccupied molecular orbital) energy of all the D- π -A systems (-1.79 to 

-2.79 eV) is observed above the conduction band (CB) energy of the TiO2 (-4.0 eV) which 

ensured the desirable electron injection efficiency (𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡) for them. The analysis of 

the adsorption energy (Eads) of D--A systems on TiO2 semiconductor (D--A / TiO2) 

showed that D12--A has the highest adsorption stability. Improving adsorption 

stability is better for improving eVoc and power conversion efficiency (PCE). The 

maximum absorption wavelength (max) of (D--A / TiO2) systems ranges from 513 to 

703 nm and all of them display a red-shift related to bare D--A systems. The study 

suggests D12 as the most efficient photosensitizer for DSSC applications. Further, it 

deepens the understanding of the structure-performance relationship of D--A systems 

as photosensitizers.  
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4.2 Introduction 

The utilization of a renewable source of energy, preferably solar energy for the ever-

growing energy demand could diminish global climate change which leads to 

sustainable livelihood on earth.1-4 Since solar energy is the most abundant green 

energy alternative for the future energy crisis, more research efforts have to invest in 

the development of photovoltaic strategies based on solar power.1, 3-5 Over the past 

three decades, the third generation photovoltaic technology employed in dye-

sensitized solar cell (DSSC) acquired a notable position over conventional silicon-

based solar cell due to simple synthetic strategy, easier structure modification, large 

absorption coefficient, and low production cost.3, 5-11 The major components 

employed in a DSSC device include photosensitizers, electrolytes, and electrode 

materials, the modifications in those components leads to the enhancement of power 

conversion efficiency (PCE) of the solar cell.12 Generally in DSSCs, Ru-based 

sensitizers have more PCE than organic dye sensitizers, which show a comparable 

PCE as silicon-based solar cells.3 Whereas, the highly expensive and rare chance of 

occurrence of Ru-metal its practical application in DSSC is to be limited.3, 13  

 After the invention of the DSSC device by O’Regan and Grӓtzel in 1991,6  

extensive research efforts have been invested on the synthesis and device modelling 

of metal-free organic sensitizers which leads to the improvement of PCE.13-21 Usually, 

organic sensitizers constitute a D-π-A framework where D, π, and A denote donor, π-

spacer and acceptor, respectively. So far large varieties of structural modifications in 

the D-π-A structural framework have been performed, reveal that tuning the donating 

strength of donor could significantly influence the absorption range and photovoltaic 

parameters.12, 22-29 In our previous study, we quantified the electron-donating 

strength of eight typically used donor systems viz pyrene, perylene, chrysene, 

triphenylamine, carbazole, phenothiazine, julolidine, N,N, dialkylaniline, ullazine and 

coumarin in D-π-A system and revealed that julolidine and N,N, dialkylaniline based 

π-A systems are the most efficient sensitizers for DSSC.22 For the improved optical and 

photovoltaic properties of D-π-A systems the particular analysis recommends the 

incorporation of electron-rich hetero atoms (preferably nitrogen) in donors. 

Literature shows that the non-planar nature of donors, especially triphenylamine, 

carbazole and indoline reduce the electron transferability and overall conjugation in 
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the donor group with π-A system leading to lower light-harvesting efficiency of the 

dye sensitizer.30, 31 The mentioned reducing factors are rectified through the 

introduction of planarized nitrogen incorporated donors viz. ullazine, and indolizine 

as photosensitizers.30-33 Further, the rational designing of photosensitizers with 

nitrogen annulation at the bay region of polycyclic aromatic hydrocarbon (PAH) 

system provide remarkable PCE in DSSC.34 For example, perylene based PAH system 

as donors in DSSC have disappointing PCE,35-37 whereas N-annulated perylene (NP) 

core as a donor with phenyl functional results in improved PCE about 10.5 %.38 Latter 

Wang et al. modified the NP core with bulky substituents to obtain PCE up to 10.4 %. 

39 This re-engineered chromophore was again modified with an N-annulated 

indenoperylene unit as the donor and reached up to a PCE of 12.5 %.40 The 

aforementioned studies reveal that the structural modifications with N-annulation in 

PAH systems enhance the intramolecular charge transfer (ICT) due to the planar 

structure. Also, the multiple substitution sites involved in PAHs increase the 

possibility of molecular engineering. Recently Subramanian et al. described that more 

N-doped polyaromatic hydrocarbon analogue of ullazine contributes large dipole 

moment and more planarization to the dye-sensitizers thus resulting in high light-

harvesting efficiency (LHE) than the donors with a single N-doping site.25  

 In this context, the most significant approach for an efficient photosensitizer is 

the engineering of electron-rich planar donors. Correspondingly it is worthwhile to 

evaluate the role of nitrogen centres in donors for enhancing the donating strength. 

To tackle the failings of electron transferability and overall conjugation in the donor 

group with the π-A system, we designed eighteen electron-rich nitrogen incorporated 

donors (D1 – D18) as dye sensitizers for DSSC application (Figure 4.1). For the π-A 

framework, butadiene and cyanoacrylic acid have been considered. In our previous 

study,41 we proved that butadiene exhibits better electronic effect transmitting power 

than thiophene, furan and benzylic spacers. Hence for better electronic charge 

transfer from D to A, butadiene π-spacer and cyanoacrylic acid as acceptor have been 

considered. 
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Figure 4. 1 Designed donor systems. MESP minimum over the phenyl ring (VmD) is given in 

kcal/mol. 

In the analysis, D1 − D5 donors are designed from known donor julolidine 

(Figure 4.2a), where the possibility for the N-annulation in julolidine core has been 

attempted (D1 to D5) to enhance the electron-donating strength of designed systems 

compared to julolidine (calculated electron-donating strength, VmA of julolidine by 

MESP analysis is -9.2 kcal/mol22). Julolidine is an N-heterocyclic aromatic compound 
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which comprises alkyl bridges between amino nitrogen and ring ortho carbon 

atoms.42, 43 Because of the high efficiency in energy conversion and fluorescent 

properties, julolidine derivatives have been used in the construction of dye‐sensitized 

solar cells, photoconductive materials and as fluorescent sensors for bio-imaging, 

etc.44 The conjugation of the aromatic part of the molecule with its amino substituent 

is an indicator for the ability of the nitrogen atom to possess the sp2-hybridization, 

which enhances the donating strength of these classes of compounds.45 In D6 − D10, 

five-membered rings at aromatic ring system have been considered for N-annulation, 

those systems are derived from 1,2,4,5-tetrahydropyrrolo[3,2,1-hi] indole            

(Figure 4.2b).43 Among the designed N-heterocyclic systems (D1 − D10), some of the 

derivatives are known and they are the best candidates for intramolecular cyclization 

and for generating diboryne nanowires.46, 47 The donors D11 − D14 are designed from 

the electron-rich nature of phenyl/π-system. According to various experimental and 

theoretical studies, the electron-rich nature of phenyl/π-system could be fine-tuned 

by electron-donating substituents and hence the aromatic ring of 1,3,5-N,N-

dimethyltriaminobenzene could be considered as the most electron-rich neutral six-

membered ring.48 Previously, Suresh and Sayyed described that electron density at 

the phenyl ring could significantly improve by the treatment of N-heterocyclic ring 

substitution and they proposed two highly electron rich systems viz. D11 and D12 as 

shown in Figure 4.1.48 Since those systems are considered as electron rich (involves 

six nitrogen lone pairs), we could test the suitability of those systems as 

photosensitizers for DSSC application. Finally, two, and four nitrogens have been 

integrated in D15 − D18, where the likelihood of N-annulation has been attained 

through N-heterocyclic five and six membered rings.49, 50 

 

Figure 4. 2 ChemDraw of a) Julolidine b) 1,2,4,5-tetrahydropyrrolo[3,2,1-hi] indole 

For evaluating the donating strength of donors in D-π-A, the intramolecular 

charge transfer (ICT) from D to A has to be assessed. Here it has been quantif ied in 

terms of change in molecular electrostatic potential (MESP) minimum, Vm at cyano 



 

149 
 

group of A. Very recently we proved that MESP is an excellent tool to quantify the 

electron-donating strength (Vm) of D-π-A system.22, 26 It is a real physical property 

which can be experimentally observable from X-ray diffraction studies. To 

understand the reactivity of molecular system, theoretically derived MESP has been 

extensively used in the works of Tomasi,51 Pullman,52, 53 Politzer 54-57 and Gadre,58-60 

and the wide range of applications in chemical and biological phenomena shows the 

acceptability of this area of research. Further, our group has contributed to several 

applications of MESP parameter in organic and inorganic chemistry and described 

that MESP is an excellent tool for the prediction of structure-property  

relationships.61-70 In the present study the significance of N-annulation for improved 

optical and photovoltaic properties has been evaluated using density functional 

theory (DFT) and time-dependent DFT (TDDFT) calculations. Currently, quantum 

chemical calculations have been emerged as an elementary tactic to identify the 

potential sensitizers before long-running expensive synthesis.71-77 Thus our 

computationally engineered dye sensitizers could open up new synthetic strategies 

for the development of photosensitizers for DSSC application. 

4.3 Computational methodology 

Density functional theory (DFT) calculation at B3LYP/cc-pVDZ level has been 

conducted for the optimization of ground state geometries of D-π-A systems.78, 79 It is 

substantiated that B3LYP level is adequate for the explanation of electronic structure 

of dye molecules in DSSC applications.26, 80, 81 The ground state geometries of all             

D-π-A systems after binding to (TiO2)9 cluster are optimized at the same level DFT 

with LANL2DZ basis set for Ti atom and cc-pVDZ for non-metal atoms.82 Vibrational 

frequencies are calculated at the same level and confirmed that there are no 

imaginary frequencies. The studies show that (TiO2)9 cluster size is sufficient to model 

the dye-TiO2 interfaces for simulating the electronic structure, optical properties, and 

binding modes of  TiO2.83 Frontier molecular orbital energies of all D-π-A and D-π-A 

adsorbed on (TiO2)9 cluster systems (D-π-A/ TiO2) are reported for ground-state 

geometries. The optical properties of D-π-A systems before and after binding to 

(TiO2)9 cluster are simulated at Time-dependent DFT (TD DFT) at CAM-B3LYP level 

84 on the ground state geometry with mixed basis sets. To account for the solvent 

effect (dichloromethane as solvent) SCRF-SMD (self-consistent reaction field-density 
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simulation model) incorporated in Gaussian 16 suit of programme has been 

considered. CAM-B3LYP exchange-correlation functional is widely used in theoretical 

calculations for the excited state properties and provide results that close to 

experimental results.85-87 In our previous study, absorptional properties of 

experimentally known dye sensitizers have been benchmarked and found that            

TD-CAM B3LYP/cc-pVDZ/SMD//B3LYP/cc-pVDZ level is adequate to describe 

electronic, optical and photovoltaic properties.22 The highest excitation energy 

associated with CAM-B3LYP exchange functional than B3LYP functional can be 

attributed to the higher bond length alteration index (BLA) of D-π-A systems.26 

Moreover, for the examination of intramolecular charge transfer characteristics of               

D-π-A systems, molecular electrostatic potential based topographical analysis has 

been performed on ground state geometry at B3LYP/cc-pVDZ level. All the 

calculations are performed with Gaussian 16 programme package.88  

4.4 Results and discussion 

4.4.1 MESP analysis of donors 

MESP minima Vm gives a clear idea regarding the most electron-rich region in a 

molecular system. In all the donor systems (D1 – D18), an aromatic phenyl ring 

(shown in red colour, Figure 4.1) has been observed and the Vm observed at those 

phenyl rings, VmD has been considered as the donor strength of each system. The most 

negative Vm depicts the most electron-rich nature of the molecular system. From D1 

to D5, a systematic increase in N-centers (up to 5 nitrogens) is introduced and VmD 

reached up to -35.5 kcal/mol from -26.4 kcal/mol. The more negative VmD in D5 (-35.5 

kcal/mol) than those of D1 - D4 characterizes the higher electron-rich nature which 

can be attributed to the occurrence of five nitrogen centers. In D6 - D10 donors, an 

increase in the negative character of VmD (from -22.6 to -24.3 kcal/mol) has been 

attained by a systematic increase of nitrogen atoms (up to 5 nitrogens). While due to 

the presence of more pyramidalized nitrogens, D6 - D10 donors provide less negative 

VmD than those of D1 - D5. 

In D11 - D12 donors, imidazolidine and imidazole ring systems have been 

introduced at 1,3, and 5 positions of the benzene ring. In D11, the electron-rich aminal 

functional groups increase the electron density over the phenyl ring resulted in a 
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comparable VmD of -35.1 kcal/mol as D5 (-35.5 kcal/mol). In D12, the conjugation in 

CC bond enhances the electron density over phenyl ring leading to more negative VmD 

(-41.9 kcal/mol) than D11. Due to the reduced number of aminal functional groups at 

phenyl ring, D13 shows less negative VmD (-32.3 kcal/mol) than those of D11 and D12. 

In D14, conjugation increases the electron density of the donor system resulted in 

more negative VmD (-36.2 kcal/mol) than D13. It is noted that imidazolidine and 

imidazole substituted donor systems viz. D12 and D14 exhibit more negative VmD than 

the D5 which can be considered as their better donor strength. Finally, for verifying 

the effectiveness of the introduced strategy, D15 - D18 donors are examined. In D16 

the increased number of N-alkyl substitution at phenyl ring resulted in more negative 

VmD (-31.2 kcal/mol) than D15 (VmD = -26.7 kcal/mol). Compared to D15, a more 

negative VmD is observed for D17 can be attributed to the presence of additional two 

nitrogen centres. Finally, in D18 the additional two methyl groups at nitrogen atoms 

promote pyramidalization of N-centres resulted in less negative VmD (-28.1 kcal/mol) 

than D17. 

4.4.2 Donating strength of D--A systems 

The influence of electron-rich nitrogen lone pairs in donors (D) for enhancing the 

electron-donating strength of D--A system (VmA) has been elucidated with MESP 

analysis. In D--A systems, the -A linkage with donor involve an intramolecular 

charge transfer (ICT) from D to A, the transferred electron density accumulated at A 

depends on the donor strength of each system.22, 26  The electron density distribution 

via ICT at various regions of a representative D--A system (D1-π-A) viz. D, π-spacer 

and A have been shown in Figure 4.3a as MESP minima at donor VmD, spacer VmS and 

acceptor VmA respectively. Since -A part (butadiene) involved in the study is the 

same for all D-π-A systems, the MESP minimum observed at CN group of A has been 

considered as the reference VmA to evaluate the changes observed at that minimum 

with the attachment of D (Figure 4.3b). Also, it is proved that one could take other Vm 

regions at A as reference Vm viz. Vm(OH) and Vm(CO) for monitoring the changes at 

respective sites due to the parallel behaviour exhibited by those parameters.26 In the 

study, VmA (observed at CN region) has been selected as the reference point due to the 

most negative Vm character. 
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Figure 4.3 a) MESP isosurface at various sites of the reference system, and b) representative               

D-π-A system (D1-π-A). Where MESP minimum is shown in kcal/mol.  

In Table 4.1, Vm at D, -spacer and A of D-π-A systems are reported along with the change in 

Vm at those regions with the attachment of π-A to D. The change in Vm occurs at D site (VmD) 

has been calculated by subtracting Vm observed at donor (VmD) from the corresponding Vm 

observed at D of D--A (VmD'). Likewise, VmS and VmA have been calculated by subtracting 

the Vm observed at respective sites of the reference system (VmS and VmA) from the 

corresponding values of D--A systems (VmS' and VmA'). In the table VmD ranges from 12.1 to 

17.9 kcal/mol, the positive VmD value shows the electron deficiency at D. In all, the less 

negative Vm observed at the D site of D--A (VmD) than the Vm of the donor (VmD) confirms the 

ICT from D to A. Further, the ICT from D to A enhances the electron density at spacer, the 

gained electron density at spacer has been denoted as negative ΔVmS which ranges from -6.0 

to -16.3 kcal/mol. As per ΔVmS, the highest electron-donating strength has been attained by 

D5--A system while the least has been possessed by D8--A system. The VmA ranges from          

-56.2 to -69.3 kcal/mol. The donors having more electron-donating strength exhibit more 

negative VmA. As a result, the change in MESP appears on acceptor (VmA) with the attachment 

of D to -A has been regarded as the donating strength of D--A system.22   

 In D1 - D5 based -A systems, the least negative VmA (-9.2 kcal/mol) has been 

attained by one nitrogen involved system D1--A which shows its poor electron-

donating strength. Also, from D1--A to D5--A, a systematic enhancement in 

donating strength has been observed for an increased number of nitrogen centres               

(n = 1 - 5) and the most negative VmA (-13.5 kcal/mol) has been shown by D5--A 

(incorporate 5 nitrogen lone pairs). In D6 to D10--A the more pyramidalized 
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nitrogen centres in donors impart less negative VmA in the range -5.9 to -8.4 kcal/mol 

than D1--A - D5--A systems. In D11--A, the incorporation of six nitrogen lone pairs 

Table 4. 1 Vm (kcal/mol) of the D-π-A systems calculated at B3LYP/cc-pVDZ level. 

Systems VmD VmD' ΔVmD VmS' VmS ΔVmS VmA' VmA ΔVmA 

D1 -26.4 -10.5 15.9 -10.3 -2.4 -7.9 -59.5 -50.3 -9.2 

D2 -28.7 -13.0 15.7 -11.7 -2.4 -9.3 -60.3 -50.3 -10.0 

D3 -30.5 -14.1 16.4 -12.3 -2.4 -9.9 -60.8 -50.3 -10.5 

D4 -32.3 -14.9 17.4 -13.2 -2.4 -10.9 -61.3 -50.3 -11.0 

D5 -35.5 -17.6 17.9 -18.6 -2.4 -16.3 -63.8 -50.3 -13.5 

D6 -22.6 -9.0 13.6 -9.3 -2.4 -7.0 -58.2 -50.3 -7.8 

D7 -22.6 -9.7 12.9 -8.8 -2.4 -6.4 -57.4 -50.3 -7.0 

D8 -22.8 -10.6 12.2 -8.3 -2.4 -6.0 -56.2 -50.3 -5.9 

D9 -23.0 -10.5 12.5 -9.5 -2.4 -7.1 -57.9 -50.3 -7.5 

D10 -24.3 -12.0 12.4 -10.4 -2.4 -8.0 -58.7 -50.3 -8.4 

D11 -35.1 -22.8 12.3 -18.4 -2.4 -16.1 -64.0 -50.3 -13.7 

D12 -41.9 -28.7 13.2 -18.4 -2.4 -16.1 -69.3 -50.3 -19.0 

D13 -32.3 -20.7 11.6 -11.1 -2.4 -8.7 -58.2 -50.3 -7.9 

D14 -36.2 -24.1 12.1 -14.6 -2.4 -12.2 -60.0 -50.3 -9.7 

D15 -26.7 -11.6 15.1 -10.4 -2.4 -8.0 -58.5 -50.3 -8.2 

D16 -31.2 -13.9 17.3 -13.1 -2.4 -10.7 -62.0 -50.3 -11.7 

D17 -30.4 -16.2 14.2 -11.6 -2.4 -9.2 -58.9 -50.3 -8.5 

D18 -28.1 -13.5 14.6 -9.9 -2.4 -7.5 -58.4 -50.3 -8.1 

through imidazolidine rings at phenyl ring enhances the electron density at donor site 

resulting in VmA of -13.7 kcal/mol. Whereas in D12--A, the conjugation in CC bond 

(imidazole ring) enhances the electron density at donor than in D11--A, which leads 

to more negative VmA of -19.0 kcal/mol. In D13--A and D14--A systems, relatively 

lower donating strength is observed in terms of VmA (-7.9 kcal/mol and -9.7 

kcal/mol) than those of D11 and D12--A systems. This can be attributed to their 

reduced number of nitrogen centres (4 nitrogens). Since nitrogens involved in D1 to 

D4--A systems are more planarized than those of D13 and D14--A, the former 
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systems show more electron-donating strength. The integration of four nitrogens at 

donor enhances the donating strength of D16--A system (-11.7 kcal/mol) than D15-

-A (-8.2 kcal/mol). Further, the nearly planar nitrogens involved in D16--A provide 

a similar donating strength -11.7 kcal/mol as D4--A (-11.0 kcal/mol). D17--A with 

four nitrogen atoms incorporated through two fused six-membered rings at the 

phenyl ring attains less negative VmA (-8.5 kcal/mol) than D16--A. The additional 

two methyl groups in D18--A at nitrogen atoms are pyramidalized and lead to less 

negative VmA (8.1 kcal/mol) than D17. Finally, from the elucidated examples it is 

clear that donors having more planarized nitrogen centres enhance the donating 

strength of D-π-A systems. Among all, D12, D11 and D5 based π-A systems are the 

best candidates for DSSC application.  

4.4.3 Absorption spectra 

In Table 4.2, the optical properties of donor and D--A systems are given. Since we 

have used same -- and A units in all the designed D--A systems, the influence of           

π-A on absorption maximum (max) can be considered as same for all donors, and the 

shift in absorption maximum (max) occurred during the transformation of D to                

D--A can be recognized as the influence of donating strength of donor units. The 

max is calculated by subtracting λmax of D from the analogous D--A system. For 

analysis HOMO → LUMO transition has been considered. The influence of donor 

strength (VmD) has occurred in the max of donors from 272 to 329 nm. In Table 4.2, 

when a donor changes to D-π-A, absorption shifts to higher wavelength in the range 

454 to 619 nm. According to our previous study, max in the range of 162 to 294 nm 

can be recognized as the influence of donating strength (VmA) of D-π-A systems.22 A 

significant correlation observed between VmA and max with a correlation 

coefficient of 0.940 confirms the significance of VmA on max (Figure 4.4, deviations 

are neglected for R calculation). It shows that max increases with enhanced donating 

strength of D--A systems. In the table, D1 - D5 based -A systems display a systematic 

increase in max (from 203 to 257 nm) which can be recognized as the enhanced 

donating strength of those systems with an increased number of nitrogen centres (n 

= 1-5). Among those systems, D4 based -A system shows greater max than D5--A, 

which displays a slight deviation in correlation (marked in green colour, Figure 4.4). 
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Table 4. 2 Maximum absorption wavelength λmax (nm), oscillator strength f, MO contribution, 

percentage of MO contribution (MO %), and shift in absorption maximum max (nm) of donor 

and D--A systems at TD-CAM-B3LYP/cc-pVDZ/SMD//B3LYP/cc-pVDZ level. 

Systems 
Donor D--A system 

λmax 

(nm) 
f 

MO 
contribution 

λmax 
(nm) 

f 
MO 
contribution 

MO 
% 

Δλmax 
(nm) 

D1 272 0.08 H → L 476 1.77 H → L 92 % 203 

D2 286 0.11 H → L 513 1.53 H → L 92 % 227 

D3 280 0.02 H → L 520 1.54 H → L 92 % 240 

D4 285 0.03 H → L 542 1.31 H → L 89 % 257 

D5 285 0.04 H → L 527 1.58 H → L 91 % 241 

D6 285 0.04 H → L 471 1.74 H → L 94 % 187 

D7 301 0.05 H → L 481 1.42 H → L 92 % 180 

D8 304 0.03 H → L 475 1.46 H → L 91 % 171 

D9 329 0.06 H → L 531 0.97 H → L 92 % 202 

D10 341 0.07 H → L 522 0.04 H → L 87 % 181 

D11 304 0.11 H → L 549 1.30 H → L 88 % 245 

D12 325 0.60 H → L 619 0.27 H → L 79 % 294 

    600 1.41 H-1 → L 49% 275 

D13 292 1.17 H → L 454 0.03 H → L 91 % 162 

    423 1.19 H-1 → L 68 % 131 

D14 324 1.14 H → L 583 0.03 H → L 93 % 259 

    512 0.14 H-1 → L 93 % 188 

D15 272 0.18 H → L 481 1.62 H → L 92 % 209 

D16 282 0.06 H → L 509 0.99 H → L 93 % 227 

D17 282 0.09 H → L 500 0.83 H → L 92 % 218 

D18 288 0.07 H → L 487 0.97 H → L 90 % 199 
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Figure 4.4 Correlation between ΔVmA and Δλmax of D--A systems (R is calculated by excluding 

the points in green colour). 

The lower max exhibited by D6--A to D10--A systems in the range of 171-202 nm 

are recognized as due to the lesser donating strength of those systems. Compared to 

D6--A to D10--A systems, the greater max in D11--A (245 nm) can be recognized 

as its larger donating strength. The presence of conjugation in CC bonds enhances the 

donating strength of D12--A resulting to the highest max of 294 nm. The highest 

max (294 nm) can be attributed to the utmost VmA and max of D12--A (619 nm). 

In D13--A and D14--A systems, max of 162 and 259 nm are observed with a max 

of 454 and 583 nm, respectively. In those systems slight deviation in correlation has 

been observed, may be due to the poor oscillator strength (f → 0.03). The higher max  

of 227 nm in D16--A than D15--A (209 nm) can be spotted as due to the better 

electron-donating strength (because of increased number of nitrogens (four)) of            

D16--A. In D17--A, max and max are 500 nm and 218 nm, respectively. Even 

though there is an equal number of nitrogens (four) in the donor site, the higher max  

in D17--A than D18--A (199 nm) can be recognized as the influence of more planar 

NH centres.  

 Finally, for the dye sensitizers, HOMO (highest occupied molecular orbital) and 

LUMO (lowest unoccupied molecular orbital) energies are crucial for determining the 

efficiency of the sensitizers. For the effective regeneration of the oxidized dye, it is  
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Table 4.3 HOMO (eV), LUMO (eV), and HOMO-LUMO energy gap, HLG (eV) for the                          

D-π-A/TiO2 systems at B3LYP/GenECP level. Maximum absorption wavelength λmax (nm), and 

oscillator strength (f) adsorbed on TiO2 are simulated at TD CAM-B3LYP/ 

GenECP/SMD//B3LYP/GenECP level. 

D-π-A/TiO2 

systems 
HOMO (eV) 

LUMO  
(eV) 

HLG 
 (eV) 

λmax  

(nm) 
f 

D1 -5.43 -3.68 1.75 538 2.36 

D2 -5.17 -3.66 1.52 583 2.03 

D3 -5.10 -3.64 1.46 593 2.07 

D4 -5.07 -3.62 1.45 611 1.73 

D5 -5.09 -3.55 1.54 592 0.60 

D6 -5.63 -3.74 1.89 526 2.24 

D7 -5.53 -3.76 1.77 538 1.85 

D8 -5.57 -3.79 1.77 531 1.87 

D9 -5.37 -3.74 1.64 611 1.73 

D10 -5.39 -3.71 1.69 574 0.05 

D11 -4.85 -3.50 1.34 630 1.79 

D12 -4.38 -3.25 1.13 703 0.29 

D13 -4.99 -3.78 1.21 513 0.03 

D14 -4.32 -3.71 0.61 697 0.02 

D15 -5.44 -3.74 1.71 545 2.01 

D16 -5.08 -3.60 1.48 610 1.91 

D17 -5.25 -3.72 1.53 573 1.02 

D18 -5.31   -3.72      1.59 558 1.22 

 

important to have HOMO energy (eh) lower than the redox potential of the I−/I3
−  

electrolyte (-4.8 eV). The eh of D3 - D5, D11 - D14, and D16 based -A systems are in 

the range of -4.68 to - 4.74 eV, lying above the redox potential of the I−/I3
−. electrolyte. 

It is therefore suggesting that the oxidized dye might not efficiently regenerate in 

those systems from I−/I3
−   electrolyte. Whereas for the rest of the D--A systems, eh              

(-4.82 to -5.29 eV) lying below the redox potential of the electrolyte facilitates 

effective dye regeneration. For D1-π-A to D18-π-A systems, LUMO energies (el) are in 

the range of -1.79 to -2.79 eV, lying above the conduction band (CB) energy of the TiO2 
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semiconductor (-4.0 eV), which ensures effective electron injection into the TiO2 

conduction band. HOMO-LUMO gap (HLG) energy of designed D-π-A systems ranges 

from 1.64 to 2.65 eV and it shows a decreasing trend with increasing electron 

donating strength. In DSSCs, HLG values give a clear idea regarding the PCE of the dye-

sensitizer. As per various theoretical studies, Lower HLG ensures better optical and 

photovoltaic properties, thereby improves the PCE of DSSC devices.89-91 Herein, we 

could recognize that lower HLG energy obtained with D12-π-A (2.17 eV) shows finest 

absorption maximum (619 nm), good adsorption stability (-28.6 kcal/mol), and 

highest eVoc (2.21 eV). Consequently, among all D12-π-A system having lowest LUMO 

energy (-1.79 eV) may provide better PCE in DSSC device.   

 

Figure 4.5 a) Optimized geometry of representative D--A system on (TiO2)9 cluster                   

(D12-π-A/TiO2). The electron density shift during excitation can be visualized from b) HOMO 

and (c) LUMO  features. 

According to the basic principle of DSSC, when the dye molecule gets adsorbed 

on the TiO2 semiconductor, the interaction between those dye and semiconductor can 

shift their energy level and prompt electron injection to semiconductor which is 

desirable for the better PCE.72 To determine the energy levels of the adsorbed D-π-A 
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systems on TiO2, we have designed a bidentate bridging mode for binding the D-π-A 

systems on TiO2 (Figure 4.5a). It has been reported that bidentate bridging mode is  

Table 4. 4 The adsorption energies (Eads) of all the D-π-A/(TiO2)9 systems where Eads 

values are given in kcal/mol. 

D-π-A/(TiO2)9 systems Eads (kcal/mol) 

D1- π-A/(TiO2)9 -23.6 

D2- π-A/(TiO2)9 -23.8 

D3 -π-A/(TiO2)9 -23.9 

D4 -π-A/(TiO2)9 -24.3 

D5 -π-A/(TiO2)9 -25.0 

D6- π-A/(TiO2)9 -23.3 

D7 -π-A/(TiO2)9 -23.0 

D8 -π-A/(TiO2)9 -22.8 

D9 -π-A/(TiO2)9 -23.4 

D10 -π-A/(TiO2)9 -23.8 

D11- π-A/(TiO2)9 -25.4 

D12- π-A/(TiO2)9 -28.6 

D13 -π-A/(TiO2)9 -22.2 

D14 -π-A/(TiO2)9 -23.3 

D15- π-A/(TiO2)9 -22.6 

D16- π-A/(TiO2)9 -24.5 

D17 -π-A/(TiO2)9 -23.2 

D18- π-A/(TiO2)9 -23.3 

the most stable adsorption mode for anchoring group.92 93 Further, LUMO energy 

levels of the adsorbed D-π-A systems (-3.25 to -3.79 eV) are deeper than the bare              

D-π-A systems (-1.79 to -2.79 eV), and ensure that LUMO is above the CB energy of 

TiO2 which could promote efficient electron injection from the excited dye molecule 

into CB of TiO2. Absorption properties of D1-π-A to D18-π-A systems adsorbed on 

TiO2 are reported in Table 4.3. We denote D-π-A adsorbed TiO2 as D-π-A/TiO2. The 

observed max in the range 513 to 703 nm is favourable for improved PCE, shows a red 

shift with respect to pure D-π-A system. Among all, D12-π-A/TiO2 shows the highest 

λmax (703 nm), whereas D13-π-A/TiO2 displays the lowest λmax (513 nm). HLG of              
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D-π-A/TiO2 systems ranges from 0.61 to 1.89 eV indicating that the adsorption of the 

dye with the semiconductor significantly reduces the HLG related to bare D-π-A 

systems. The electron density shifts in D-π-A/TiO2 systems between HOMO and LUMO 

are given in the representative example (D12-π-A/TiO2) shown in Figure 4.5b and 

4.5c. In all the D-π-A/TiO2 systems, HOMO is localized on donor region whereas LUMO 

is distributed on TiO2. This kind of charge delocalization is anticipated for the better 

PCE of dye sensitizers. 

 

Figure 4.6 a) Correlation between VmA and Eads b) Eads and eVoc.  

Quantitatively, adsorption stability of the D-π-A systems on (TiO2)9 cluster has 

been evaluated using adsorption energy (Eads) which is listed in Table 4.4. It is defined 

as Eads = Edye/TiO2 – (Edye + ETiO2), where Edye/TiO2, Edye, and ETiO2  denote energies of 
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dye/TiO2, isolated dye and TiO2 cluster respectively.94 It is clear that, more negative 

adsorption energy could reveal higher adsorption stability between dye molecule and  

Table 4. 5 HOMO (eV), LUMO (eV), and HOMO-LUMO energy gap (eV) at B3LYP/cc-pVDZ 

level. Ground and excited state oxidation potential (𝐸𝑑𝑦𝑒, 𝐸𝑑𝑦𝑒∗), excitation energy, electron 

injection-free energy change 𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡, free energy change for dye regeneration 𝛥𝐺𝑟𝑒𝑔, and 

open-circuit voltage 𝑒𝑉𝑂𝐶  at TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level.  

Systems 

Excitation 

Energy 

 (eV) 

HOMO 

(eV) 

LUMO 

(eV) 

HLG 

(eV) 

𝐸𝑑𝑦𝑒 

(eV) 

𝐸𝑑𝑦𝑒∗ 

(eV) 

𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 

(eV) 

𝛥𝐺𝑟𝑒𝑔 

(eV) 

𝑒𝑉𝑂𝐶  

(eV) 

D1 2.61 -5.09 -2.48 2.61 5.09 2.48 -1.52 0.29 1.52 

D2 2.42 -4.82 -2.46 2.36 4.82 2.40 -1.60 0.02 1.54 

D3 2.38 -4.74 -2.43 2.31 4.74 2.36 -1.64 -0.06 1.57 

D4 2.29 -4.69 -2.40 2.29 4.69 2.40 -1.60 -0.11 1.60 

D5 2.35 -4.68 -2.26 2.42 4.68 2.33 -1.67 -0.12 1.74 

D6 2.63 -5.29 -2.64 2.65 5.29 2.66 -1.34 0.49 1.36 

D7 2.58 -5.22 -2.72 2.50 5.22 2.64 -1.36 0.42 1.28 

D8 2.61 -5.27 -2.79 2.48 5.27 2.66 -1.34 0.47 1.21 

D9 2.33 -5.05 -2.72 2.33 5.05 2.72 -1.28 0.25 1.28 

D10 2.38 -5.04 -2.64 2.40 5.04 2.66 -1.34 0.24 1.36 

D11 2.26 -4.50 -2.21 2.29 4.50 2.24 -1.76 -0.30 1.79 

D12 2.00 -3.96 -1.79 2.17 3.96 1.96 -2.04 -0.84 2.21 

D13 2.73 -4.77 -2.58 2.19 4.77 2.04 -1.96 -0.03 1.42 

D14 2.21 -4.11 -2.47 1.64 4.11 1.90 -2.10 -0.69 1.53 

D15 2.58 -5.11 -2.59 2.52 5.11 2.53 -1.47 0.31 1.41 

D16 2.29 -4.72 -2.39 2.33 4.72 2.43 -1.57 -0.08 1.61 

D17 2.48 -4.96 -2.57 2.39 4.96 2.48 -1.52 0.16 1.43 

D18 2.55 -5.04 -2.58 2.46 5.04 2.49 -1.51 0.24 1.42 

TiO2. In Table 4.4, we observed that all the adsorbed systems that have more negative 

adsorption energy contain a greater number of N-annulation. Among all, the most 

negative adsorption energy (-28.6 kcal/mol) is attained with D12-π-A/TiO2, which 

indicates the most stable adsorption. Apart from N-annulation, adsorption stability  
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increases with enhanced electron-donating strength of D-π-A. The excellent linear 

correlation between VmA and Eads with a correlation coefficient of 0.947 confirms that 

the donating strength of the donor systems of D-π-A assessed in terms of VmA is 

useful to assess the Eads values of the dye on the semiconductor (Figure 4.6a). Since 

stronger adsorption leads to deeper LUMO energy level, a more donating dye is 

expected to give higher adsorption stability and higher eVoc (Table 4.4 and Figure 

4.6b). In D12-π-A/TiO2 system, the highest adsorption stability and eVoc (2.21 eV) 

have been observed, which predicts superior photovoltaic performance of the 

adsorbed dye. 

4.4.4 Photovoltaic performance 

The photovoltaic parameters of the D--A systems are listed in Table 4. 5. The electron 

injection-free energy change (𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡) are in the range -1.28 to -2.10 eV. It is defined 

as 𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 =  𝐸𝑑𝑦𝑒∗ − |𝐸𝐶𝐵|,95-97 where 𝐸𝑑𝑦𝑒∗ is the excited state oxidation potential 

and 𝐸𝐶𝐵 is the energy of the conduction band edge of the TiO2 semiconductor (-4.0 

eV). 𝐸𝑑𝑦𝑒∗ can be calculated as (- eh − vertical excitation energy).95, 98 The more 

negative 𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 will have more ability to inject electrons from the excited state of 

the D--A to the CB of TiO2. Since 𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 is related to short-circuit current density Jsc, 

by improving the electron injection ability, enhancement in PCE can occur.6, 22, 26, 97 

Among all, 𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 is more negative in D14-π-A (-2.10 eV) while it is the least negative 

in D9-π-A (-1.28 eV). Further, it is noted that donating strength improves the electron 

injection efficiency. The 𝐺𝑟𝑒𝑔 (free energy change for dye regeneration) value 

measures dye regeneration efficiency of the systems which can be written as 

   (𝐸𝑑𝑦𝑒 − 4.8)eV or (-(eh) −4.8 eV).99, 100 The smallest 𝐺𝑟𝑒𝑔(-0.84 eV) observed in 

D12-π-A shows the highest dye regeneration efficiency, while the highest value 0.49 

observed in D6-π-A indicates the lowest dye regeneration efficiency. Finally, open-

circuit voltage (eVoc = el  − (-4.0))101 lies in the range 1.21 eV to 2.21 eV, which shows 

an excellent correlation with ΔVmA (Figure 4.7), and suggests that eVoc increases with 

enhanced strength of D-π-A systems. The correlation in Figure 4.7 also suggests that 

MESP approach offers an easy analysis tool for the quantification of the donating 

strength of D––A systems in DSSC applications, and the correlation plot provides a 

guideline for designing dye sensitizers for desirable photovoltaic applications. 
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Figure 4. 7 Correlation between donating strength (ΔVmA) of D--A system and open-circuit 

voltage (eVoc).  

4.5 Conclusions 

Donor modifications, especially through the integration of electron-rich nitrogen 

atoms (N-annulation) significantly affect the structure-performance relationship of  

D-π-A systems for dye-sensitized solar cell applications. For tuning the electron-

donating ability of D-π-A systems, eighteen electron-rich nitrogen incorporated 

donors are designed with butadiene and cyanoacrylic acid as π-spacer and acceptor, 

respectively. The implication of planarized nitrogens for improving the electron-

donating strength (VmA) of D-π-A systems is investigated using MESP topographical 

analysis, which states that the magnitude of VmA increases with an increased number 

of planar nitrogens. The λmax of D-π-A systems are fine-tuned by the extent of                           

π-conjugation and N-annulation in donors. The significance of VmA in shifting 

absorption maximum (λmax) is confirmed by the linear correlation observed between 

VmA and λmax. Regarding the frontier molecular orbitals of D-π-A systems, HOMO 

and LUMO energies are affected by electron-rich nature of donors in D-π-A. The 

sufficiently more negative LUMO energy of D-π-A systems to the CB energy of TiO2 

provides efficient electron injection efficiency. Open-circuit voltage (eVoc), and 



 

164 
 

electron injection free energy change (𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡) have been analysed for D-π-A systems 

and reveal that eVoc is increased with enhanced VmA. Also, adsorption stability of D-

π-A systems on TiO2 has been evaluated and indicates that adsorption stability (Eads) 

increased with enhanced electron-donating strength of D-π-A system. Since 

adsorption of D-π-A system on TiO2 shifts LUMO energy, the stability of D-π-A/TiO2 

system affects eVoc and thus the efficiency of the solar cell. The strong linear 

correlation observed between Eads and eVoc proves this conclusion. Among all the 

cases studied, D12-π-A/TiO2 shows the highest adsorption stability, furthermore 

D12-π-A displays the highest λmax, the best eVoc and the highest magnitude for VmA. 

Consequently, from the aforementioned fundamental parameters, it can be concluded 

that D12 based photosensitizer is very effective for improving the PCE. Also, the N-

annulated designing strategy will pave the way for attaining high efficiency in the field 

of dye-sensitized solar cells.   
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Title of the thesis: Density Functional Theory Studies on D-π-A Systems Used in                        

Dye-Sensitized Solar Cells: Donor-Acceptor Effect, Spacer Effect, and Molecular Design 

Strategies 

Dye-sensitized solar cells (DSSCs) have a fundamental role in photovoltaic technology 

as an alternative to highly expensive conventional silicon based solar cell. Theoretical 

studies are greatly acknowledged for the reliable prediction of efficiency of dye-

sensitizers and understanding the fundamental processes involved in DSSC device. The 

thesis is organized into four chapters. Chapter 1 gives an overview of both DSSCs and 

computational chemistry methods. In chapter 2, using molecular electrostatic potential 

(MESP) analysis, the electronic effect transmission power ( ) of various spacer (G in the 

notation) units in a Y-G-X type molecular model and electron donating strength (VmA) 

of typically used donors in D--A type dye-sensitizers have been computed. Among the 

studied spacers units, alkenyl spacers with shorter spacer chain length showed the 

highest , which will be effective for the better power conversion efficiency (PCE) in 

DSSCs. Further, VmA is found to be proportional to absorptional redshift and open-

circuit voltage (eVOC) which shows the relevance of VmA for the enhancement of optical 

and photovoltaic properties of dye-sensitizers. In chapter 3, the role of electron donating 

substituents on the donor region of D--A systems has been analysed and found that 

VmA, optical, and photovoltaic properties have been improved in substituted D--A 

systems than bare D--A. Finally in chapter 4, the significance of nitrogen centres for 

revamping the donating strength of D--A is scrutinized. The results show that 

absorption maxima, adsorption stability of dye/TiO2 interface, and photovoltaic 

properties enhanced with number of N-centres at donor region. In all chapters, the 

strong linear correlation observed for the ground state property VmA and eVOC provides 

guidelines for effective dye design with a desirable photovoltaic applications. For the 

prediction of PCE, the study developed a new theoretical strategy (MESP based).  
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Abstract: Developing a highly efficient D--A system for dye-sensitized solar cell 

(DSSC) application via improved donor strength became an emerging area of 

interest for the last two decades.1 Since the electron-donating strength of the donor 

fragment determines the electronic and optical properties of the system. it is highly 

essential to know the donating strength of such units beforehand. Herein, a TD-CAM 

B3LYP/cc-pVDZ//B3LYP/cc-pVDZ density functional theory study has been carried 

out on 13 typically used donor systems for the analysis of optical, and photovoltaic 

properties. The electron-donating strength of 

the donor system has been quantified in 

terms of the molecular electrostatic potential 

at anchoring moiety. Further, a remarkable 

linear correlation obtained between donating 

strength (ΔVmA) and absorption shift (Δλmax), 

open-circuit voltage (Voc) shows the significance of ΔVmA on Δλmax and Voc. Among the 

investigated D--A systems, N,N-dialkyl aniline, and julolidine were found to be the 

best donors for the photovoltaic application. In general, by tuning the donating 

strength we can able to enhance Voc, thereby enhances the efficiency of the D--A 

system.             
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Substituent Effect Transmission Power of Alkyl, Alkenyl,
Alkynyl, Phenyl, Thiophenyl, and Polyacene Spacers
Velayudhan V. Divya,[a, b] Fareed Bhasha Sayyed,[a] and Cherumuttathu H. Suresh*[a, b]

The transmission of substituent effect through a variety of
spacers, that is to say, alkyl, alkenyl, alkynyl, phenyl, thiophenyl,
and polyacene has been studied by modeling Y-G-X type
molecular systems (Y: reaction center; G: spacer moiety; X:
substituent) using B3LYP/6-31G(d,p) density functional theory
calculations. The reaction center is always kept as a C=C double
bond and the molecular electrostatic potential (MESP) minimum
(Vmin) observed for this bond showed subtle variation with
respect to the changes in the spacer unit and the nature of
substituent. Strong linear correlations are observed between
Hammett substituent constants (σI and σp) and Vmin, which

recommend the aptness of Vmin as an electronic descriptor to
quantify the substituent effect. Since Vmin offers an alternative
measure of substituent effect, the correlation between Vmin and
σp has been used for assessing the transmission of substituent
effect through a variety of spacer moieties. The highest trans-
mission coefficient (γ) is always observed for smaller spacer
length. Among all the spacers, alkenyl showed the highest and
alkyl showed the lowest transmission power. The study
recommends the use of short chains of C=C double, C�C triple
or a combination of both as spacers for the effective trans-
mission of substituent effect to the reaction center.

1. Introduction

Substituents in molecules are regarded as functional groups
and tuning of various chemical properties can be achieved by
controlling the substituent effects.[1] The theory of substituent
effect has been considered as fundamental to the prediction of
molecular reactivity.[1–2] The electronic effect of a substituent
can be transmitted to the reaction center via a transmitting
moiety. For example in a molecule Y-G-X, (Y: reaction center; G:
spacer moiety; X: substituent), the effect of X at Y through G
can be interpreted with the famous Hammett relationship log
(KX/K0)=1σ, where 1 is the reaction constant and σ is the
substituent constant. Hammett equation and several of its
modifications[2a,3] have been used in a quantitative way for the
effective interpretation of substituent effects.[4] The applicability
of σ-constants for a variety of molecules assisted the under-
standing of structure-activity and structure-property relation-
ships in chemistry.[5]

Substituent effects are classified into inductive (through σ
bond), π – resonance and through space (field) effects.[1a,2a,6] The
separation of the substituent effect into inductive (σI or F) and
resonance effect (σR or R) was done by Swain and Lupton.[7]

They interpreted that the negative and positive values of
substituent constant indicate electron donating and withdraw-
ing nature of substituents, respectively. Using quantum chem-
ical approaches, many efforts have been made to model the

substituent effect.[4–5,8] Substituent effects are responsible for
small perturbations on the molecular electron density distribu-
tion, which can be measured by means of correlating them
with the computed quantities of total energy, atomic charges,
and electrostatic potentials resulting from ab initio quantum
chemical or semiempirical methods.[5g,9] Further, several exper-
imental studies have utilized Y-G-X type systems to understand
the substituent effect transmission ability of various spacer
moieties using geometrical variables, ionization techniques, and
NMR chemical shifts etc.[8f,10]

Among the several theoretical quantities used to interpret
Hammett constants, topographical analysis of molecular elec-
trostatic potential (MESP) provided a clean approach to
substituent effects.[5a–c,8c–e] The prediction and rationalization of
reactivity trends using MESP have been pioneered by Scrocco,
Tomasi, and co-workers.[11] Politzer and Murry widely used the
MESP plots calculated using standard electronic structure
theory to interpret while the topographical analysis of MESP
has been pioneered by Gadre et al.[12] From MESP topographical
studies on conjugated organic molecular systems, Suresh et al.
have shown that critical features of MESP are useful for the
quantification of inductive,[13] resonance,[14] steric[15] and prox-
imity effects[8b] of substituents. Also, MESP minimum (Vmin) has
been used as a powerful electronic descriptor to quantify
substituent effect, trans influence and two electron donor
character of ligands.[5a,c,16] Here we intend to study Y-G-X type
systems using Vmin analysis. The substituent effect transmission
power of X through the spacer will be assessed by the Vmin

observed over Y, an olefinic moiety. Although the significance
of such spacers in donor-acceptor systems is well known,
quantification of substituent effect transmission power of a
variety of spacer systems is yet to be systematically analyzed.
Previous studies showed that modifications in spacer units such
as their π-bond character, conjugation length, and planarity
had a significant role in electron transmission power, absorption
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wavelength, and other related photophysical properties.[17] Here
spacers such as alkyl, alkenyl, alkynyl, phenyl, thiophenyl, and
polyacenes have been selected to include the inductive, and
resonance effect aspects. We envision that this study will
provide useful information regarding the future dye designing
and other related studies.

2. Results and Discussion

2.1. MESP Topography and Spacer Effects

MESP is one of the most appropriate electronic descriptors to
understand the electron withdrawing and donating nature of
substituents and ligands.[5a,b,12d, 16a, 18] It is recognized that
electron rich region in a molecule experiences a significant
change in MESP minimum (Vmin) due to substituent effects. Here
we consider an olefinic bond (Figure 1) as a sensitive region to

understand the precise variation of Vmin with respect to the
substituent effect. A general notation C2H3� Gn� X has been used
to denote the molecule, where Gn stands for the repeating ’n’
spacer G units between C2H3 and X. The effect of substituent on
C2H3� has been measured in terms of Vmin on its CC double
bond. Electron donating and withdrawing substituents used in
this study include NH2, OH, CH3, H, F, Cl, CF3, CHO, CN and NO2.
The spacers selected for the study are alkyl, alkenyl, alkynyl,
phenyl, thiophenyl, and polyacenes (Figure 1). For a reasonable
understanding about the spacer length, systems up to n=3
have been considered. In studies related to the substituent

effect, a system with X=H is described as the unsubstituted
reference system. Hence the change in Vmin due to substitution
is designated as ~Vmin which gives a direct estimation of the
substituent effect.[8c]

MESP isosurface for 1 a, 2 a, 3 a, 4 a, 5 a and 6 a (X=H) is
shown in Figure 2 along with the respective Vmin values at the
terminal double bond, viz. � 22.2, � 18.6, � 13.8, � 19.5, � 18.4,
� 19.0 kcal/mol. The Vmin at the terminal double bond for all the
substituted systems (total180 systems) is depicted in Table 1.
The Vmin ranges from � 30.5 to 3.8 kcal/mol which indicates the
effect of both spacer moiety and the substituent on tuning the
electron distribution on the double bond. In C2H3-alkyl-X
systems (1 a–1 c), the inductive effect is the prime factor for
electron transmission. A less negative Vmin is observed for
X=NH2 and X=OH than X=H suggesting the electron with-
drawing inductive (� I) character of the highly electronegative N
and O atoms. For X=CH3 and n=1, Vmin is slightly more negative
than X=H indicating the electron donating inductive (+ I) effect
of the methyl group. An increase in alkyl chain length slightly
enhances this electron donation. Further, the � I effect of
substituents Cl, CF3, CN, NO2 etc. are clearly reflected on their
respective Vmin. The diminishing � I effect with an increase in
alkyl chain length is pronounced in the case of CN and NO2. For
example, Vmin of NH2 substituted systems shows a variation of
~1.3 kcalmol� 1 from n=1 to n=3, while CN and NO2 exhibits a
variation of 9.4 and 8.1 kcalmol� 1, respectively. The inductive
control of electronic transmission in alkyl systems is confirmed
by the strong linear correlation between Vmin and inductive
substituent constant (σI) (Figure 3 and Table S1). The slope of
the correlation plot 19.081 observed for spacer length n=1 is
the highest and it decreases to 10.343 for n=2 and further
decreases to 5.5683 for n=3. This data indicates the rapidly
decreasing behavior of I with the increase in the number of CC
single bonds.[13]

For the case of unsubstituted alkenyl systems (2 a–2 c), Vmin

values are observed at � 18.6, � 18.4, and � 18.3 kcal/mol
respectively. The small variation in Vmin indicates the negligible
impact of spacer length on electronic transmission whereas the

Figure 1. Various spacers considered to quantify the transmission power of
spacers. The double bond marked in red is the region where MESP minimum
is located for X=NH2, OH, CH3, H, F, Cl, CF3, CHO, CN and NO2.

Figure 2. MESP isosurface at � 13.0 kcalmol� 1 for 1 a, 2 a, 3 a, 4 a, 5 a and 6 a.
Vmin values in kcalmol

� 1 are also depicted.
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individual effect of a substituent on Vmin is very high in 2 series.
For instance, ΔVmin of NH2 and OH in 2 is significantly more
negative than those in 1. In 2, NH2 and OH donate electrons

mainly through resonance mechanism. NH2 is the most electron
donating with ΔVmin � 11.9, � 10.2 and � 6.0 kcalmol� 1 for 2 a,
2 b, and 2 c, respectively (Table 2 while the most electron
withdrawing NO2 shows ΔVmin 18.7, 14.9 and 12.4 kcalmol� 1.
Increasing the spacer length diminishes the power of electron
transmission. Further, in the case of CH3, Vmin is more negative
than the unsubstituted system which can be mainly attributed
to the electron donating hyperconjugation and + I effect of
CH3. Here the magnitude of electron donation for 2 a–2 c in
terms of ΔVmin is � 3.0, � 2.4, and � 2.1 kcal/mol (Table 2).
Substituents F, Cl, CF3, CHO, CN, and NO2 show a considerable
decrease in the magnitude of Vmin compared to the reference
system, which authenticates their electron withdrawing induc-
tive and resonance effects. The ΔVmin 18.7, 15.0, 11.3, 10.0, 5.3,
1.6 kcalmol� 1 observed for the substituents NO2, CN, CHO, CF3,
Cl and F, respectively suggest that their electron withdrawing
power follows the order NO2>CN>CHO>CF3>Cl>F (Table 2).
The strong linear correlations observed between Vmin of 2 a, 2 b,
and 2 c systems with Hammett constant σp (Figure 4 and

Table 1. Vmin (in kcalmol
� 1) obtained over the terminal double bond of various spacer systems.

X NH2 OH CH3 H F Cl CF3 CHO CN NO2

1 a � 21.9 � 20.7 � 22.3 � 22.2 � 16.3 � 14.0 � 15.2 � 15.1 � 11.1 � 10.7
1 b � 22.3 � 21.6 � 22.5 � 22.5 � 19.1 � 18.1 � 18.6 � 18.4 � 16.4 � 16.3
1 c � 23.2 � 22.1 � 22.5 � 22.5 � 20.6 � 19.9 � 20.2 � 20.0 � 20.5 � 18.8
2 a � 30.5 � 25.4 � 21.6 � 18.6 � 17.0 � 13.3 � 8.6 � 7.3 � 3.6 0.1
2 b � 28.6 � 24.3 � 20.8 � 18.4 � 17.9 � 14.8 � 10.7 � 9.0 � 6.8 � 3.5
2 c � 24.3 � 23.3 � 20.4 � 18.3 � 18.1 � 15.6 � 12.2 � 10.5 � 8.9 � 6.0
3 a � 25.9 � 20.6 � 18.4 � 13.8 � 14.0 � 11.9 � 3.7 � 3.0 1.4 3.8
3 b � 20.1 � 16.3 � 14.3 � 10.2 � 11.0 � 9.7 � 2.7 � 2.0 1.3 3.1
3 c � 13.2 � 13.1 � 11.5 � 8.0 � 8.9 � 7.9 � 2.1 � 1.5 1.1 2.5
4 a � 25.8 � 21.8 � 21.0 � 19.5 � 17.5 � 15.1 � 12.5 � 11.1 � 8.5 � 6.7
4 b � 22.0 � 20.2 � 19.8 � 19.1 � 17.9 � 16.7 � 15.4 � 14.8 � 13.2 � 12.4
4 c � 20.0 � 19.4 � 19.3 � 18.9 � 18.1 � 15.1 � 16.8 � 16.4 � 15.5 � 15.0
5 a � 24.5 � 20.8 � 20.1 � 18.4 � 16.3 � 14.4 � 10.5 � 8.7 � 6.2 � 3.5
5 b � 20.8 � 19.1 � 18.2 � 17.1 � 15.9 � 14.8 � 12.5 � 10.7 � 9.6 � 7.3
5 c � 18.6 � 17.4 � 17.2 � 16.6 � 15.8 � 15.1 � 13.5 � 12.3 � 11.5 � 9.8
6 a � 23.5 � 20.6 � 20.2 � 19.0 � 17.4 � 15.8 � 13.9 � 12.8 � 11.0 � 9.5
6 b � 22.1 � 20.1 � 19.6 � 18.8 � 17.5 � 16.1 � 14.8 � 13.8 � 12.4 � 11.2
6 c � 20.5 � 19.5 � 19.2 � 18.6 � 17.4 � 16.4 � 15.4 � 14.6 � 13.5 � 12.6

Figure 3. Correlation between the Vmin of 1 a–1 c with the inductive
parameter (σI).

Table 2. ΔVmin in kcalmol
� 1 of various spacer systems.

V min ΔVmin

X H NH2 OH CH3 F Cl CF3 CHO CN NO2

1 a � 22.2 0.3 1.5 � 0.1 6.0 8.2 7.0 7.1 11.1 11.5
1 b � 22.5 0.2 0.8 0.0 3.3 4.4 3.9 4.1 6.1 6.1
1 c � 22.5 � 0.7 0.4 0.0 1.9 2.6 2.3 2.5 1.9 3.6
2 a � 18.6 � 11.9 � 6.8 � 3.1 1.6 5.3 10 11.3 15.0 18.7
2 b � 18.4 � 10.2 � 6.0 � 2.4 0.5 3.6 7.7 9.3 11.6 14.9
2 c � 18.3 � 6.0 � 5.0 � 2.1 0.3 2.7 6.1 7.8 9.4 12.4
3 a � 13.8 � 12.1 � 6.8 � 4.6 � 0.2 1.9 10.1 10.8 15.2 17.6
3 b � 10.2 � 9.9 � 6.0 � 4.1 � 0.8 0.5 7.5 8.2 11.5 13.3
3 c � 8.0 � 5.2 � 5.0 � 3.5 � 0.9 0.1 5.9 6.5 9.2 10.5
4 a � 19.5 � 6.3 � 2.3 � 1.4 2.0 4.5 7.1 8.4 11.0 12.8
4 b � 19.1 � 2.9 � 1.1 � 0.8 1.2 2.4 3.7 4.3 5.8 6.7
4 c � 18.9 � 1.1 � 0.5 � 0.4 0.8 3.8 2.1 2.4 3.4 3.9
5 a � 18.4 � 6.1 � 2.4 � 1.7 2.1 4 7.8 9.7 12.2 14.9
5 b � 17.1 � 3.7 � 2.0 � 1.1 1.1 2.3 4.6 6.4 7.5 9.7
5 c � 16.6 � 2.1 � 0.8 � 0.6 0.8 1.5 3.1 4.2 5.1 6.8
6 a � 19.0 � 4.5 � 1.6 � 1.2 1.6 3.3 5.1 6.2 8.0 9.5
6 b � 18.8 � 3.3 � 1.3 � 0.9 1.3 2.6 4.0 5.0 6.3 7.5
6 c � 18.6 � 1.9 � 0.9 � 0.6 1.1 2.1 3.2 4.0 5.1 6.0
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Table S1) suggests that the MESP topographical quantity Vmin is
highly suited as an electronic descriptor to quantify the electron
donating and withdrawing nature of a substituent. The slope of
the correlation plots decreases as n increase in the spacer
length. Since σp=0 stands for the unsubstituted systems, the Y-
intercept of the correlation plot corresponds to Vmin of the
unsubstituted system. Indeed, the Y-intercept and Vmin of the
unsubstituted system show very close agreement.

The unsubstituted alkynyl systems, (3 a–3 c) shows Vmin

values at � 13.8, � 10.2, and � 8.0 kcalmol� 1, respectively. The
magnitude of these values are smaller than the unsubstituted

alkenyl systems indicating the more electronegative Csp hybri-
dized carbons in alkynl systems than Csp2 in alkenyl systems.
Similar to 2, resonance effect dominates in 3 except for X=CH3

and X=CF3. The magnitude of electron withdrawing effect
(ΔVmin) obtained for substituents such as NO2, CN, CHO, CF3, Cl,
and F is very similar to that found for C2H3-alkenyl-X systems
which indicates that substituent effect transmission power is
similar for C=C double bonds and C�C triple bonds.

The unsubstituted systems with phenyl ring spacers, 4 a–4 c
show Vmin values at � 19.5, � 19.1, and � 18.9 kcalmol� 1,
respectively. The electron donating NH2, OH, and CH3 substitu-

Figure 4. Correlation of Vmin with Hammett parameter (σp) of a) alkenyl, b) alkynyl, c) phenyl, d) thiophenyl, and e) polyacene systems.
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ents enhance the negative character of Vmin while the electron
withdrawing F, Cl, CF3, CHO, CN, and NO2 substituents diminish
it. The similar Vmin feature has been noticed for systems
containing thiophenyl spacers, 5 a–5 c and polyacene spacers,
6 a–6 c (Table 1). In 4 series with n=2 and 3, adjacent two
phenyl units are twisted away from planarity which gives a
diminishing effect on the electron donating/withdrawing ability
of the substituent. The C� C single bond connection between
two phenyl units in 4 proposes a significant inductive effect
along with resonance. In polyacenes, resonance effect domi-
nates over the inductive effect. In 4, 5 and 6 series, increase in
spacer length has a decreasing effect on the transmission
power of the substituent effect.

2.2. Vmin-Based Quantification of Substituent Effect
Transmission Power of Spacers

When a reacting center and substituent are separated by a
variety of spacers, significant variations in the molecular proper-
ties can be observed.[19] The transmission of the substituent
effect through olefinic systems showed the applicability of 1 in
calculating the substituent effect transmission power. From the
previous studies,[10b,d] it is understood that the transmission
power of a spacer can be quantified by the transmission
coefficient (γ) defined as γ=1S/1o, where 1S is the reaction
constant of a spacer for which the transmission power has to
be quantified and 1o is the reaction constant of the reference
group. Since Vmin provides an alternative measure of substituent
effects for π-conjugated systems, the correlation of Vmin with σp
can be used to evaluate the transmission ability of various
spacers using the equation, Vmin=1σp+constant. Therefore,
linear regression analysis between Vmin and σp values is carried
out to find the 1 values (Table 3). In order to calculate the
transmission coefficients (γ), the phenyl group substituted 4 a is
taken as the reference system for all the spacers. For 4 a
systems, Vmin=13.018(σp)–18.00 and the slope of this equation
(14a) is used as 1o to determine γ. For example, the γ value for
2 a is calculated as γ=12a/14a =20.722/13.018=1.592 meaning
that the transmission power of 2 a is 1.592 times higher than

phenyl ring. Among the π-bonded spacers, for n=1, the order
of substituent effect transmission power of spacers is 2 a�3 a>
5 a>4 a>6 a. On the basis of the average of all the γ values for
a particular spacer from n=1–3, the order of transmission
power of substituent effects is as follows: 2 a–2 c>3 a–3 c>5 a–
5 c>4 a–4 c>6 a–6 c. This order is in agreement with the
experimental findings[10b] and suggesting the appropriateness
of Vmin method for the present study.

2.3. Combination of Two Different Spacers and Substituent
Selectivity

To understand the transmission ability of a combination of two
different spacers, we selected six types of spacers as shown in
Figure 5. In 7 a and 7 b the substituent is connected to the
double bonded carbon and an aromatic ring, respectively. In
Table 4, the Vmin values obtained for all the hetero spacers are
reported. For substituent ‘H’ the Vmin values of 7 a and 7 b are
� 18.76 and � 18.89 kcal/mol showing a variation of
0.13 kcalmol� 1 between the two isomers. However, for other
substituents, the difference in Vmin is found to be less than
~1.0 kcalmol� 1 suggesting that the electron donating or with-
drawing nature is not highly affected whether ‘X’ is attached to
the double bond or the phenyl ring. The Vmin values for
substituent ‘H’ of 8 a and 8 b are � 16.32 and � 15.88 kcalmol� 1

indicating that total electron withdrawing nature of ethynylben-
zene is more when ethyne is attached directly to the olefinic

Table 3. Slope, intercept, reaction constant (1s), correlation coefficient (R)
and transmission coefficient (γ) of various spacers.

X Slope Intercept 1s R γ

2 a 20.722 � 17.84 20.722 0.994 1.592
2 b 16.868 � 18.15 16.868 0.993 1.296
2 c 12.883 � 17.80 12.883 0.981 0.989
3 a 20.662 � 13.90 20.662 0.988 1.587
3 b 16.235 � 10.76 16.235 0.985 1.247
3 c 11.905 � 8.14 11.905 0.962 0.914
4 a 13.018 � 18.00 13.018 0.987 1.000
4 b 6.667 � 18.20 6.667 0.984 0.512
4 c 3.642 � 18.02 3.642 0.895 0.280
5 a 14.344 � 16.60 14.344 0.979 1.102
5 b 9.143 � 16.03 9.143 0.973 0.702
5 c 5.891 � 15.70 5.891 0.961 0.452
6 a 9.477 � 17.87 9.477 0.984 0.728
6 b 7.438 � 17.81 7.438 0.983 0.571
6 c 5.591 � 17.65 5.591 0.974 0.429

Figure 5. Spacers considered to quantifying the effect of the combination of
two different spacers.

Table 4. Vmin values (kcal/mol) obtained for hetero spacers.

X 7a 7b 8a 8b 9a 9b

NH2 � 24.85 � 24.22 � 22.78 � 21.02 � 24.16 � 23.72
OH � 21.96 � 21.08 � 20.27 � 17.95 � 21.52 � 20.83
Me � 20.21 � 20.21 � 18.83 � 17.07 � 19.39 � 19.77
H � 18.76 � 18.89 � 16.32 � 15.88 � 17.51 � 18.32
F � 17.70 � 17.70 � 16.50 � 14.56 � 16.75 � 17.13
Cl � 15.81 � 15.75 � 15.44 � 12.80 � 14.56 � 15.44
CF3 � 13.24 � 13.49 � 10.86 � 10.67 � 11.42 � 12.30
CHO � 12.05 � 12.17 � 9.79 � 9.60 � 8.85 � 10.35
CN � 10.17 � 10.48 � 10.48 � 7.78 � 7.97 � 8.85
NO2 � 7.97 � 8.79 � 8.79 � 6.28 � 5.21 � 6.34
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moiety. Further, the electron withdrawing and donating sub-
stituents show maximum influence when they are attached to
the phenyl ring. Additionally, for 9 a and 9 b, Vmin values for the
unsubstituted systems are observed at � 17.51 and � 18.32 kcal/
mol, respectively meaning that the variation is only 0.81 kcal/
mol. In fact, for all the substituent except CHO and NO2, the
variation is less than ~1 kcal/mol. This confirms that electronic
effect is not highly affected whether ‘X’ is attached to a double
bond or thiophenyl ring. In general, a spacer made up of two
different moieties, substituent effect transmission power of ‘X’
can show a minor variation depending on the connectivity of X
with the spacer unit.

3. Conclusions

The substituent effect transmission power of electron donating
and withdrawing substituents on a terminal CC double bond
has been assessed using MESP Vmin analysis. The Vmin observed
on this bond showed significant change with respect to the
electron donating/withdrawing nature of the substituent as
well as the nature and length of the spacer unit. The Vmin

correlates strongly with an inductive parameter for systems
consisting of alkyl spacers. Similarly, for all the π-conjugated
systems, strong linear correlations were observed between
Hammett substituent constant and Vmin. The decreasing trend
of slope values with an increase in the size of spacer length
revealed the strongly diminishing nature of the substituent
effect transmission. From the slope of the correlation plots, the
transmission power of spacers are obtained which can be
arranged in the order alkenyl>alkynyl> thiophenyl>phenyl>
polyacene. For systems having alkyl spacers, transmission of
substituent effect is the least as the inductive effect has a
rapidly diminishing character with the increase in the size of
the spacer unit. In summary, among all the spacer groups,
alkenyl and alkynyl units are the most effective for the
substituent effect transmission.

4. Computational Details

Geometry optimization has been carried out with B3LYP/6-31G
(d, p) density functional theory method.[20] MESP computations
are also done at the same level of theory. Previous studies
showed that this method is adequate for calculating MESP
features.[5b,h,21] MESP, V(r) at a point r due to a molecular system
with nuclear charges located at RA and electron density 1(r) is
expressed in Equation (1) where N is the total number of nuclei
in the molecule and ZA is the charge on nucleus A, located at
the distance RAj j.

V rð Þ ¼
XN

A

ZA

r � RAj j
�

Z
1 r

0� �
d3r

0

r � r0j j
(1)

In MESP topography, a negative-valued minimum (Vmin) is
often observed in electron-rich regions such as lone pair, π-
bonds, and anionic sites of a molecular system. Gaussian 09

programme package has been used for all the calculations.[22]

Vibrational frequency analysis is done with the same level of
theory to confirm that the number of imaginary frequencies is
zero for all the optimized geometries.
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Density functional theory study on the donating
strength of donor systems in dye-sensitized solar
cells†

Velayudhan V. Divyaab and Cherumuttathu H. Suresh *ab

The electron-donating strengths of donor (D) moieties in thirteen donor–p–acceptor systems (D1–p–A

to D13–p–A wherein –p– and A represent butadiene and cyanoacrylic acid units, respectively) have

been studied using B3LYP/cc-pVDZ level density functional theory (DFT) calculations. The selected D

moieties are encountered as a part of an organic sensitizer molecule in dye-sensitized solar cell (DSSC)

applications. When the D moiety is joined with p–A, a certain amount of electron donation from D to A

occurs leading to an increase in electron density at the A site of D–p–A compared to the A site of p–A.

This electron reorganization is quantified in terms of a change in molecular electrostatic potential (MESP)

minimum (DVmA) at the acceptor site, the CN group of the cyanoacrylic acid. The DVmA is always negative,

in the range of �11.0 to �2.6 kcal mol�1 which provides a quick assessment of the rank order of the

electron-donating nature of the D moieties in the ground state of D–p–A. The optical and photovoltaic

properties of D and D–p–A systems are also determined at the TD-CAM-B3LYP/cc-pVDZ//B3LYP/cc-pVDZ

level. An absorption red shift (Dlmax) in the range of 81–242 nm is observed when D moieties change to

D–p–A systems. The ground state property DVmA showed a strong linear correlation with the excited state

property Dlmax. Furthermore, DVmA is found to be proportional to the open-circuit voltage (VOC). The

resemblance of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital

(LUMO) energies of the D–p–A system with the respective energies of donor and p–A systems shows

that the donor tunes the HOMO, while p–A tunes the LUMO. Among the thirteen D–p–A systems,

N,N-dialkylaniline, and julolidine are rated as the best donors for the photovoltaic applications. This study

shows that the MESP based assessment of the donating strength of donor systems offers a powerful

rational design strategy for the development of efficient dyes for DSSC applications.

Introduction

Dye-sensitized solar cells (DSSCs) have been regarded as a
highly potential alternative to conventional silicon-based solar
cells due to their high molar extinction coefficient, low production
cost, simple synthetic strategy and easy structural modifications.1–5

DSSCs also perform relatively better than other traditional solar cells
under diffuse light conditions and at higher temperatures.4–6 In
DSSC applications, the sensitizers synthesized can be divided
into two broad areas, viz. metal-based systems such as Ru(II)
polypyridyl complexes, and Zn(II) porphyrins7 and the metal-free
donor–p–acceptor (D–p–A) type organic dyes.8 The Ru-based

polypyridyl sensitizers attained the highest power conversion
efficiency over 11%more thanmost of themetal-free sensitizers.9–14

This is due to the ability of metal sensitizers to absorb solar
irradiation up to the near-infrared region, while other metal-free
dye sensitizers are absorbed in the shorter wavelength region.8,13,15

So, a highly efficient sensitizer should have an absorption maxi-
mum near to the Vis-NIR region associated with a long-lived
charge excited state.16,17 Due to the highly expensive and toxic
synthetic procedures involved in metal sensitizers, the organic
dyes exhibit remarkable importance in DSSC applications.8 Recent
studies proposed important structural modifications in organic
dyes18,19 to achieve a high power conversion efficiency (PCE) and
over 12% has been achieved with a metal-free alkoxysilyl carbazole
dye as a sensitizer.20 Yao et al. reported an improved PCE of 12.5%
with a metal-free indenoperylene based D–p–A dye,21 the best-
knownmetal-free organic dye. In 2017, a simple designing strategy
over the phenothiazine moiety with ethynyl-pyrene enabled a
PCE of 12%.22 The other recent milestones in DSSCs include
co-sensitization, which enables higher photovoltaic performance
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over 14% with a collaborative sensitization by silyl and carboxy
anchoring groups.23 Many studies proposed the structural
modification of the donor group of the D–p–A dye to achieve
higher efficiency as increasing the electron donating strength
generally broadens and intensifies the region of absorption.24–26

In general, a dye sensitizer with a D–p–A framework can be
modified at donor,27,28 spacer,29–32 and anchoring groups33–35

to improve the PCE. Typically, the acceptor portion (A) of the dye
anchored onto the TiO2 semiconductor favours the charge
transfer of the excited electrons to the conduction band of the
semiconductor.36 The oxidized dye is then regenerated by the
electron transfer from the electrolyte (I�/I3

� couple), while
the electrolyte couple regains the electron from the platinum
counter electrode.4,37 Therefore, for an efficient dye sensitizer,
an effective electron injection can occur from the dye to the
TiO2 semiconductor if its highest occupied molecular orbital
(HOMO) is observed at a level slightly below the redox couple of
the I�/I3

� electrolyte (�4.8 eV) and the lowest unoccupied
molecular orbital (LUMO) is observed above the conduction
band of TiO2 (�4.0 eV).8,38,39

Apart from the simple D–p–A framework, several other config-
urations like D–D–p–A,40–42 D–A–p–A,43–46 D–p–A–A,47 (D–p–A)2,

48

and double D–p–A bridges49 were also introduced and revealed
that the introduction of additional donors, acceptors, and the
extension of p conjugation reduces the HOMO–LUMO energy gap
and redshifts the absorption maximum. In other words, for the
improved PCE, the donor should be stable, and electron-rich for
the effective electron injection to the TiO2 conduction band,28,50,51

thereby broadening their absorption to the Vis-NIR region.50,51

Therefore, for effective dye designing, it is very important to
understand the electronic and photophysical properties of the dye
systems.44 Density functional theory (DFT) and Time-dependent
density functional theory (TD-DFT) can afford a more efficient
approach to understand and predict these structural and electronic
features without any time delay compared to the traditional trial
and error methods.52–63 Previous studies have shown that the donor
strength has a significant role in absorption maximum, the kinetics
of electron injection and light-harvesting efficiency.64,65 Recently,
the relevance of the theoretical estimation of donor strength in
organic electronics has been explained by Köse.66

Thirteen typically used donor building blocks (Fig. 1) in the
DSSC applications are selected for this DFT/TDDFT study
(D1–D13).24,31,67–72 Among them, D1–D4 are aromatic hydro-
carbon systems whereas the remaining donor moieties contain
at least one lone pair bearing a nitrogen centre (D5–D13). The
estimation of the donating strength is assessed by molecular
electrostatic potential (MESP) topographical features of these
donor molecules and their corresponding D–p–A systems. The
MESP distribution is useful to understand the charge distribution
within a molecule,73–76 and the regions with negative MESP values
indicate electron-dense regions while positive-valued areas
represent electron-deficient regions. The MESP based inter-
pretation has been used for the study of substituent effects,
intermolecular interactions, non-covalent interactions, hydrogen
bonding, cation–p interactions, aromaticity and a variety of
chemical phenomena.77–80 MESP analysis has been used in the

field of organometallic chemistry for the quantification of the
electron-donating strength of phosphine and N-heterocyclic
ligands.73 The global minimum (Vmin) of MESP near the two
electron donor atom (P or N) indicates the net donating ability of
the ligand for making a coordination bond with a metal centre.
Furthermore, Suresh and co-workers proved that MESP minimum
(Vmin) analysis is very effective for the quantification of the inductive,
resonance, steric and proximity effects of substituents.75,81–84

Recently the substituent effect transmitting power (g) through
various spacer units is also calculated via MESP analysis and
showed that Vmin values are beneficial for the quantification of
the transmission power of spacers.85 The study recommends the
usage of short alkenyl systems as spacers for effective electronic
transmission. Moreover, the above reliable studies confirmed
that MESP is a powerful descriptor, capable of predicting the
electronic properties of the molecular systems effectively.
The present study focuses on the MESP analysis of D–p–A
systems towards photovoltaic applications. The butadiene
moiety (–HCQCH–CHQCH–) and the cyanoacrylic acid unit
(–H2CQC(CN)–COOH) are used as the p-spacer and anchoring
(A) group, respectively.

Computational method

The ground state geometry optimization has been carried out
using the B3LYP density functional theory (DFT) method86 with
the cc-pVDZ basis set.87 This DFT method has been extensively
used in the theoretical studies of organic dyes for dye-sensitized

Fig. 1 ChemDraw representation of donors (D1–D13) and D–p–A systems.
The bond shown in red colour is replaced with the p–A part to design the
D–p–A system.
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solar cell applications.45,60 Frequency calculations were also
done at the same level of theory and confirmed that there were
no imaginary frequencies. Vertical excitation energy calculations
have been done for the first 7 states by using a long-range and
solvation effect-corrected CAM-B3LYP/cc-pVDZ DFT method56 in
dichloromethane. The reliability of this method has been
checked by doing the computation on experimentally known
systems (Fig. S1, ESI†) using three more methods, viz. B3LYP,86

PBE1PBE,88 and oB97XD.89 For all these methods, the solvation
effects are incorporated through the self-consistent reaction field
(SCRF) calculation implemented in the SMD (solvation model
based on electron density) model.90 The TD-DFT calculations
showed that the result given by CAM-B3LYP is the most reliable
to reproduce the experimental absorption maximum (Table S1,
ESI†). DFT and TD-DFT calculations are done using the Gaussian
16 program package.91 For quantifying the electron donating
strength of donors in the D–p–A system, molecular electrostatic
potential (MESP) analysis has been performed at the B3LYP/cc-
pVDZ level. MESP, V(r) at point r in the vicinity of a molecular
system in the atomic unit can be calculated from the electron
density r(r0), using eqn (1)

VðrÞ ¼
XN
A

ZA

r� RAj j �
ð
rðr0Þdr0
jr� r0j (1)

where N is the total number of nuclei present in the molecular
system, ZA is the charge on the nucleus A at a distance RA and r0 is
a dummy integration variable.92,93

Results and discussion
MESP analysis of donor molecules

The MESP minima Vm are useful for locating the most electron-
rich regions in the molecules. The Vm appears on the aromatic
rings, hetero atoms and CC double bonds of donor molecules
(D1–D13) which are shown in Fig. 2. Since all the systems
contain at least one aromatic ring, the ring showing the most
negative Vm (VmD) is taken for comparing the donor strength of
each system. The VmD values of all the systems are depicted in
Fig. 2 along with other Vm values. In polycyclic aromatic
hydrocarbon (PAH) systems (D1–D3), VmD values lie in a small
range of �14.4 to �14.9 kcal mol�1 which can be attributed to
the similar p-conjugation features which are not affected by a
hetero atom or a substituent. In the D4 system, two phenyl
rings show a nearly coplanar arrangement with the CC double
bond and their VmD (�16.1 and �16.8 kcal mol�1) values are
more negative than a PAH while the third phenyl ring has a
highly twisted arrangement with respect to the CC double bond
and shows VmD�13.7 kcal mol�1. It appears that the presence of
a conjugated CC bond in D4 enhances its electron density over
the corresponding aromatic rings. In D5, three phenyl rings
share the lone pair electron density from the nitrogen centre
leading to a more negative character for VmD �15.6 kcal mol�1

than a PAH. In D6, D7 and D8, an amino nitrogen centre is
connected with an arene ring. In the piperidine-phenyl system
D6, the nitrogen centre is more pyramidalized than the other

two and shows the least negative VmD (�21.6 kcal mol�1) among
the three. In D7 and D8, fusing the N-alkyl unit/s with the
aromatic ring improves the planarization of the N-centre, leading
to more electron donation via +R effect to the arene ring. As a
result, julolidine D8 shows the most electron-rich arene ring in
terms of VmD�26.4 kcal mol�1 followed by D7 (�23.5 kcal mol�1).
Compared to a PAH, carbazole arene rings show significantly
more negative VmD (�19.5 kcal mol�1); here the sharing of the
N-centre lone pair is with two aromatic rings which leads to less
negative VmD than D6–D8. Similarly, in D10, the sharing of the
N-lone pair with two arene rings can be seen in addition to the
effect of the hetero S atom. In this case, VmD is less negative
than carbazole. In D11, the combined effect of three N-centres
can be attributed to the electron-rich nature of the arene
ring (VmD �21.3 kcal mol�1) and among the N-centres, the
N,N-dimethyl units are not fully effective for the influence of
the +R contribution due to slight pyramidalization caused by
steric congestions from the alkyl moiety of the adjacent
five-membered ring. In D12, along with the +R contribution
of N,N-dimethyl substituents, the conjugation effect of CC
double bonds leads to relatively more electron-rich arene rings.
The least negative VmD �11.0 kcal mol�1 is observed in D13, the
coumarin system. Here, the presence of a highly electron-
withdrawing carbonyl group at the heterocyclic ring reduces
the electron density on the aromatic ring.

Fig. 2 MESP minima at the donor site, the VmD of the donor systems.
Isosurface values in kcal mol�1 are given in brackets. Here carbon atoms
are shown in green colour, while nitrogen, sulfur and oxygen atoms are
shown in pink, yellow and red colours, respectively.
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MESP analysis of D–p–A systems

The donating strength of donor fragments in the D–p–A system
has been studied by MESP analysis. The MESP isosurface plot
of a representative D–p–A system (D12) is shown in Fig. 3a
along with MESP minimum (Vm) values at various positions.
The positions selected for Vm analysis are (i) the donor site
(VmD

0), (ii) the spacer site nearer to the donor (VmS
0) and (iii) the

anchor site (VmA
0). The p–A portion is built by linking a

butadiene moiety (p-spacer) with the cyanoacrylic acid moiety
(A). Since the p-spacer and anchor units are the same for all
donors, they have been considered as a reference system and
the corresponding MESP minimum at their spacer (VmS) and
anchoring sites (VmA) are evaluated for comparison with those
of the D–p–A system (Fig. 3b). The various MESP minimum
values, viz. VmD

0, VmS
0, and VmA

0 (Fig. S3, ESI†), are shown in
Table 1 along with the most negative Vm of the donor molecule
(VmD). In Table 1, the quantities DVmD, DVmS, and DVmA

represent the change that occurrs in the minimum potential
of the donor, spacer and anchoring sites with the introduction
of the p–A system. Furthermore, in order to calculate DVmD, the
most negative minima at the phenyl ring of each donor (VmD)
have been subtracted from the corresponding minima (VmD

0) of
the D–p–A system. Similarly, DVmS and DVmA have been calculated
by subtracting the Vm values at spacer and anchoring moieties of
the reference system (VmS and VmA) from the corresponding
minima (VmS

0 and VmA
0) of the D–p–A system.

From Table 1, it is clear that when a donor part is being
attached with a p–A system, the minimum potential of the
donor site (VmD

0) becomes less negative indicating the electron
transferring ability from the donor site to the p–A site. The term
DVmD in Table 1 represents the change that occurred on the
minimum potential at the donor site during the p–A linkage
which varies from 5.1 to 16.4 kcal mol�1 and indicates the
intramolecular charge transfer involved in the D–p–A system.
Furthermore, at the spacer site of the D–p–A system, electron
density gain is observed represented by negative DVmS which lies
in the range of �0.9 to �10.5 kcal mol�1. On the basis of DVmS,
the highest donating strength can be attributed to the D12,
while the least donating strength can be assigned for PAHs.

The VmA
0 values indicate that the minimum potential at the

anchor moiety, for example at the cyano group, shows signifi-
cant variations with respect to different donor units. The most
electron-donating donor is expected to show the most negative
VmA

0. For the application of DSSCs, the cyanoacrylic portion has
to be linked to the TiO2 semiconductor for efficient electron
transfer. By making the anchoring group electron-rich, efficient
electron transfer from the dye to TiO2 can occur. In other
words, the efficiency of the DSSC system can be directly related
to the electron-donating strength of the donor moieties. Due to
this reason, the change in MESP minimum that appeared on
the anchoring part (DVmA) has been considered as the donating
strength of the donor moiety. The PAHs (D1–D3) showed the
least negative value of DVmA (�2.7 to�3.8 kcal mol�1), indicating
their poor electron-donating strength. Furthermore, in the D4
system, a similar donating strength of �3.8 kcal mol�1 is
observed. In D5, the introduction of the N-centre imparts more
negative DVmA values (�5.7 kcal mol�1) than PAHs which
explains its better electron-donating strength compared to
polyacenes. In D6 and D7, the more planarized nitrogen centres
in the donor part impart a more negative DVmA value of
�7.2 kcal mol�1 and suggests its higher electron-donating
strength than D5. In the D8 system, the fused N-centre with
the aromatic ring further improves its planarization and leads to
more negative DVmA �9.2 kcal mol�1 than D5, D6, and D7. In
carbazole (D9), the N-lone pair is shared between two aromatic
rings through resonance, and as a result, the electron-donating
strength in terms of DVmA (�4.5 kcal mol�1) appears weaker
than those (D6–D8) having only one aromatic ring for sharing
an N-lone pair. In D10, the presence of sulfur slightly enhances
the negative value of DVmA to �5.0 kcal mol�1. Even though
there are three nitrogen centres in ullazine, it shows a donating
strength of �5.1 kcal mol�1 which can be attributed to the
influence of pyramidalized N,N-dimethyl groups in ullazine. In
D12, a more negative DVmA value of �11.0 kcal mol�1 can be
recognized with the +R effect of mostly planarized N,N-dimethyl
substituents. Finally, in D13 a more negative DVmA value
(�6.2 kcal mol�1) than that of PAHs has been observed due to
the interplay of the electron-rich nitrogen centre and the
electron-withdrawing carbonyl group. These results strongly
suggest that the incorporation of an electron-rich heteroatom
in the donor region can have a positive influence on the electronic
transmission to the acceptor moiety. On the basis of DVmA,

Fig. 3 MESP isosurface plot of (a) representative D–p–A system and
(b) reference system.

Table 1 Vm (kcal mol�1) of the D–p–A systems calculated at the B3LYP/
cc-pVDZ level

Systems VmD VmD
0 DVmD VmS VmS

0 DVmS VmA VmA
0 DVmA

D1 �14.4 �8.2 6.2 �2.4 �3.3 �0.9 �50.3 �53.0 �2.7
D2 �14.9 �9.8 5.1 �2.4 �3.3 �0.9 �50.3 �53.0 �2.6
D3 �14.4 �8.0 6.4 �2.4 �4.0 �1.6 �50.3 �54.2 �3.8
D4 �16.8 �7.8 9.0 �2.4 �4.3 �1.9 �50.3 �54.2 �3.8
D5 �15.6 �7.7 7.9 �2.4 �6.3 �3.9 �50.3 �56.0 �5.7
D6 �21.6 �9.3 12.3 �2.4 �8.0 �5.6 �50.3 �57.5 �7.2
D7 �23.5 �8.8 14.7 �2.4 �8.3 �5.9 �50.3 �57.5 �7.2
D8 �26.4 �10.0 16.4 �2.4 �10.8 �8.4 �50.3 �59.5 �9.2
D9 �19.5 �12.0 7.5 �2.4 �4.8 �2.4 �50.3 �54.8 �4.5
D10 �16.8 �9.4 7.4 �2.4 �5.3 �2.9 �50.3 �55.2 �4.9
D11 �21.3 �11.0 10.3 �2.4 �7.5 �5.1 �50.3 �55.4 �5.1
D12 �23.9 �14.1 9.8 �2.4 �12.9 �10.5 �50.3 �61.4 �11.0
D13 �11.0 �1.9 9.1 �2.4 �8.0 �5.6 �50.3 �56.5 �6.2
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the order of the donating strength of donor groups can be
written as D2 o D1 o D3 = D4 o D9 o D10 o D11 o D5 o
D13o D6 = D7o D8o D12. The julolidine based donor system
D8 and the N,N-dialkyl aniline incorporated D12 are the most
efficient among the studied systems.

Absorption spectra of donor and D–p–A systems

The absorption maxima of all the systems (donor and D–p–A)
along with oscillator strength (f) are summarized in Table 2. For
the assessment of the absorptional shift, Dlmax, the absorption
maximum of the D–p–A system was subtracted from the donor
system. For calculatingDlmax, HOMO- LUMO orbital transition
has been considered, except for D1. In D1, lmax is observed for
the HOMO�1 - LUMO transition, while its HOMO - LUMO
transition is nearly forbidden due to very small f values. The data
in Table 2 clearly suggest that the absorption maximum (lmax)
of D–p–A shifts significantly to a higher wavelength region
compared to donor D. Since in all systems we used the same
spacer and anchoring moiety (the p–A unit), their influence on
the absorptional shift (Dlmax) can be considered to be the same.
This implies that the large variation in Dlmax exhibited by the
D–p–A system is due to the variation in the donating strength of
donor moieties. For instance, among all donor moieties, D1 with
Dlmax 81 nm is the least donating while D12 with Dlmax 242 nm is
the most donating (Table 2). Furthermore, DVmA with Dlmax with
a correlation coefficient shows a linear correlation of 0.966
(Fig. 4) which shows the significance of the donating strength
of DVmA on Dlmax. In the linear correlation plot, D1 and D11
based D–p–A systems exhibit a slight deviation, which can be
attributed as their less intense ( f - 0.02–0.03) and nearly
forbidden HOMO - LUMO charge transfer character of the

orbital excitation. From these results the shift in absorption
maxima (Dlmax) follows the order D12 4 D8 4 D7 4 D6 4
D10 4 D5 4 D13 4 D9 4 D4 4 D3 4 D2 4 D11 4 D1,
preferably due to the nature of donor groups. Therefore, to
improve the wavelength of absorption to a preferred region (Vis
to NIR), its donating ability has to be tuned with the introduction
of better electron-donating donor groups (preferably more nitrogen
centres).

The frontier molecular orbital energy levels given in Fig. 5
show the HOMO–LUMO band gap features of D, D–p–A and p–A
systems (butadiene moieties linked with cyano acrylic acid).
The HOMO value (eh) of the D systems is in the range of
�4.66 to �5.70 eV, whereas that of the D–p–A system is in
the range of �4.96 to �5.89 eV. These data indicate the close
resemblance of the HOMO level of the D and D–p–A systems.
On the other hand, the LUMO energy level (el) of D shows a
large deviation from the el of the D–p–A system indicating clear

Table 2 Maximum absorption wavelength (nm), oscillator strength f, absorptional shift Dlmax and the percentage MO contribution of donor and D–p–A
systems at the TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

Donor D–p–A

Systems lmax f MO contribution lmax f MO contribution Dlmax

D1 320 0.52 H - L (93.2%) 401 2.21 H�1 - L (94.2%) 81
376 0.03 H - L (74.6%) 56

D2 306 0.03 H�1 - L (33.6%) 409 2.47 H - L (79.3%) 103
H - L (19.9%)
H - L+1 (39.5%)

300 0.23 H - L (68.5%) 109
D3 408 0.59 H - L (98.7%) 518 1.73 H - L (90.4%) 110
D4 300 0.78 H - L (97.0%) 434 2.21 H - L (88.6%) 134
D5 284 0.03 H - L (90.8%) 453 2.02 H - L (86.7%) 169

279 0.38 H - L+1 (98.8%) 174
D6 256 0.05 H - L (87.8%) 446 2.00 H - L (92.6%) 190

236 0.37 H - L+1 (91.7%) 210
D7 261 0.09 H - L (90.5%) 448 1.86 H - L (93.7%) 187

226 0.18 H - L+1 (90.0%) 222
D8 277 0.08 H - L (92.9%) 480 1.95 H - L (93.2%) 203

243 0.29 H - L+1 (92.9%) 237
D9 286 0.06 H - L (87.6%) 419 2.21 H - L (93.2%) 133

262 0.31 H�1 - L (84.2%) 157
D10 319 0.02 H - L (95.2%) 459 1.67 H - L (84.8%) 140

275 0.18 H - L+2 (84.6%) 184
D11 324 0.38 H - L (90.8%) 448 0.02 H - L (89.2%) 124

411 2.11 H�1 - L (73.6%) 87
D12 278 0.20 H - L (78.0%) 520 1.95 H - L (92.6%) 242
D13 334 0.64 H - L (95.3%) 503 1.99 H - L (89.3%) 169

Fig. 4 Correlation between the donating strength (DVmA) of the D–p–A
system and the change in absorption maxima (Dlmax).
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dissimilarity. In fact, el of D–p–A in the range of �2.52 to
�3.10 eV is very close to el �2.97 eV observed for p–A. Thus,
the data shown in Fig. 5 indicate that the HOMO of D–p–A is
more like the HOMO of the donor and its LUMO is more like that
of p–A. This feature is clearly evident in the frontier molecular
orbital diagram given in the D–p–A system for representative cases
(Fig. 6). HOMOs are more localized towards the donor region with
decreasing orbital contributions from the p–A system, while the
LUMO is mostly localized in the p–A region. D1–p–A is an
exception wherein HOMO�1 to the LUMO is the allowed transi-
tion and its HOMOhas a different p character, localized exclusively
on the pyrene ring. The data shown in Fig. 5 clearly suggest that
linking the donor system to the p–A unit is very effective for
reducing the band gap. For all cases, the HOMO level is tuned
towards the value of the I�/I3

� electrolyte couple while the LUMO
level appears closer to the conduction band (CB) of TiO2. The
HOMO and LUMO distribution and their energy levels suggest a
significant charge separation in the excited state leading to the
strong electron coupling of the dye with the TiO2 semiconductor
which promotes the electron transfer to the conduction band.94

In general, compared to D systems, the absorption maxima
of D–p–A systems show a significant red shift (Table 2) in the
range of 81–242 nm. In D1–p–A and D2–p–A, lmax is observed at

401 and 409 nm, respectively. The major electronic excitation of
pyrene incorporated D1–p–A is assigned to the transition of
HOMO�1 to the LUMO. The forbidden HOMO to LUMO
transition of D1–p–A can be changed to allow one by appropriate
substitution such as a substitution by the methyl group at the
first or second position (Table S2 and Fig. S2, ESI†). The D3–p–A
system showed a broad absorption coverage in the visible region
with lmax 518 nm corresponding to the HOMO–LUMO transition.
Among all, D3–p–A has the lowest HOMO–LUMO band gap of
2.26 eV (Fig. 5). The D4 in D4–p–A is more electron-donating than
a PAH moiety and it shows a smaller band gap of 2.71 eV
compared to D1 to D2 incorporated systems. Furthermore, in
nitrogen-containing D–p–A systems (D5–D13), the band gap
energy decreases to a greater extent by 2.31–2.75 eV for all except
D9–p–A (2.87 eV) than hydrocarbon systems. Among the
nitrogen-containing systems, D12–p–A showed the highest lmax

520 nm with a band gap of 2.39 eV while D11–p–A showed the
lowest band gap of 2.31 eV. The lmax value of D11–p–A observed
at 411 nm is due to the transition of HOMO�1 to LUMO. Among
them all, the HOMO energy level of D12–p–A appeared nearest
to the energy level of the redox electrolyte while its LUMO level
is 1.44 eV higher than the CB of TiO2. The LUMO energy levels of
all systems offer a favourable electron injection from the excited
state to the conduction band of TiO2 while HOMO energies
lower than the oxidation potential of the I�/I3

� electrolyte
(�4.8 eV) indicate effective dye regeneration. These results
support their effective utilization in the DSSC application. The
D3–p–A, D11–p–A and D12–p–A systems are among the lowest
band gap systems, desirable for harvesting more light in the
UV-visible region.

Analysis of photovoltaic parameters

According to Koopman’s theorem,95 the ground state oxidation
potential (Edyeox ) of a dye can be approximated as the negative HOMO
energy (�eh). Furthermore, the excited state dye regeneration

Fig. 5 Frontier molecular energy level diagram of D–p–A systems at the B3LYP/cc-pVDZ level.

Fig. 6 Frontier molecular orbitals of representative D–p–A systems at the
B3LYP/cc-pVDZ level.
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driving force (DGreg) can be approximated as (Edyeox � 4.8) eV or
(�(eh) � 4.8) eV where �4.8 eV stands for the redox potential of
the I�/I3

� electrolyte couple.22,96 The free energy change for
electron injection (DGinject) from the excited state of the dye to
the semiconductor53,97,98 is generally defined as,

DGinject = Edyeox * � 4.0 (2)

where Edyeox * is the excited state oxidation potential and �4.0 eV
stands for the conduction band (CB) edge of the TiO2

semiconductor.22,99 Assuming that the electron injection
occurs from the unrelaxed excited state, Edyeox * can be explained
as the difference between the ground state oxidation potential
of the dye and the vertical transition energy lmax,

96,97,100

Edyeox * = (�eh) � lmax (3)

Furthermore, the difference between the energy of the
LUMO (el) of the dye and the energy of the conduction band
edge of TiO2 is regarded as the open circuit voltage (eqn (4)).100

eVOC = el � (�4.0) (4)

In Table 3, the DGinject values fall in the range of �1.04 to
�1.94 eV, and the D11–p–A system with the most negative value
has the highest electron injection efficiency while D2 to D4
based D–p–A systems show the lowest efficiency. The smallest
DGreg value of 0.16 eV is observed for D12–p–A and suggests its
fastest dye regeneration efficiency. A good linear correlation
between DVmA and eVOC is observed for all the cases (Fig. 7)

suggesting that the electron accepting tendency of the acceptor
part is well reflected at the LUMO levels. Among all the systems,
julolidine based D8–p–A possesses the highest el value resulting
in the highest eVOC value of 1.48 eV. The second highest eVOC
value of 1.44 eV is observed for D12–p–A. The DVmA values suggest
that the electron donating ability of PAH moieties is the lowest
among all the donors and the corresponding D1 to D3 based
D–p–A systems show the lowest range of eVOC 0.90–1.01 eV.

Conclusions

Using MESP topographical analysis, the donating strength of
thirteen known (D1–D13) typically used donor systems in the
DSSC applications has been quantified. The red shift in the
absorption maximum (Dlmax) observed for the D–p–A systems
is rationalized in terms of the amount of electron donation
from the donor D moieties to the p–A system using the MESP
parameter DVmA. The highest electron donating strength DVmA

observed in D12–p–A shows the highest Dlmax and maximum
absorption wavelength lmax with a small band gap energy of
2.39 eV. In poor electron donating D1 and D2 based D–p–A
systems, the smallest Dlmax and lmax values are observed. A
linear correlation obtained between DVmA and Dlmax confirms
that Dlmax increases with an increase in DVmA. The frontier
molecular energy levels showed that the HOMO of the D–p–A
system has a greater resemblance to the HOMO of the donor,
whereas the LUMO has a greater resemblance to the LUMO of
p–A. Thus, the donor tunes the HOMO, while p–A tunes the
LUMO energy of the D–p–A system for efficient dye regeneration
and electron injection. Among all the systems, D12–p–A showed
the highest electron injection efficiency. Since eVOC is directly
proportional to the power conversion efficiency of the solar cell,
D8–p–A and D12–p–A having the highest eVOC can be regarded
as the most efficient sensitizers for DSSCs while the lowest eVOC
values displayed by the PAH based (D1–D3) D–p–A systems offer
poor efficiency. The linear correlation between DVmA and eVOC
shows that eVOC increases with an increase in the negative
character of DVmA and also proves that better sensitizers can
be developed by connecting a powerful electron donor to a p–A
system. One way to do this is by incorporating multiple lone pair

Table 3 Calculated vertical excitation energy, absorption maxima, oscillator strength f, HOMO LUMO energy, HOMO–LUMO energy gap (HLG), ground
and excited-state oxidation potentials (Edyeox and Edyeox *), free energy change for electron injection (DGinject), dye regeneration driving force (DGreg), and the
open circuit voltage (eVOC) of D–p–A systems at the TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

Systems Excitation energy (eV) labsmax (nm) f HOMO (eV) LUMO (eV) HLG (eV) Edyeox (eV) Edyeox * (eV) DGinject (eV) DGreg (eV) (eVOC) (eV)

D1 3.09 401 2.22 �5.88 �2.99 2.89 5.88 2.79 �1.21 1.08 1.01
D2 3.03 409 2.47 �5.89 �3.00 2.89 5.89 2.86 �1.14 1.09 1.00
D3 2.39 518 1.73 �5.35 �3.10 2.26 5.35 2.96 �1.04 0.55 0.90
D4 2.86 434 2.21 �5.70 �2.98 2.71 5.70 2.84 �1.16 0.90 1.02
D5 2.73 453 2.02 �5.37 �2.79 2.58 5.37 2.64 �1.36 0.57 1.21
D6 2.78 446 2.00 �5.42 �2.68 2.74 5.42 2.64 �1.36 0.62 1.32
D7 2.59 448 1.95 �5.40 �2.65 2.75 5.40 2.81 �1.19 0.60 1.35
D8 2.77 480 1.86 �5.12 �2.52 2.60 5.12 2.35 �1.65 0.32 1.48
D9 2.96 419 2.21 �5.78 �2.91 2.87 5.78 2.82 �1.18 0.98 1.09
D10 2.70 459 1.67 �5.28 �2.84 2.44 5.28 2.58 �1.42 0.48 1.16
D11 3.01 411 2.11 �5.07 �2.76 2.31 5.07 2.06 �1.94 0.27 1.24
D12 2.39 520 1.95 �4.96 �2.56 2.39 4.96 2.57 �1.43 0.16 1.44
D13 2.46 503 1.99 �5.35 �2.87 2.49 5.35 2.89 �1.11 0.55 1.13

Fig. 7 Correlation between DVmA (kcal mol�1) and eVOC (eV).
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bearing nitrogen centres in donors. Thus, the MESP approach
offers an easy analysis tool for the quantification of the donating
strength of D–p–A systems in DSSC applications.
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Tuning the donating strength of dye sensitizers
using molecular electrostatic potential analysis†

Velayudhan V. Divyaab and Cherumuttathu H. Suresh *ab

Donor–p–acceptor (D–p–A) systems typically used in dye-sensitized solar cells (DSSC) have been

studied for assessing the donating strength of six donors (D1–D6) under the influence of substituents

such as CH3, C5H11, isopropyl, t-butyl, OH, OCH3, OC2H5, NH2, N(CH3)2, PhCH3, and PhNH2 along with

p-spacer butadiene and acceptor moiety cyanoacrylic acid. The substituent effect enhances electron

donation from D to A through the p-spacer. The enhancement in electron density at A has been quanti-

fied in terms of the difference in the molecular electrostatic potential (MESP) minimum at the cyano

nitrogen (DVmA) between p–A and D–p–A. For unsubstituted D–p–A systems, DVmA is in the range �0.1

to �5.7 kcal mol�1, whereas the substitution enhances the negative character of DVmA in the range �0.8

to �8.0 kcal mol�1. In alkyls and Ph–CH3 substituted D–p–A systems, DVmA lies in the range �0.8 to

�6.7 kcal mol�1, whereas the N(CH3)2 substituted systems exhibit more negative DVmA (more enhanced

donating strength) in the range �5.1 to �8.0 kcal mol�1. The more negative value of DVmA implies the

greater electron-donating ability of the D�p�A system. Optical and photovoltaic parameters (DGreg,

DGinject, eVOC) are analyzed at the TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level of DFT. An

excellent linear correlation is observed in all six sets between DVmA and the absorption maximum (lmax)

showing that lmax increases with enhanced donating strength. The higher absorption maximum obtained

by N(CH3)2 substituted D–p–A systems lies in the range 430 nm to 490 nm, explaining the outstanding

donating ability of N(CH3)2 compared to other substituents. The reduced highest occupied molecular

orbital (HOMO) – lowest unoccupied molecular orbital (LUMO) gap (from 3.14 to 2.17 eV) with enhanced

donating strength confirms the influence of substituent effects in broadening the absorption maximum.

Furthermore, in photovoltaic parameters, a strong influence of the substituent effect is observed.

The N(CH3)2 substituted D1–p–A (D1–N(CH3)2) exhibits the highest eVOC (1.38 eV). The strong linear cor-

relation observed for the ground state property DVmA and open-circuit voltage eVOC provides guidelines

for developing an effective strategy for designing dye sensitizers for desirable photovoltaic applications.

Introduction

Over the past 30 years, dye-sensitized solar cells (DSSCs) and
their structural modification have become an emerging
research area in the field of photovoltaics.1–3 DSSCs are con-
sidered as the most inventive candidate for the next generation
of clean renewable sources due to their easier structure mod-
ification, simple synthetic strategy, large absorption coefficient,
and low production cost.1,4–7 Nonetheless, the performance of
DSSC is still in a bottleneck due to their lower power conversion
efficiency (PCE) than the conventional silicon-based solar cells
due to the inherent voltage loss during the dye regeneration

and poor long term stability.8 In order to improve the PCE over
conventional silicon-based solar cells, extensive research efforts
like modification on electrolytes, semiconductors, and sensiti-
zers have been executed and result in the development of new
and efficient dye sensitizers.3,5,9–21 Among the DSSCs, the Ru
based sensitizers achieved the best PCE of 11%, which attains a
comparable PCE to a silicon-based solar cell.5,22,23 But due to
the scarce resources and highly expensive nature of Ru metal,
its practical application is limited, and more research efforts
have resulted in the development of Ru-free organic
sensitizers.6,11,24 However, the major challenge of organic solar
cells is the enhancement of PCE, durability, and stability to
compete with silicon-based solar cells. One of the key strategies
for the synthesis of Ru free sensitizers is the designing of the
D–p–A architecture, which enables efficient electron transfer
from a donor (D) to the acceptor (A) through a spacer (p).25,26

From the literature, it is understood that for the design of
highly efficient photosensitizers, different kinds of building
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blocks such as donors,27–35 spacers,36–41 and anchoring
units42–46 are required in the D–p–A architecture to tune the
electronic structure of the synthesized product. The fine-tuning
of the HOMO–LUMO (highest occupied molecular orbital –
lowest unoccupied molecular orbital) energy levels of a photo-
sensitizer is often achieved by adjusting the substituent effect
on the donor by the incorporation of electron-donating/with-
drawing groups. In most of the cases, the electron-donating
groups on the donor moiety act as substituents and they have a
profound impact on the electronic structure and efficiency of
the desired dye sensitizer.6,47–49 A priori knowledge on the
donating strength of the donor can become helpful for the
prediction of the PCE of the designed/synthesized system. A
quantitative/mathematical comparison of donating strength of
the typically used donors is lacking in the literature.

Here we have selected six different donor systems (D1–D6),
substituted with electron-donating groups such as CH3, C5H11,
isopropyl, t-butyl, OH, OCH3, O-C2H5, NH2, N(CH3)2, N(C2H5)2,
Ph-CH3, and Ph-NH2 to evaluate the donating strength on a p–A
system made up of a butadiene p-spacer and cyanoacrylic acid
(Fig. 1). According to our previous study, the butadiene spacer
is rated as having the highest substituent effect transmitting
power compared to triple bonded, aromatic, and hetero-
aromatic conjugated systems.50 Hence this moiety is employed
in the study as a p-spacer for effective intramolecular charge
transfer (ICT) and cyanoacrylic acid is used as an acceptor (A).
The molecular electrostatic potential (MESP) topographical
analysis is used as a tool to measure the electronic effect of
the substituted D on the acceptor A. MESP is a well-established
tool for deriving many structure–property relationships for
chemical and biological systems.51–57 According to Scrocco,
Tomasi, and coworkers, theMESP describes the charge distribution
around a molecule and the regions with more negative MESP
indicate the more electron-dense region of that system.58,59

Suresh and coworkers widely used MESP for the quantification

of the substituent effect,60 inductive effect,61 resonance effect,62

trans influence,63 cation p-interaction,64 etc. In a recent study, we
have shown that MESP analysis is very useful for assessing the
donating strength of D in the D–p–A system.65 MESP becomes a
new theoretical tool for predicting the feasibility of organic
electrode materials for lithium-ion batteries,66 explained by
Shang, Chen, and co-workers. The wide range of applications
in various fields supports the validity of MESP based studies for
analyzing the photovoltaic properties of dye-sensitized solar
cells. The present study focuses on the substituent effect in tuning
various ground state electronic and photovoltaic properties of
D–p–A systems for solar cell applications.

Theoretical background and
computational methodology

The three key parameters involved in the calculations of power
conversion efficiency (Z) of a solar cell include open-circuit
voltage (VOC), short-circuit current density ( JSC), and the fill
factor (FF). Thus, as compared to incident solar power on the
cell (Pinc), the Z can be calculated as67

Z ¼ FF
VOCJSC

Pinc
(1)

In the above equation, JSC is related to the interaction
between a sensitizer and semiconductor. In DSSCs, JSC is
calculated as39,40,68–70

JSC ¼
ð
l
LHE lð ÞfinjectZcollect dl (2)

From the above equation, it is clear that JSC is related to the
light-harvesting efficiency (LHE) and electron injection effi-
ciency finject.

i.e., LHE = 1–10�f, where f represents the oscillator strength
of the adsorbed dye molecule.71

Furthermore, the electron injection efficiency finject is related
to electron injection-free energy change (DGinject), and the
enhancement in the JSC can be carried out by the improvement
of DGinject. Since electron injection takes place from the excited
state of the dye to the conduction band of TiO2, DGinject can be
calculated as follows.71–73

DGinject = Edye* � |ECB| (3)

where Edye* is the excited state oxidation potential and ECB is
the energy of the conduction band edge of the TiO2 semi-
conductor. The negative DGinject values indicate that free energy
change is spontaneous. It is well known that the conduction band
(CB) of semiconductors is sensitive to conditions (e.g. pH of the
solution) and it is very difficult to determine experimentally.
Hence in this study, we used a widely accepted value of
�4.00 eV (an experimental value where the semiconductor is in
contact with aqueous redox electrolytes of fixed pH 7.0) for
doing the calculations.74 For calculating Edye*, it is assumed that
electron injection occurs from the unrelaxed excited state and
Edye* can be written as39,72

Fig. 1 Chemdraw diagram of the D–p–A system (top) and the donors
D1–D6. The R substituents are CH3, C5H11, isopropyl, t-butyl, OH, OCH3,
O-C2H5, NH2, N(CH3)2, Ph-CH3, and Ph-NH2. The bond shown in red
colour indicates the connecting position of D with p–A.
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Edye* = Edye � lmax (4)

where Edye is the ground state oxidation potential of the dye and
lmax is the vertical transition energy. According to Koopman’s
theorem, the ground state oxidation potential can be calculated
as negative HOMO energy,75 and this approximation has been
giving good agreement with experimental results.76

The excited state dye regeneration can be predicted from the
ground state oxidation potential as follows.77

DGreg = Edye � 4.8 eV (5)

Thus from eqn (2)–(4), it is clear that JSC will increase with
the enhancement of light-harvesting efficiency and DGinject.

Theoretically, the open-circuit voltage can be approximated
as the difference between the energy of the LUMO of the dye
and the energy of the conduction band edge of TiO2.

78

eVOC = ELUMO � ECB (6)

Thus, the overall efficiency Z of a solar cell can be enhanced
by the improvement in JSC, eVOC and FF values. (Since FF can be
calculated from current–voltage characteristics, it is beyond the
scope of this study).

For the ground state geometry optimization of the D–p–A
systems, the widely utilized B3LYP density functional theory
(DFT) method79 with the cc-pVDZ basis set65,80,81 has been
considered. Vibrational frequency calculation was also carried
out at the same level of theory and basis set, and confirms that
there are no imaginary frequencies. Absorption maxima and
vertical excitation energies for the first seven states are calcu-
lated using time-dependent DFT at the CAM-B3LYP/SMD/
cc-pVDZ//B3LYP/cc-pVDZ level.82,83 Here SMD stands for the
incorporation of the solvation effect of dichloromethane in the
self-consistent reaction field (SCRF) approach84 as implemented
in the Gaussian16 suite of programmes.85 The dependency of
bond localization of single and double bonds in the ground state
on the excited state properties has been analyzed using bond
length alteration index (BLA).86,87 The BLA index for the unsub-
stituted D1 to D6–p–A systems are calculated with B3LYP and
CAM-B3LYP geometries (Table S1 and Fig. S2, ESI†). For all a
positive BLA index has been observed and larger BLA index has
been observed with CAM-B3LYP. This indicates that carbon–
carbon single and double bonds are more localized with
CAM-B3LYP than B3LYP. Also, the BLA index for the S1 state
of a representative set of TPA systems has been calculated with
CAM-B3LYP (Table S2, ESI†). The reduced BLA index for S1 than
the S0 state indicates the delocalized nature of the system and
also supports the ICT transfer involved in D–p–A systems.
Previously, Gonzáles et al. noted that B3LYP fails to predict the
excitation energies due to its intrinsic problems in describing
charge transfer (CT) states whereas the long-range correction on
them using CAM delivers good agreement with the experimental
UV/vis absorption.87 They also observed that excited state properties
are highly dependent on the localization of single and double
bonds in the ground state structure which can be quantified in
terms of the BLA index. Our previous study also showed that the
calculated absorption maximum of known D–p–A systems at the

CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level of theory agrees
well with the experimental absorption maximum.65 The MESP, V(r)
as defined in eqn (1) has been evaluated using the electron density
r(r0) computed at the B3LYP/cc-pVDZ level.

VðrÞ ¼
XN
A

ZA

jr� RAj
�
ð
rðr0Þdr0

jr� r0j

The N in eqn (1) is the total number of nuclei present in the
molecular system, ZA is the charge on the nucleus A at a
distance RA and r0 is a dummy integration variable.52,53 All
calculations have been carried out using the Gaussian 16
program package.85

MESP analysis

The MESP plot of two representative donors (D1 and D4) and
their corresponding D–p–A systems (unsubstituted) are shown
in Fig. 2 along with the respective MESP minimum (Vm) at
various sites.

In donor systems, VmD0 represents Vm of the donor. For
example, VmD0 of benzene (D1) and carbazole (D4) are �16.6
and �19.5 kcal mol�1 (Fig. 2). In D–p–A systems, VmD and VmS

represent the MESP minimum at the donor and spacer (nearer
to D), respectively while Vm(OH), Vm(CO), and VmA represent the
MESP minimum at the lone pair regions of OH, CO and CN of
the acceptor moiety, respectively. Previous studies by Suresh
and Gadre et al. have shown that lone pair regions in molecules
can be characterized using MESP topographical analysis.88 The

Fig. 2 MESP isosurfaces at various sites of the (a) reference system, (b) D1 and
D1–p–A system, and (c) D4 and D4–p–A system. Vm values are in kcal mol�1.
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Table 1 Vm (kcal mol�1) at various sites of D–p–A systems calculated at B3LYP/cc-pVDZ levels

D moiety D–p–A system VmD0 VmD VmS Vm(OH) Vm(CO) VmA DVmD DVmS DVm(OH) DVm(CO) DVmA

(a)
Benzene D1 �16.6 �6.1 �2.6 �31.8 �38.9 �52.8 10.5 �0.2 �2.9 �2.9 �2.5

D1–CH3 �18.1 �6.5 �3.8 �32.7 �39.9 �53.8 11.5 �1.4 �3.9 �3.9 �3.5
D1–C5H11 �18.7 �7.2 �4.3 �33.1 �40.1 �54.2 11.5 �1.9 �4.3 �4.1 �3.8
D1–isopropyl �17.9 �6.7 �3.8 �32.9 �39.9 �53.8 11.2 �1.4 �4.1 �3.9 �3.5
D1-t-but �18.1 �6.9 �4.0 �32.9 �40.0 �53.9 11.2 �1.6 �4.1 �4.0 �3.6
D1–OH �17.9 �5.0 �4.3 �33.8 �40.9 �54.5 12.9 �1.9 �5.0 �4.8 �4.2
D1–OCH3 �18.8 �6.0 �5.0 �34.3 �41.4 �54.8 12.8 �2.6 �5.5 �5.4 �4.5
D1–OC2H5 �19.3 �6.5 �5.3 �34.5 �41.6 �55.3 12.7 �2.9 �5.6 �5.6 �5.0
D1–NH2 �23.1 �8.6 �7.6 �36.4 �43.7 �57.1 14.5 �5.2 �7.6 �7.7 �6.8
D1–N(CH3)2 �24.0 �9.1 �9.0 �37.7 �45.1 �58.4 14.9 �6.7 �8.8 �9.0 �8.0
D1–PhCH3 �16.7 �7.0 �3.7 �32.8 �39.8 �53.5 9.7 �1.3 �4.0 �3.8 �3.2
D1–PhNH2 �19.7 �9.5 �5.9 �34.5 �41.7 �55.0 10.2 �3.5 �5.6 �5.6 �4.7

Pyrene D2 �14.4 �8.2 �3.3 �32.0 �39.3 �53.0 6.2 �0.9 �3.2 �3.3 �2.7
D2–CH3 �15.4 �8.7 �4.0 �32.6 �39.8 �53.7 6.7 �1.6 �3.8 �3.8 �3.3
D2–C5H11 �15.8 �9.2 �4.2 �32.8 �40.0 �53.9 6.7 �1.8 �4.0 �4.0 �3.6
D2–isopropyl �15.3 �8.8 �4.0 �32.4 �39.7 �53.7 6.5 �1.6 �3.6 �3.7 �3.4
D2-t-but �15.5 �8.9 �4.1 �32.4 �39.8 �53.8 6.6 �1.7 �3.6 �3.8 �3.5
D2–OH �15.2 �8.2 �4.0 �32.8 �39.9 �53.7 7.0 �1.6 �4.0 �3.9 �3.4
D2–OCH3 �15.9 �8.8 �4.5 �32.9 �40.2 �54.2 7.1 �2.1 �4.1 �4.1 �3.8
D2–OC2H5 �16.3 �9.2 �4.6 �33.3 �40.5 �54.3 7.1 �2.3 �4.5 �4.5 �4.0
D2–NH2 �18.1 �11.0 �5.8 �34.1 �41.2 �54.7 7.2 �3.4 �5.3 �5.2 �4.4
D2–N(CH3)2 �18.9 �11.5 �6.7 �34.7 �42.1 �55.8 7.3 �4.3 �5.9 �6.1 �5.5
D2–PhCH3 �14.7 �8.6 �3.8 �32.6 �39.7 �53.7 6.1 �1.4 �3.8 �3.7 �3.3
D2–PhNH2 �16.7 �10.7 �5.0 �33.4 �40.6 �54.5 6.0 �2.6 �4.6 �4.6 �4.1

TPA D3 �15.6 �7.7 �6.3 �35.6 �42.5 �56.0 7.9 �3.9 �6.8 �6.5 �5.7
D3–CH3 �16.5 �8.3 �6.9 �36.0 �43.2 �56.7 8.2 �4.5 �7.2 �7.2 �6.3
D3–C5H11 �16.8 �8.7 �7.2 �36.0 �43.3 �57.0 8.2 �4.8 �7.2 �7.3 �6.7
D3-isopropyl �16.4 �8.3 �6.8 �35.8 �43.1 �56.6 8.1 �4.5 �7.0 �7.1 �6.3
D3-t-but �16.4 �8.3 �6.9 �36.1 �43.1 �56.4 8.2 �4.5 �7.3 �7.1 �6.0
D3–OH �17.5 �8.2 �7.5 �36.3 �43.5 �57.2 9.3 �5.1 �7.5 �7.5 �6.8
D3–OCH3 �17.9 �8.7 �7.7 �36.6 �43.7 �57.2 9.2 �5.3 �7.8 �7.7 �6.9
D3–OC2H5 �18.1 �8.9 �7.8 �36.7 �43.9 �57.4 9.2 �5.5 �7.9 �7.9 �7.1
D3–NH2 �19.4 �10.2 �8.7 �37.3 �44.5 �58.1 9.2 �6.3 �8.5 �8.5 �7.8
D3–N(CH3)2 �20.0 �11.0 �9.2 �37.7 �44.8 �58.3 9.0 �6.8 �8.9 �8.8 �8.0
D3–PhCH3 �15.3 �7.8 �6.4 �35.6 �42.7 �56.3 7.5 �4.0 �6.8 �6.7 �6.0
D3–PhNH2 �17.4 �9.7 �7.5 �36.3 �43.5 �57.2 7.7 �5.1 �7.5 �7.5 �6.8

(b)
Carbazole D4 �19.5 �12.0 �4.8 �33.6 �40.6 �54.8 7.5 �2.4 �4.8 �4.6 �4.5

D4–CH3 �20.6 �12.3 �5.6 �34.2 �41.3 �55.3 8.3 �3.2 �5.4 �5.3 �5.0
D4–C5H11 �21.0 �12.7 �5.9 �34.3 �41.4 �55.5 8.3 �3.5 �5.5 �5.3 �5.1
D4–isopropyl �20.3 �12.2 �5.5 �34.0 �41.0 �55.1 8.1 �3.1 �5.2 �5.0 �4.8
D4-t-but �20.4 �12.4 �5.5 �34.1 �41.1 �54.9 8.0 �3.1 �5.3 �5.1 �4.6
D4–OH �21.0 �11.4 �6.0 �34.8 �41.5 �55.7 9.6 �3.6 �6.0 �5.5 �5.4
D4–OCH3 �21.6 �12.0 �6.5 �35.1 �42.0 �56.0 9.5 �4.1 �6.3 �6.0 �5.7
D4–OC2H5 �21.8 �12.4 �6.7 �35.1 �42.1 �55.8 9.4 �4.3 �6.3 �6.1 �5.5
D4–NH2 �23.6 �14.5 �7.9 �36.0 �43.2 �57.0 9.1 �5.5 �7.2 �7.2 �6.7
D4–N(CH3)2 �24.6 �14.7 �8.8 �36.8 �43.7 �57.5 9.9 �6.5 �8.0 �7.7 �7.2
D4–PhCH3 �19.5 �12.2 �5.2 �33.9 �41.0 �55.0 7.2 �2.8 �5.1 �5.0 �4.6
D4–PhNH2 �21.8 �14.6 �6.5 �34.9 �42.0 �55.7 7.2 �4.1 �6.1 �6.0 �5.4

Phenothiazine D5 �16.8 �9.4 �5.3 �34.6 �41.7 �55.2 7.4 �2.9 �5.8 �5.6 �4.9
D5–CH3 �17.6 �9.0 �5.8 �34.7 �42.2 �55.7 8.6 �3.5 �5.9 �6.1 �5.4
D5–C5H11 �17.9 �9.5 �6.1 �35.2 �42.5 �55.8 8.4 �3.8 �6.4 �6.5 �5.5
D5–isopropyl �17.5 �9.0 �5.9 �35.0 �42.3 �55.3 8.5 �3.5 �6.2 �6.3 �5.0
D5-t-but �17.6 �9.0 �6.0 �35.1 �42.4 �55.7 8.6 �3.6 �6.3 �6.3 �5.4
D5–OH �18.1 �7.2 �6.3 �35.4 �42.9 �56.1 10.9 �4.0 �6.6 �6.8 �5.8
D5–OCH3 �18.4 �9.4 �6.7 �35.5 �42.7 �56.2 9.0 �4.3 �6.7 �6.7 �5.9
D5–OC2H5 �18.6 �9.8 �6.7 �35.7 �43.1 �56.5 8.8 �4.3 �6.9 �7.1 �6.1
D5–NH2 �19.5 �11.4 �7.3 �36.1 �43.4 �56.9 8.2 �5.0 �7.3 �7.4 �6.5
D5–N(CH3)2 �20.6 �12.4 �8.2 �36.6 �44.1 �57.5 8.3 �5.8 �7.8 �8.1 �7.2
D5–PhCH3 �16.7 �9.0 �5.5 �34.8 �42.0 �55.5 7.7 �3.1 �6.0 �6.0 �5.1
D5–PhNH2 �18.2 �11.2 �6.6 �35.4 �42.9 �56.2 7.0 �4.2 �6.6 �6.8 �5.9

Coumarin D6 �5.7 �0.1 0.0 �30.1 �37.8 �50.5 5.6 2.4 �1.3 �1.8 �0.2
D6–CH3 �6.5 �0.4 �1.2 �31.0 �38.7 �51.3 6.1 1.2 �2.2 �2.7 �0.9
D6–C5H11 �7.2 �1.1 �1.6 �31.2 �39.0 �51.8 6.1 0.8 �2.4 �3.0 �1.5
D6–isopropyl �6.7 �0.6 �1.2 �30.7 �38.7 �51.1 6.0 1.2 �1.9 �2.7 �0.8
D6-t-but �6.9 �0.9 �1.4 �31.2 �38.9 �51.3 6.0 0.9 �2.4 �2.9 �1.0
D6–OH �6.1 � �1.9 �31.8 �39.5 �52.3 6.1 0.5 �3.0 �3.5 �1.9
D6–OCH3 �7.0 �0.1 �2.6 �32.1 �40.0 �52.6 7.0 �0.2 �3.3 �4.0 �2.3
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MESP minimum observed at the CN unit of p–A is considered
as a reference value, VmA0 (Fig. 2a) (�50.3 kcal mol�1) to
monitor the changes observed at this minimum due to the
incorporation of D to p–A. One could also consider the MESP
minimum Vm(OH)0 or Vm(CO)0 of p–A as a reference point similar
to VmA0 because in general the trends observed for these
quantities show a parallel behavior. Here VmA0 is selected as
the reference point on the basis of its most negative character
compared to all other minima.

In Table 1a and b, Vm of D–p–A systems at various sites viz.
donor (VmD), spacer (VmS) and acceptor (Vm(OH), Vm(CO) and VmA)
are reported along with VmD’. The unsubstituted D–p–A systems
are denoted as D1, D2, D3, D4, D5, and D6, and the substituents
attached at D1–D6 are represented as D1–CH3, D1–C5H11, D2–
CH3, D2–C5H11, etc. The quantities DVmD, DVmS, DVm(OH),
DVm(CO), and DVmA represent the change in Vm at the respective

sites with the attachment of p–A to D. DVmD has been calculated
by subtracting the Vm observed at the donor (VmD’) from the
respective Vm observed at the D site of D–p–A (VmD). Likewise
DVmS, DVm(OH), DVm(CO), and DVmA are estimated by subtracting
the respective Vm at p–A viz. VmS0,Vm(OH0), Vm(CO0) and VmA0 (Fig. 2)
from the corresponding values at D–p–A (VmS, Vm(OH), Vm(CO) and
VmA) (Table 1a and b).

The data in Table 1a and b show that the VmD of the D–p–A
system is always less negative than the VmD0 of the donor D.
For various donor systems, DVmD lies in the range 5.6 to
14.9 kcal mol�1 which clearly suggests that the D site of the
D–p–A system becomes electron deficient compared to a nor-
mal D. The electron deficiency at D can be attributed to ICT of
electrons from D to the p–A region which implies that Vm at
the acceptor sites of D–p–A becomes more negative compared
to p–A and as a result always negative values are observed for

Table 1 (continued )

D moiety D–p–A system VmD0 VmD VmS Vm(OH) Vm(CO) VmA DVmD DVmS DVm(OH) DVm(CO) DVmA

D6–OC2H5 �7.5 �0.4 �2.9 �32.3 �40.2 �52.5 7.0 �0.6 �3.5 �4.2 �2.2
D6–NH2 �10.4 �2.1 �5.0 �33.9 �41.8 �54.3 8.3 �2.6 �5.1 �5.8 �4.0
D6–N(CH3)2 �11.3 �2.6 �6.3 �35.0 �43.0 �55.5 8.7 �4.0 �6.2 �7.0 �5.1
D6–PhCH3 �7.2 �1.6 �1.6 �31.2 �38.8 �51.5 5.6 0.8 �2.4 �2.8 �1.2
D6–PhNH2 �10.2 �4.2 �3.6 �32.8 �40.6 �53.2 6.0 �1.2 �4.0 �4.6 �2.8

Fig. 3 Correlation between MESP parameters DVmS, DVm(OH), DVm(CO), and DVmA.
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DVm(OH), DVm(CO), and DVmA. For example, when p–A changes to
D1–p–A, Vm at the cyano region turns out to be more negative
(VmA = �52.8 kcal mol�1) than the respective Vm on the
reference system (p–A), VmA’ (�50.3 kcal mol�1). A similar trend
in VmA is observed for all the remaining systems. Also compared
to p–A, the p-spacer region of D–p–A shows more negative
character for VmS in all cases except some of the coumarin-
based systems. Among the donors, the VmD value is the least
negative for coumarin systems, which can be attributed to the
presence of an electron withdrawing carbonyl group in it. The
quantities DVmS, DVm(OH), DVm(CO) and DVmA show a parallel
trend as shown in the correlation plots given in Fig. 3a–c. This
suggests that any of these quantities can be used as a parameter
to measure the donating strength of donor moieties to a
common acceptor. Here DVmA (for the CN group) is selected
for this purpose. It may be noted that variation in DVmD is not
similar to DVmA (Fig. S3, ESI†) because it accounts for the
property of various donors whereas DVmA accounts for the
accepting ability of a CN unit from various donors.

In Table 1a and b, the lower DVmA in the range �0.2 to
�5.1 kcal mol�1 have been attained by coumarin-based D–p–A

systems which can be attributed to the presence of an electron-
withdrawing CO group in the donor site. In benzene and pyrene
based systems, the strong conjugation feature in donors
increases the negative character of the DVmA values (�2.5 to
�8.0 kcal mol�1) leading to better-donating strength than
coumarin systems.

In carbazole and phenothiazine systems, the charge transfer
to the acceptor is enhanced (DVmA �4.5 to �7.2 kcal mol�1) due
to donation from hetero atoms viz. nitrogen and sulphur.
Among all, the TPA based systems have the highest electron-
donating strength (�5.7 to �8.0 kcal mol�1).

Substituents at the donor region can be utilized for tuning the
electron-donating strength of the donor. For instance, alkyl sub-
stituents viz. CH3, C5H11, isopropyl, and t-butyl at the donor unit
enhance the electron-donating strength of all the corresponding
substituted D–p–A systems by a +I inductive effect. The substitu-
ents bearing lone pairs such as OH, OCH3, NH2, and N(CH3)2
improve the electron density of the donor unit, resulting in better
electron-donating power than alkyl substituents (DVmA in the
range �3.4 to �8.0 kcal mol�1) +R resonance effect. Among all,
N(CH3)2 substituted benzene and TPA based D–p–A systems show

Table 2 HOMO, LUMO and HOMO–LUMO energy gap (HLG) (in eV) observed for the ground state at the B3LYP/cc-pVDZ level and absorption
maximum lmax (nm), and oscillator strength (f) at the CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

D–p–A system HOMO LUMO HLG lmax f D–p–A system HOMO LUMO HLG lmax f

Benzene Pyrene
D1 �6.13 �2.99 3.14 388 1.74 D2 �5.88 �2.99 2.89 401 2.22
D1–CH3 �6.01 �2.92 3.08 396 1.82 D2–CH3 �5.84 �2.95 2.89 404 2.27
D1–C5H11 �5.97 �2.90 3.07 398 1.86 D2–C5H11 �5.81 �2.94 2.87 404 2.32
D1–isopropyl �6.01 �2.92 3.08 396 1.86 D2-isopropyl �5.83 �2.95 2.88 404 2.30
D1-t-but �6.00 �2.92 3.08 397 1.89 D2-t-but �5.82 �2.95 2.87 404 2.33
D1–OH �5.84 �2.85 2.99 408 1.78 D2–OH �5.85 �2.94 2.91 409 2.19
D1–OCH3 �5.79 �2.83 2.97 412 1.81 D2–OCH3 �5.79 �2.92 2.87 410 2.20
D1–OC2H5 �5.77 �2.81 2.96 413 1.84 D2–OC2H5 �5.77 �2.91 2.86 410 2.23
D1–NH2 �5.53 �2.69 2.84 434 1.85 D2–NH2 �5.62 �2.86 2.76 419 2.20
D1–N(CH3)2 �5.34 �2.62 2.72 457 1.94 D2–N(CH3)2 �5.39 �2.81 2.58 430 2.21
D1–PhCH3 �5.89 �2.96 2.93 410 2.15 D2–PhCH3 �5.86 �2.97 2.89 406 2.49
D1–PhNH2 �5.52 �2.86 2.66 428 2.17 D2–PhNH2 �5.53 �2.91 2.62 411 2.53
TPA Carbazole
D3 �5.37 �2.79 2.58 453 2.02 D4 �5.78 �2.91 2.87 419 2.21
D3–CH3 �5.31 �2.76 2.55 457 2.03 D4–CH3 �5.69 �2.87 2.83 424 2.27
D3–C5H11 �5.29 �2.75 2.55 458 2.06 D4–C5H11 �5.67 �2.85 2.82 425 2.31
D3-isopropyl �5.31 �2.76 2.55 457 2.03 D4-isopropyl �5.71 �2.88 2.83 424 2.30
D3-t-but �5.31 �2.76 2.55 457 2.02 D4-t-but �5.70 �2.87 2.83 424 2.31
D3–OH �5.26 �2.73 2.53 460 2.02 D4–OH �5.58 �2.84 2.74 432 2.22
D3–OCH3 �5.24 �2.72 2.52 461 2.03 D4–OCH3 �5.54 �2.82 2.72 433 2.27
D3–OC2H5 �5.23 �2.71 2.51 461 2.03 D4–OC2H5 �5.52 �2.81 2.71 434 2.29
D3–NH2 �5.13 �2.67 2.46 468 2.00 D4–NH2 �5.33 �2.75 2.58 447 2.23
D3–N(CH3)2 �5.03 �2.65 2.38 472 2.00 D4–N(CH3)2 �5.14 �2.71 2.44 461 2.26
D3–PhCH3 �5.31 �2.78 2.52 457 2.12 D4–PhCH3 �5.66 �2.90 2.76 427 2.53
D3–PhNH2 �5.17 �2.73 2.44 460 2.12 D4–PhNH2 �5.37 �2.83 2.53 433 2.57
Phenothiazine Coumarin
D5 �5.28 �2.84 2.44 459 1.67 D6 �6.19 �3.34 2.85 424 1.71
D5–CH3 �5.22 �2.81 2.41 464 1.69 D6–CH3 �6.09 �3.26 2.82 431 1.78
D5–C5H11 �5.20 �2.80 2.40 464 1.72 D6–C5H11 �6.07 �3.25 2.82 431 1.84
D5-isopropyl �5.21 �2.81 2.40 465 1.68 D6-isopropyl �6.09 �3.27 2.82 431 1.83
D5-t-but �5.22 �2.81 2.40 464 1.71 D6-t-but �6.07 �3.25 2.82 432 1.84
D5–OH �5.15 �2.79 2.36 469 1.66 D6–OH �5.98 �3.20 2.78 439 1.77
D5–OCH3 �5.14 �2.78 2.36 469 1.70 D6–OCH3 �5.94 �3.18 2.76 442 1.82
D5–OC2H5 �5.12 �2.77 2.35 470 1.71 D6–OC2H5 �5.92 �3.16 2.76 443 1.85
D5–NH2 �4.99 �2.74 2.25 482 1.62 D6–NH2 �5.71 �3.04 2.67 463 1.86
D5–N(CH3)2 �4.88 �2.70 2.17 490 1.62 D6–N(CH3)2 �5.56 �2.97 2.59 481 1.96
D5–PhCH3 �5.22 �2.81 2.41 464 1.69 D6–PhCH3 �6.00 �3.28 2.72 444 2.10
D5–PhNH2 �5.07 �2.78 2.29 469 1.78 D6–PhNH2 �5.68 �3.17 2.51 461 2.18
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the highest donation from donor to acceptor. The donating
strength of various substituents attached on the D–p–A system

follows the order PhCH3 B alkylso –OH, –OR, PhNH2 o NH2 o
N(CH3)2.

Fig. 4 Correlation between absorption maximum (lmax) and donating strength (DVmA) of various D–p–A systems with different substituents.

Fig. 5 Frontier molecular energy levels of phenothiazine based p–A with various substituents at the B3LYP/cc-pVDZ level.
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Table 3 HOMO, LUMO and HOMO–LUMO energy gap (HLG) (in eV) observed for the ground state at the B3LYP/cc-pVDZ level. Excitation energy,
ground and excited state oxidation potential (Edye, Edye*), free energy of electron injection DGinject, dye regeneration efficiency DGreg, and open-circuit
voltage eVOC at the TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

D–p–A
Excitation
energy (eV) HOMO (eV) LUMO (eV) HLG (eV) Edye (eV) Edye* (eV) DGinject (eV) DGreg (eV) eVOC (eV)

(a)
Benzene
D1 3.20 �6.13 �2.99 3.14 6.13 2.93 �1.07 1.33 1.01
D1–CH3 3.13 �6.01 �2.92 3.08 6.01 2.88 �1.12 1.21 1.08
D1–C5H11 3.11 �5.97 �2.90 3.07 5.97 2.86 �1.14 1.17 1.10
D1-isopropyl 3.13 �6.01 �2.92 3.08 6.01 2.88 �1.12 1.21 1.08
D1-t-but 3.13 �6.00 �2.92 3.08 6.00 2.87 �1.13 1.20 1.08
D1–OH 3.04 �5.84 �2.85 2.99 5.84 2.80 �1.20 1.04 1.15
D1–OCH3 3.01 �5.79 �2.83 2.97 5.79 2.78 �1.22 0.99 1.17
D1–OC2H5 3.00 �5.77 �2.81 2.96 5.77 2.77 �1.23 0.97 1.19
D1–NH2 2.85 �5.53 �2.69 2.84 5.53 2.68 �1.32 0.73 1.31
D1–N(CH3)2 2.71 �5.34 �2.62 2.72 5.34 2.63 �1.37 0.54 1.38
D1–PhCH3 3.02 �5.89 �2.96 2.93 5.89 2.87 �1.13 1.09 1.04
D1–PhNH2 2.90 �5.52 �2.86 2.66 5.52 2.62 �1.38 0.73 1.14
Pyrene
D2 3.09 �5.88 �2.99 2.89 5.88 2.79 �1.21 1.08 1.01
D2–CH3 3.07 �5.84 �2.95 2.89 5.84 2.77 �1.23 1.04 1.05
D2–C5H11 3.07 �5.81 �2.94 2.87 5.81 2.74 �1.26 1.01 1.06
D2-isopropyl 3.07 �5.83 �2.95 2.88 5.83 2.76 �1.24 1.03 1.05
D2-t-but 3.07 �5.82 �2.95 2.87 5.82 2.75 �1.25 1.02 1.05
D2–OH 3.03 �5.85 �2.94 2.91 5.85 2.82 �1.18 1.05 1.06
D2–OCH3 3.02 �5.79 �2.92 2.87 5.79 2.77 �1.23 0.99 1.08
D2–OC2H5 3.02 �5.77 �2.91 2.86 5.77 2.75 �1.25 0.97 1.09
D2–NH2 2.96 �5.62 �2.86 2.76 5.62 2.66 �1.34 0.82 1.14
D2–N(CH3)2 2.88 �5.39 �2.81 2.58 5.39 2.51 �1.49 0.59 1.19
D2–PhCH3 3.05 �5.86 �2.97 2.89 5.86 2.81 �1.19 1.06 1.03
D2–PhNH2 3.02 �5.53 �2.91 2.62 5.53 2.51 �1.49 0.73 1.09
TPA
D3 2.73 �5.37 �2.79 2.58 5.37 2.64 �1.36 0.57 1.21
D3–CH3 2.71 �5.31 �2.76 2.55 5.31 2.60 �1.40 0.51 1.24
D3–C5H11 2.71 �5.29 �2.75 2.55 5.29 2.58 �1.42 0.49 1.25
D3-isopropyl 2.71 �5.31 �2.76 2.55 5.31 2.60 �1.40 0.51 1.24
D3-t-but 2.71 �5.31 �2.76 2.55 5.31 2.60 �1.40 0.51 1.24
D3–OH 2.69 �5.26 �2.73 2.53 5.26 2.57 �1.43 0.46 1.27
D3–OCH3 2.69 �5.24 �2.72 2.52 5.24 2.55 �1.45 0.44 1.28
D3–OC2H5 2.69 �5.23 �2.71 2.51 5.23 2.54 �1.46 0.43 1.29
D3–NH2 2.65 �5.13 �2.67 2.46 5.13 2.48 �1.52 0.33 1.33
D3–N(CH3)2 2.62 �5.03 �2.65 2.38 5.03 2.41 �1.59 0.23 1.35
D3–PhCH3 2.72 �5.31 �2.78 2.52 5.31 2.60 �1.41 0.51 1.22
D3–PhNH2 2.69 �5.17 �2.73 2.44 5.17 2.48 �1.52 0.37 1.27
(b)
Carbazole
D4 2.96 �5.78 �2.91 2.87 5.78 2.82 �1.18 0.98 1.09
D4–CH3 2.92 �5.69 �2.87 2.83 5.69 2.77 �1.23 0.89 1.13
D4–C5H11 2.92 �5.67 �2.85 2.82 5.67 2.75 �1.25 0.87 1.15
D4-isopropyl 2.93 �5.71 �2.88 2.83 5.71 2.78 �1.22 0.91 1.12
D4-t-but 2.93 �5.70 �2.87 2.83 5.70 2.77 �1.23 0.90 1.13
D4–OH 2.87 �5.58 �2.84 2.74 5.58 2.71 �1.29 0.78 1.16
D4–OCH3 2.86 �5.54 �2.82 2.72 5.54 2.68 �1.32 0.74 1.18
D4–OC2H5 2.86 �5.52 �2.81 2.71 5.52 2.66 �1.34 0.72 1.19
D4–NH2 2.77 �5.33 �2.75 2.58 5.33 2.56 �1.44 0.53 1.25
D4–N(CH3)2 2.69 �5.14 �2.71 2.44 5.14 2.45 �1.55 0.34 1.29
D4–PhCH3 2.91 �5.66 �2.90 2.76 5.66 2.75 �1.25 0.86 1.10
D4–PhNH2 2.86 �5.37 �2.83 2.53 5.37 2.51 �1.49 0.57 1.17
Phenothiazine
D5 2.70 �5.28 �2.84 2.44 5.28 2.58 �1.42 0.48 1.16
D5–CH3 2.67 �5.22 �2.81 2.41 5.22 2.55 �1.45 0.42 1.19
D5–C5H11 2.67 �5.20 �2.80 2.40 5.20 2.53 �1.47 0.40 1.20
D5-isopropyl 2.67 �5.21 �2.81 2.40 5.21 2.54 �1.46 0.41 1.19
D5-t-but 2.67 �5.22 �2.81 2.40 5.22 2.55 �1.45 0.42 1.19
D5–OH 2.64 �5.15 �2.79 2.36 5.15 2.51 �1.49 0.35 1.21
D5–OCH3 2.64 �5.14 �2.78 2.36 5.14 2.50 �1.50 0.34 1.22
D5–OC2H5 2.64 �5.12 �2.77 2.35 5.12 2.48 �1.52 0.32 1.23
D5–NH2 2.57 �4.99 �2.74 2.25 4.99 2.42 �1.58 0.19 1.26
D5–N(CH3)2 2.53 �4.88 �2.70 2.17 4.88 2.35 �1.65 0.08 1.30
D5–PhCH3 2.67 �5.22 �2.81 2.41 5.22 2.55 �1.45 0.42 1.19
D5–PhNH2 2.64 �5.07 �2.78 2.29 5.07 2.43 �1.57 0.27 1.22
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Absorption spectra

In Table 2, the HOMO and LUMO energies, HOMO–LUMO
energy gap (HLG), absorption maximum (lmax), and oscillator
strength (f) of six different D–p–A systems with various sub-
stituents are reported. In all kinds of D–p–A systems, a sys-
tematic increase in lmax with respect to various substituents
has been observed (388 to 490 nm), which can be correlated
with the electron donating strength of the donors in the D–p–A
system. This is evident in the excellent linear correlations
between DVmA and lmax obtained for all six kinds of D–p–A
systems (Fig. 4). Also with an improved electron-donating
strength of a D–p–A system, lowering of HLG is noted in every
system, which lies in the range 3.14 to 2.17 eV. Among all, the
highest lmax 490 nm has been shown by (NH3)2 substituted
phenothiazine system D5-N(CH3)2. For the six D–p–A systems
and the selected eleven substituents, 102 nm width is available
for tuning lmax to a preferred region. For individual donors, the
substituent effect alone can account for a tuning width of
69 nm for benzene, 29 nm for pyrene, 19 nm for TPA, 42 nm
for carbazole, 31 nm for phenothiazine and 57 nm for cou-
marin, respectively.

The DVmA versus lmax correlations given in Fig. 4 suggest that
the substituent effects tune the HOMO–LUMO energy gap
(HLG). The HLG plot of a representative system D5–p–A

(phenothiazine-based) is given in Fig. 5 which shows that the
introduction of substituents on the core D unit lowers the HLG
from 2.41 to 2.17 eV. Poor electron-donating ability is observed
in alkyls and PhCH3 substituted systems display higher HLG
(2.40 to 2.41 eV), while the lowest HLG has been attained with
N(CH3)2 substituted D5–p–A. A similar trend in HLG is
observed for the remaining systems which confirms the
significance of the substituent effect in tuning lmax (Table 3a
and b). The HOMO and LUMO plots of the representative
systems are shown in Fig. 6. The HOMO has a more delocalized
distribution than the LUMO with more orbital contributions
from the donor site while the LUMO is largely delocalized along
the p-spacer and acceptor moiety.

Photovoltaic performance

In Table 3a and b, electronic excitation energy, ground state
oxidation potential Edye, excited state oxidation potential Edye*,
free energy change of electron injection DGinject, free energy
change of dye regeneration DGreg, and open-circuit voltage eVOC
of D–p–A systems are described. The negative DGinject observed
in the range�0.73 to�1.65 eV lies above the CB of TiO2 (�4.0 eV)
and indicates the possibility of a spontaneous electron injec-
tion process from CB to TiO2. Also a more electron-donating
substituent enhances the electron injection process as DGinject

Table 3 (continued )

D–p–A
Excitation
energy (eV) HOMO (eV) LUMO (eV) HLG (eV) Edye (eV) Edye* (eV) DGinject (eV) DGreg (eV) eVOC (eV)

Coumarin
D6 2.93 �6.19 �3.34 2.85 6.19 3.27 �0.73 1.39 0.66
D6–CH3 2.88 �6.09 �3.26 2.82 6.09 3.21 �0.79 1.29 0.74
D6–C5H11 2.87 �6.07 �3.25 2.82 6.07 3.19 �0.81 1.27 0.75
D6-isopropyl 2.88 �6.09 �3.27 2.82 6.09 3.21 �0.79 1.29 0.73
D6-t-but 2.87 �6.07 �3.25 2.82 6.07 3.20 �0.80 1.27 0.75
D6–OH 2.82 �5.98 �3.20 2.78 5.98 3.15 �0.85 1.18 0.80
D6–OCH3 2.81 �5.94 �3.18 2.76 5.94 3.13 �0.87 1.14 0.82
D6–OC2H5 2.80 �5.92 �3.16 2.76 5.92 3.11 �0.89 1.12 0.84
D6–NH2 2.68 �5.71 �3.04 2.67 5.71 3.04 �0.96 0.91 0.96
D6–N(CH3)2 2.58 �5.56 �2.97 2.59 5.56 2.98 �1.02 0.76 1.03
D6–PhCH3 2.80 �6.00 �3.28 2.72 6.00 3.21 �0.79 1.20 0.72
D6–PhNH2 2.69 �5.68 �3.17 2.51 5.68 2.99 �1.01 0.88 0.83

Fig. 6 Frontier molecular orbitals of representative N(CH3)2 substituted D–p–A systems at the B3LYP/cc-pVDZ level.

NJC Paper

Pu
bl

is
he

d 
on

 2
3 

N
ov

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 R
eg

io
na

l R
es

ea
rc

h 
L

ab
or

at
or

y 
(R

R
L

_T
vm

) 
on

 2
/2

4/
20

21
 8

:5
0:

26
 A

M
. 

View Article Online

https://doi.org/10.1039/d0nj04797j


This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021 New J. Chem., 2021, 45, 2496--2507 | 2505

becomes more negative with such substituents. Alkyls, and
PhCH3 substituted D–p–A systems are less efficient for electron
injection than the OH, OCH3, OC2H5, NH2 and N(CH3)2 sub-
stituted systems. Among all, the most negative DGinject �1.65 eV
is observed for phenothiazine system D5–N(CH3)2. The smaller
electron injection efficiency (�0.79 to �0.81 eV) observed for
alkyls and PhCH3 substituted coumarin systems can be attrib-
uted to their lower electron-donating strength than others.

From the previous studies, it is understood that the PCE of
DSSCs depends on the free energy change for dye
regeneration.89,90 The lower the DGreg, the faster the dye regenera-
tion will be, leading to higher efficiency for the electron injection
from the dye to the TiO2 semiconductor. In the studied systems,
the fastest dye regeneration force 0.08 eV has been attained by the
N(CH3)2 substituted phenothiazine system (D5–N(CH3)2), whereas
the least dye regeneration (1.27–1.29 eV) has been possessed by
alkyls, and PhCH3 substituted coumarin systems. The unsubsti-
tuted systems always possess higher DGreg values (0.48–1.39 eV)
than substituted ones (0.08–1.29 eV) and this suggests that the
introduction of electron-donating substituents on the donor
moiety gives better DGreg values and improves electron regenera-
tion efficiency. Similarly, a positive effect of substituents on eVOC
is always observed confirming that by tuning the donating
strength of the substituents, significant improvement in the
performance of DSSCs can be achieved. In all the six sets,
N(CH3)2 substituted systems possess the best eVOC and among
them, the highest is observed for D1–N(CH3)2 (1.38 eV) whereas
the lowest eVOC (0.72 eV) is observed for D4-PhCH3.

By considering the above-mentioned results, we analyzed
the relation between electron donating strength DVmA and
open-circuit voltage eVOC (Fig. 7 and Fig. S1, ESI†). The excel-
lent linear correlation observed in all six series of different
D–p–A systems shows that eVOC increases with enhancement in
the donating strength of the substituents. Overall the study
suggests that by selecting the appropriate donor and substitu-
ent, precise tuning of the optical and photovoltaic properties of
the D–p–A systems can be achieved. Also these results point out
that the theoretical examination of the donating strength of the
substituents using MESP analysis is promising for dye design-
ing and efficiency prediction of D–p–A systems.

Conclusions

The electron-donating strength of the donors in the D–p–A
system affects the optical and photovoltaic performance of
DSSCs, leading to better PCE in the solar cell. In the study
using MESP analysis, we have characterized the donating
strength (DVmA) of six different sets of D–p–A systems, wherein
the p and A systems are butadiene and cyanoacrylic acid,
respectively. The significance of eleven electron releasing
groups at the donors is also examined for a total of seventy-
two D–p–A systems and achieved the fine-tuning of the electron
donation from the donor to the acceptor. In all the six different
sets of D–p–A systems, the N(CH3)2 substituted D–p–A systems
show the highest donating strength which can be attributed to
the highest electron releasing nature of the N(CH3)2 group.
Also, the electron releasing groups at the donors tune the
HOMO and LUMO energies of all the corresponding D–p–A
systems for better optical properties than unsubstituted sys-
tems. The optical and photovoltaic performance of the D–p–A
system is described at the CAM-B3LYP/cc-pVDZ/SMD//B3LYP/
cc-pVDZ level. The enhanced performance of these properties
achieved with enhanced donating strength conveys the role of
tuning the donating strength for better PCE. Among all, the
N(CH3)2 substituted D1 system (benzene) possesses the highest
eVOC which can be attributed to its highest donating strength.
These findings suggest that we can improve the photovoltaic
performance of DSSCs by tuning the ground state property,
DVmA at the acceptor site. All the findings imply that incorpora-
tion of more electron-releasing substituents on an electron-rich
donor moiety improves/tunes the photovoltaic performance
by facilitating efficient intramolecular charge transfer in the
D–p–A system. The correlation plot of DVmA with eVOC will
provide an efficient guideline for developing an effective dye
designing strategy for desirable photovoltaic properties.
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P. Comte, P. Péchy and M. Grätzel, Chem. Commun., 2008,
5194–5196.

12 Q. Yu, Y. Wang, Z. Yi, N. Zu, J. Zhang, M. Zhang and
P. Wang, ACS Nano, 2010, 4, 6032–6038.

13 L. Han, A. Islam, H. Chen, C. Malapaka, B. Chiranjeevi,
S. Zhang, X. Yang and M. Yanagida, Energy Environ. Sci.,
2012, 5, 6057–6060.

14 L. E. Polander, A. Yella, J. Teuscher, R. Humphry-Baker,
B. F. E. Curchod, N. Ashari Astani, P. Gao, J.-E. Moser,
I. Tavernelli, U. Rothlisberger, M. Grätzel, M. K. Nazeeruddin
and J. Frey, Chem. Mater., 2013, 25, 2642–2648.

15 S. Mathew, A. Yella, P. Gao, R. Humphry-Baker,
B. F. Curchod, N. Ashari-Astani, I. Tavernelli,
U. Rothlisberger, M. K. Nazeeruddin and M. Grätzel, Nat.
Chem., 2014, 6, 242–247.

16 K. Kakiage, Y. Aoyama, T. Yano, T. Otsuka, T. Kyomen,
M. Unno and M. Hanaya, Chem. Commun., 2014, 50,
6379–6381.

17 Y. S. Tingare, N. S. n. Vinh, H. H. Chou, Y. C. Liu, Y. S. Long,
T. C. Wu, T. C. Wei and C. Y. Yeh, Adv. Energy Mater., 2017,
7, 1700032.

18 K. Sharma, V. Sharma and S. S. Sharma, Nanoscale Res. Lett.,
2018, 13, 381.

19 X. Song, X. Yang, H. Wang, J. An, Z. Yu, X. Wang, A. Hagfeldt
and L. Sun, Sol. Energy, 2019, 187, 274–280.

20 P. Ferdowsi, Y. Saygili, F. Jazaeri, T. Edvinsson, J. Mokhtari,
S. M. Zakeeruddin, Y. Liu, M. Grätzel and A. Hagfeldt,
ChemSusChem, 2020, 13, 212–220.

21 Y.-Q. Yan, Y.-Z. Zhu, P.-P. Dai, J. Han, M. Yan and
J.-Y. Zheng, New J. Chem., 2020, 44, 12909–12915.

22 Y. Chiba, A. Islam, Y. Watanabe, R. Komiya, N. Koide and
L. Han, Jpn. J. Appl. Phys., 2006, 45, L638.

23 F. Gao, Y. Wang, D. Shi, J. Zhang, M. Wang, X. Jing,
R. Humphry-Baker, P. Wang, S. M. Zakeeruddin and
M. Grätzel, J. Am. Chem. Soc., 2008, 130, 10720–10728.

24 S. Tan, J. Zhai, H. Fang, T. Jiu, J. Ge, Y. Li, L. Jiang and
D. Zhu, Chem. – Eur. J., 2005, 11, 6272–6276.

25 A. Mishra, M. K. Fischer and P. Bäuerle, Angew. Chem., Int.
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Design and DFT study of nitrogen-rich donor
systems for improved photovoltaic performance
in dye-sensitized solar cells†

Velayudhan V. Divyaab and Cherumuttathu H. Suresh *ab

Eighteen electron-rich nitrogen incorporated donors with a butadiene p-spacer and a cyanoacrylic acid

acceptor (A) as photosensitizers (D1–p–A to D18–p–A) for dye-sensitized solar cell (DSSC) applications

have been designed for improving the photovoltaic performance. The significance of the nitrogen

centres for revamping the donating strength (DVmA) of D–p–A is scrutinized using molecular electro-

static potential (MESP) analysis at the B3LYP/cc-pVDZ level of density functional theory (DFT). During the

transformation of a donor (D) to D–p–A, a certain delocalization of electron density from D to p–A has

occurred, and the change in the MESP minimum (DVmA) observed at the cyano region of D–p–A is

related to the donating strength of D. Optical and photovoltaic properties are analyzed at the TD/CAM-

B3LYP/cc-pVDZ/SMD//B3LYP/cc-pVDZ level. In D1–p–A to D18–p–A, DVmA is in the range �7.0 to

�19.0 kcal mol�1 and the increase in donating strength is found to be proportional to the number of

planar nitrogens in the donors. D12–p–A exhibited the most negative DVmA (�19.0 kcal mol�1), indicat-

ing the highest electron-donating strength of D12, whereas the least negative DVmA (�7.0 kcal mol�1)

displayed by D7–p–A is correlated to the weak donating character of D7. By increasing the electron-

donating strength of D in D–p–A, a red-shift in the absorption maximum (Dlmax) by 162 to 294 nm is

observed. Further, the open-circuit voltage (eVoc) calculated for the D–p–A systems showed a strong

linear relationship with DVmA. The LUMO (lowest unoccupied molecular orbital) energy of all the D–p–A

systems (�1.79 to �2.79 eV) is observed above the conduction band (CB) energy of TiO2 (�4.0 eV),

which ensured a desirable electron injection efficiency (DGinject) for them. The analysis of the adsorption

energy (Eads) of the D–p–A systems on the TiO2 semiconductor (D–p–A/TiO2) showed that D12–p–A

has the highest adsorption stability. Improving the adsorption stability is better for improving eVoc and

the power conversion efficiency (PCE). The maximum absorption wavelength (lmax) of the D–p–A/TiO2

systems ranges from 513 to 703 nm and all of them display a red-shift with respect to the bare D–p–A

systems. The study suggests D12 as the most efficient photosensitizer for DSSC applications. Further,

it deepens the understanding of the structure–performance relationship of D–p–A systems as

photosensitizers.

Introduction

The utilization of a renewable source of energy, preferably solar
energy, for the ever-growing energy demand could diminish
global climate change, which leads to sustainable livelihood on
earth.1–4 Since solar energy is the most abundant green energy
alternative for the future energy crisis, more research efforts
have to invest in the development of photovoltaic strategies

based on solar power.1,3–5 Over the past three decades, the third
generation photovoltaic technology employed in dye-sensitized
solar cells (DSSCs) has acquired a notable position over conven-
tional silicon-based solar cells due to the simple synthetic strategy,
easier structure modification, large absorption coefficient, and
low production cost.3,5–11 The major components employed in a
DSSC device include photosensitizers, electrolytes, and electrode
materials; modifications in those components lead to the enhance-
ment of the power conversion efficiency (PCE) of the solar cell.12

Generally in DSSCs, Ru-based sensitizers have greater PCEs than
organic dye sensitizers, which show a comparable PCE to silicon-
based solar cells.3 Whereas, the highly expensive nature and rare
chance of occurrence of Ru-metal mean that its practical applica-
tion in DSSCs is limited.3,13
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After the invention of the DSSC device by O’Regan and
Grätzel in 1991,6 extensive research efforts have been invested
in the synthesis and device modelling of metal-free organic
sensitizers, which leads to the improvement of the PCE.13–21

Usually, organic sensitizers comprise a D–p–A framework where
D, p, and A denote the donor, p-spacer and acceptor, respectively.
So far large varieties of structural modifications in the D–p–A
structural framework have been performed, reveal that tuning
the donating strength of the donor could significantly influence
the absorption range and photovoltaic parameters.12,22–29 In our
previous study, we quantified the electron-donating strength
of eight typically used donor systems, viz pyrene, perylene,
chrysene, triphenylamine, carbazole, phenothiazine, julolidine,
N,N-dialkylaniline, ullazine and coumarin, in the D–p–A system
and revealed that julolidine and N,N-dialkylaniline based p–A
systems are the most efficient sensitizers for DSSCs.22 For
improved optical and photovoltaic properties of D–p–A systems
the particular analysis recommends the incorporation of
electron-rich heteroatoms (preferably nitrogen) in donors. The
literature shows that non-planar donors, especially triphenyl-
amine, carbazole and indoline, reduce the electron transfer
ability and overall conjugation in the donor group with the
p–A system leading to lower light-harvesting efficiency of the dye
sensitizer.30,31 The mentioned reducing factors are rectified
through the introduction of planarized nitrogen incorporated
donors viz. ullazine and indolizine as photosensitizers.30–33

Further, the rational design of photosensitizers with nitrogen
annulation at the bay region of a polycyclic aromatic hydrocar-
bon (PAH) system provides a remarkable PCE in DSSCs.34 For
example, perylene based PAH systems as donors in DSSCs have
disappointing PCEs,35–37 whereas an N-annulated perylene (NP)
core as a donor with phenyl functional groups results in an
improved PCE of about 10.5%.38 Later, Wang et al. modified the
NP core with bulky substituents to obtain PCEs up to 10.4%.39

This re-engineered chromophore was again modified with an
N-annulated indenoperylene unit as the donor and reached a
PCE of 12.5%.40 The aforementioned studies reveal that struc-
tural modifications with N-annulation in PAH systems enhance
the intramolecular charge transfer (ICT) due to the planar
structure. Also, the multiple substitution sites involved in PAHs
increase the possibility of molecular engineering. Recently
Subramanian et al. described that a more N-doped polyaromatic
hydrocarbon analogue of ullazine contributes a large dipole
moment and more planarization to the dye-sensitizers, thus
resulting in higher light-harvesting efficiency (LHE) than the
donors with a single N-doping site.25

In this context, the most significant approach for an efficient
photosensitizer is the engineering of electron-rich planar
donors. Correspondingly, it is worthwhile to evaluate the role
of nitrogen centres in donors for enhancing the donating
strength. To tackle the failings of the electron transfer ability
and overall conjugation in the donor group with the p–A
system, we designed eighteen electron-rich nitrogen incorpo-
rated donors (D1–D18) as dye sensitizers for DSSC application
(Fig. 1). For the p–A framework, butadiene and cyanoacrylic
acid have been considered. In our previous study,41 we proved

that butadiene exhibits better electronic effect transmitting
power than thiophene, furan and benzylic spacers. Hence, for
better electronic charge transfer from D to A, a butadiene p-spacer
and cyanoacrylic acid as an acceptor have been considered.

In the analysis, the D1–D5 donors are designed from known
donor julolidine (Fig. S1a, ESI†), where the possibility of
N-annulation in the julolidine core has been attempted (D1 to
D5) to enhance the electron-donating strength of the designed
systems compared to julolidine (the calculated electron-
donating strength, DVmA, of julolidine by MESP analysis is
�9.2 kcal mol�1 22). Julolidine is an N-heterocyclic aromatic
compound which comprises alkyl bridges between amino
nitrogen and ring ortho carbon atoms.42,43 Because of the high
efficiency in energy conversion and fluorescent properties,
julolidine derivatives have been used in the construction of
dye-sensitized solar cells and photoconductive materials, as
fluorescent sensors for bio-imaging, etc.44 The conjugation of
the aromatic part of the molecule with its amino substituent is
an indicator of the ability of the nitrogen atom to possess
sp2-hybridization, which enhances the donating strength of
this class of compounds.45 In D6–D10, five-membered rings at
the aromatic ring system have been considered for N-annulation;
those systems are derived from 1,2,4,5-tetrahydropyrrolo[3,2,1-hi]
indole (Fig. S1b, ESI†).43 Among the designed N-heterocyclic
systems (D1–D10), some of the derivatives are known and
they are the best candidates for intramolecular cyclization and
for generating diboryne nanowires.46,47 Donors D11–D14 are

Fig. 1 Designed donor systems. The MESP minimum over the phenyl ring
(VmD) is given in kcal mol�1.
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designed from the electron-rich nature of the phenyl/p-system.
According to various experimental and theoretical studies, the
electron-rich nature of the phenyl/p-system could be fine-tuned
by electron-donating substituents and hence the aromatic ring of
1,3,5-N,N-dimethyltriaminobenzene could be considered as
the most electron-rich neutral six-membered ring.48 Previously,
Suresh and Sayyed described that the electron density at the
phenyl ring could be significantly improved by the treatment of
N-heterocyclic ring substitution and they proposed two highly
electron rich systems viz.D11 and D12 as shown in Fig. 1.48 Since
those systems are considered as electron rich (involving six
nitrogen lone pairs), we could test the suitability of those
systems as photosensitizers for DSSC application. Finally, two,
and four nitrogens have been integrated in D15–D18, where the
likelihood of N-annulation has been attained through N-hetero-
cyclic five and six membered rings.49,50

For evaluating the donating strength of the donors in D–p–A,
the intramolecular charge transfer (ICT) from D to A has to be
assessed. Here it has been quantified in terms of the change in
the molecular electrostatic potential (MESP) minimum, DVm, at
the cyano group of A. Very recently we proved that the MESP is
an excellent tool to quantify the electron-donating strength
(DVm) of D–p–A systems.22,26 It is a real physical property which
is experimentally observable from X-ray diffraction studies.
To understand the reactivity of molecular systems, theoretically
derived MESPs have been extensively used in the work of
Tomasi,51 Pullman,52,53 Politzer54–57 and Gadre,58–60 and the
wide range of applications in chemical and biological pheno-
mena shows the acceptability of this area of research. Further,
our group has contributed to several applications of the MESP
parameter in organic and inorganic chemistry and described
that the MESP is an excellent tool for the prediction of structure–
property relationships.61–71 In the present study the significance
of N-annulation for improved optical and photovoltaic properties
has been evaluated using density functional theory (DFT) and
time-dependent DFT (TDDFT) calculations. Currently, quantum
chemical calculations have emerged as an elementary tactic to
identify potential sensitizers before long-running expensive
synthesis.72–78 Thus our computationally engineered dye sensiti-
zers could open up new synthetic strategies for the development
of photosensitizers for DSSC application.

Computational details

Density functional theory (DFT) calculations at the B3LYP/
cc-pVDZ level have been conducted for the optimization of
the ground state geometries of the D–p–A systems.79,80 It is
substantiated that the B3LYP level is adequate for the explana-
tion of the electronic structure of dye molecules in DSSC
applications.26,81,82 The ground state geometries of all D–p–A
systems after binding to the (TiO2)9 cluster are optimized at the
same level of DFT with the LANL2DZ basis set for the Ti atom
and cc-pVDZ for non-metal atoms.83 Vibrational frequencies
are calculated at the same level and it is confirmed that there
are no imaginary frequencies. Studies show that the (TiO2)9

cluster size is sufficient to model the dye–TiO2 interfaces for
simulating the electronic structure, optical properties, and
binding modes of TiO2.

84 Frontier molecular orbital energies
of all D–p–A and D–p–A adsorbed on (TiO2)9 cluster systems
(D–p–A/TiO2) are reported for the ground-state geometries.
The optical properties of the D–p–A systems before and after
binding to the (TiO2)9 cluster are simulated using time-
dependent DFT (TD DFT) at the CAM-B3LYP level85 on the
ground state geometry with mixed basis sets. To account for the
solvent effect (dichloromethane as the solvent), SCRF-SMD
(self-consistent reaction field-density simulation model) incor-
porated in the Gaussian 16 suite of programs has been con-
sidered. The CAM-B3LYP exchange–correlation functional is
widely used in theoretical calculations for the excited state
properties and provides results that are close to experimental
results.86–88 In our previous study, the absorption properties of
experimentally known dye sensitizers have been benchmarked
including julolidine based dye-sensitizers and it is found
that the TD-CAM B3LYP/cc-pVDZ/SMD//B3LYP/cc-pVDZ level
is adequate to describe the electronic, optical and photovoltaic
properties.22 The higher excitation energy associated with the
CAM-B3LYP exchange functional than the B3LYP functional
can be attributed to the higher bond length alteration index
(BLA) of D–p–A systems.26 Moreover, for the examination of the
intramolecular charge transfer characteristics of D–p–A systems,
molecular electrostatic potential based topographical analysis has
been performed on the ground state geometry at the B3LYP/
cc-pVDZ level. All the calculations are performed with the
Gaussian 16 program package.89

The molecular electrostatic potential (MESP), V(r), is an
important property of a molecule that its nuclei and electrons
create at every point r in the surrounding space, which is
defined in eqn (1) as

VðrÞ ¼
XN
A

ZA

jr� RAj
�
ð
rðr0Þdr0
jr� r0j (1)

where N is the total number of nuclei, ZA is the charge on
nucleus A located at distance RA, r(r0) is the electron density of
the molecule, and r0 is a dummy integration variable. In the
equation, the sign of V(r) at any r depends upon whether the
positive contribution of the nuclei or the negative one of
the electrons is dominant there.

Results and discussion
MESP analysis of the donors

The MESP minimum Vm gives a clear idea regarding the most
electron-rich region in a molecular system. In all the donor
systems (D1–D18), an aromatic phenyl ring (shown in a red
colour, Fig. 1) has been observed and Vm observed at that
phenyl ring, VmD, has been considered as the donor strength
of each system. The most negative Vm depicts the most electron-
rich nature of the molecular system. From D1 to D5, a systematic
increase in the N-centers (up to 5 nitrogens) is introduced and
VmD reached �35.5 kcal mol�1 from �26.4 kcal mol�1. The more
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negative VmD in D5 (�35.5 kcal mol�1) than those of D1–D4
characterizes the more electron-rich nature, which can be attri-
buted to the occurrence of five nitrogen centers. In the D6–D10
donors, an increase in the negative character of VmD (from
�22.6 to �24.3 kcal mol�1) has been attained by a systematic
increase of the nitrogen atoms (up to 5 nitrogens). Meanwhile,
due to the presence of more pyramidalized nitrogens, the D6–D10
donors provide less negative VmD than those of D1–D5.

In the D11–D12 donors, imidazolidine and imidazole ring
systems have been introduced at the 1, 3, and 5 positions of the
benzene ring. In D11, the electron-rich aminal functional
groups increase the electron density over the phenyl ring,
resulting in a comparable VmD of �35.1 kcal mol�1 to D5
(�35.5 kcal mol�1). In D12 the conjugation in the CC bond
enhances the electron density over the phenyl ring, leading to a
more negative VmD (�41.9 kcal mol�1) than D11. Due to the
reduced number of aminal functional groups at the phenyl
ring, D13 shows a less negative VmD (�32.3 kcal mol�1) than
those of D11 and D12. In D14, conjugation increases the
electron density of the donor system, resulting in a more
negative VmD (�36.2 kcal mol�1) than D13. It is noted that
the imidazolidine and imidazole substituted donor systems viz.
D12 and D14 exhibit more negative VmD than D5, which can be
considered as their better donor strength. Finally, for verifying
the effectiveness of the introduced strategy, the D15–D18
donors are examined. In D16 the increased number of N-alkyl
substitutions at the phenyl ring resulted in a more negative
VmD (�31.2 kcal mol�1) than D15 (VmD = �26.7 kcal mol�1).
Compared to D15, a more negative VmD is observed for D17, which
can be attributed to the presence of an additional two nitrogen
centres. Finally, in D18 the additional two methyl groups
at nitrogen atoms promote pyramidalization of the N-centres,
resulting in a less negative VmD (�28.1 kcal mol�1) than D17.

Donating strength of the D–p–A systems

The influence of the electron-rich nitrogen lone pairs in the
donors (D) for enhancing the electron-donating strength of the
D–p–A system (DVmA) has been elucidated with MESP analysis.
In D–p–A systems, the p–A linkage with the donor involves
intramolecular charge transfer (ICT) from D to A, and the
transferred electron density accumulated at A depends on
the donor strength of each system.22,26 The electron density
distribution via ICT at various regions of a representative D–p–A
system (D1–p–A), viz. D, the p-spacer and A, has been shown in
Fig. 2b as the MESP minima at the donor VmD0, spacer VmS0 and
acceptor VmA0. Since the p–A part (butadiene) involved in the
study is the same for all D–p–A systems, the MESP minimum
observed at the CN group of A has been considered as
the reference VmA to evaluate the changes observed at that
minimum with the attachment of D (Fig. 2a). Also, it is proved
that one could take other Vm regions at A as the reference
Vm viz. Vm(OH) and Vm(CO) for monitoring the changes at the
respective sites due to the parallel behavior exhibited by those
parameters.26 In the study, VmA0 (observed at the CN region) has
been selected as the reference point due to the most negative
Vm character.

In Table 1, Vm values at D, the p-spacer and A of the D–p–A
systems are reported along with the change in Vm at those
regions with the attachment of p–A to D. The change in Vm
occurring at the D site (DVmD) has been calculated by subtrac-
ting Vm observed at the donor (VmD) from the corresponding Vm
observed at D of D–p–A (VmD0). Likewise, DVmS and DVmA have
been calculated by subtracting Vm observed at the respective
sites of the reference system (VmS and VmA) from the corres-
ponding values of the D–p–A systems (VmS0 and VmA0). In the
table DVmD ranges from 12.2 to 17.9 kcal mol�1; the positive
DVmD value shows electron deficiency at D.

In all, the less negative Vm observed at the D site of D–p–A
(VmD0) than Vm of the donor (VmD) confirms the ICT from D to A.
Further, the ICT from D to A enhances the electron density at
the spacer; the gained electron density at the spacer has been
denoted as negative DVmS, which ranges from �6.0 to
�16.3 kcal mol�1. As per DVmS, the highest electron-donating
strength has been attained by the D5–p–A system while the least
is possessed by the D8–p–A system. VmA0 ranges from �7.0 to
�13.5 kcal mol�1. The donors having greater electron-donating
strength exhibit a more negative VmA0. As a result, the change
in the MESP appearing on the acceptor (DVmA) with the

Fig. 2 (a) MESP isosurface at various sites of (a) the reference system, and
(b) a representative D–p–A system, where the MESP minimum is shown
in kcal mol�1.

Table 1 Vm (kcal mol�1) of the D–p–A systems calculated at the B3LYP/
cc-pVDZ level

Systems VmD VmD0 DVmD VmS0 VmS DVmS VmA0 VmA DVmA

D1 �26.4 �10.5 15.9 �10.3 �2.4 �7.9 �59.5 �50.3 �9.2
D2 �28.7 �13.0 15.7 �11.7 �2.4 �9.3 �60.3 �50.3 �10.0
D3 �30.5 �14.1 16.4 �12.3 �2.4 �9.9 �60.8 �50.3 �10.5
D4 �32.3 �14.9 17.4 �13.2 �2.4 �10.9 �61.3 �50.3 �11.0
D5 �35.5 �17.6 17.9 �18.6 �2.4 �16.3 �63.8 �50.3 �13.5
D6 �22.6 �9.0 13.6 �9.3 �2.4 �7.0 �58.2 �50.3 �7.8
D7 �22.6 �9.7 12.9 �8.8 �2.4 �6.4 �57.4 �50.3 �7.0
D8 �22.8 �10.6 12.2 �8.3 �2.4 �6.0 �56.2 �50.3 �5.9
D9 �23.0 �10.5 12.5 �9.5 �2.4 �7.1 �57.9 �50.3 �7.5
D10 �24.3 �12.0 12.4 �10.4 �2.4 �8.0 �58.7 �50.3 �8.4
D11 �35.1 �22.8 12.3 �18.4 �2.4 �16.1 �64.0 �50.3 �13.7
D12 �41.9 �28.7 13.2 �18.4 �2.4 �16.1 �69.3 �50.3 �19.0
D13 �32.3 �20.7 11.6 �11.1 �2.4 �8.7 �58.2 �50.3 �7.9
D14 �36.2 �24.1 12.1 �14.6 �2.4 �12.2 �60.0 �50.3 �9.7
D15 �26.7 �11.6 15.1 �10.4 �2.4 �8.0 �58.5 �50.3 �8.2
D16 �31.2 �13.9 17.3 �13.1 �2.4 �10.7 �62.0 �50.3 �11.7
D17 �30.4 �16.2 14.2 �11.6 �2.4 �9.2 �58.9 �50.3 �8.5
D18 �28.1 �13.5 14.6 �9.9 �2.4 �7.5 �58.4 �50.3 �8.1
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attachment of D to p–A has been regarded as the donating
strength of the D–p–A system.22

In the D1–D5 based p–A systems, the least negative DVmA

(�9.2 kcal mol�1) has been attained by the one nitrogen system
D1–p–A, which shows its poor electron-donating strength. Also,
from D1–p–A to D5–p–A, a systematic enhancement in the
donating strength has been observed for an increased number
of nitrogen centres (n = 1–5) and the most negative DVmA

(�13.5 kcal mol�1) has been shown by D5–p–A (incorporating
5 nitrogen lone pairs). In D6 to D10–p–A the more pyramida-
lized nitrogen centres in the donors impart less negative DVmA

in the range �5.9 to �8.4 kcal mol�1 than the D1–p–A–D5–p–A
systems. In D11–p–A, the incorporation of six nitrogen lone
pairs through imidazolidine rings at the phenyl ring enhances
the electron density at the donor site, resulting in a DVmA of
�13.7 kcal mol�1. Whereas, in D12–p–A, the conjugation in the
CC bond (imidazole ring) enhances the electron density at the
donor more than in D11–p–A, which leads to a more negative
DVmA of �19.0 kcal mol�1. In the D13–p–A and D14–p–A
systems, a relatively lower donating strength is observed in
terms of DVmA (�7.9 kcal mol�1 and �9.7 kcal mol�1) than that
of the D11 and D12–p–A systems. This can be attributed to their
reduced number of nitrogen centres (4 nitrogens). Since the
nitrogens involved in the D1 to D4–p–A systems are more
planarized than those of D13 and D14–p–A, the former systems
show greater electron-donating strength. The integration of
four nitrogens at the donor enhances the donating strength
of the D16–p–A system (�11.7 kcal mol�1) over D15–p–A
(�8.2 kcal mol�1). Further, the nearly planar nitrogens involved
in D16–p–A provide a similar donating strength �11.0 kcal mol�1

to D4–p–A (�11.7 kcal mol�1). D17–p–A with four nitrogen atoms
incorporated through two fused six-membered rings at the phenyl
ring attains a less negative DVmA (�8.5 kcal mol�1) than D16–p–A.

The additional two methyl groups in D18–p–A at the nitrogen
atoms are pyramidalized and lead to a less negative DVmA

(8.1 kcal mol�1) than D17. Finally, from the elucidated exam-
ples it is clear that donors having more planarized nitrogen
centres enhance the donating strength of the D–p–A systems.
Among all, the D12, D11 and D5 based p–A systems are the best
candidates for DSSC application.

Absorption spectra

In Table 2, the optical properties of the donor and D–p–A
systems are given. Since we have used the same –p– and A
units in all the designed D–p–A systems, the influence of p–A on
the absorption maximum (lmax) can be considered the same for
all donors, and the shift in the absorption maximum (Dlmax)
occurring during the transformation of D to D–p–A can be
recognized as due to the influence of the donating strength of
the donor units. Dlmax is calculated by subtracting lmax of D
from the analogous D–p–A system. For the analysis the HOMO
- LUMO transition has been considered. The influence of the
donor strength (VmD) on the lmax of donors is observed in
the range 280 to 329 nm. In Table 2, when a donor changes to
D–p–A, the absorption shifts to higher wavelengths in the range
454 to 619 nm. According to our previous study, Dlmax in the
range of 162 to 294 nm can be recognized as due to the
influence of the donating strength (DVmA) of the D–p–A
systems.22 The significant correlation observed between DVmA

and Dlmax with a correlation coefficient of 0.940 confirms the
significance of DVmA to Dlmax (Fig. 3, deviations are neglected
for the R calculation). It shows that Dlmax increases with
enhanced donating strength of the D–p–A systems. In the table,
the D1–D5 based p–A systems display a systematic increase in
Dlmax (from 203 to 257 nm) which can be recognized as due to
the enhanced donating strength of those systems with an

Table 2 Maximum absorption wavelength lmax (nm), oscillator strength f, MO contribution, percentage of MO contribution (MO%), and shift in
absorption maximum Dlmax (nm) of the donor and D–p–A systems at the TD-CAM-B3LYP/cc-pVDZ/SMD//B3LYP/cc-pVDZ level

Systems

Donor D–p–A system

lmax (nm) f MO contribution lmax (nm) f MO contribution MO (%) Dlmax (nm)

D1 272 0.08 H - L 476 1.77 H - L 92 203
D2 286 0.11 H - L 513 1.53 H - L 92 227
D3 280 0.02 H - L 520 1.54 H - L 92 240
D4 285 0.03 H - L 542 1.31 H - L 89 257
D5 285 0.04 H - L 527 1.58 H - L 91 241
D6 285 0.04 H - L 471 1.74 H - L 94 187
D7 301 0.05 H - L 481 1.42 H - L 92 180
D8 304 0.03 H - L 475 1.46 H - L 91 171
D9 329 0.06 H - L 531 0.97 H - L 92 202
D10 341 0.07 H - L 522 0.04 H - L 87 181
D11 304 0.11 H - L 549 1.30 H - L 88 245
D12 325 0.60 H - L 619 0.27 H - L 79 294

600 1.41 H-1 - L 49 275
D13 292 1.17 H - L 454 0.03 H - L 91 162

423 1.19 H-1 - L 68 131
D14 324 1.14 H - L 583 0.03 H - L 93 259

512 0.14 H-1 - L 93 188
D15 272 0.18 H - L 481 1.62 H - L 92 209
D16 282 0.06 H - L 509 0.99 H - L 93 227
D17 282 0.09 H - L 500 0.83 H - L 92 218
D18 288 0.07 H - L 487 0.97 H - L 90 199
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increased number of nitrogen centres (n = 1–5). Among those
systems, the D4 based p–A system shows greater Dlmax than
D5–p–A, which displays a slight deviation in the correlation
(marked in a green colour, Fig. 3). The lower Dlmax values
exhibited by the D6–p–A to D10–p–A systems in the range of
171–202 nm are recognized as due to the lower donating
strength of those systems. Compared to the D6–p–A to
D10–p–A systems, the greater Dlmax in D11–p–A (245 nm) can be
recognized as due to its larger donating strength. The presence
of conjugation in CC bonds enhances the donating strength of
D12–p–A, resulting in the highest Dlmax of 294 nm. The highest
Dlmax (294 nm) can be attributed to the utmost DVmA and lmax

of D12–p–A (619 nm). In the D13–p–A and D14–p–A systems,
Dlmax values of 162 and 259 nm are observed with a lmax of 454
and 583 nm, respectively. In those systems a slight deviation in
the correlation has been observed, which may be due to the
poor oscillator strength (f - 0.03). The higher Dlmax of 227 nm
in D16–p–A than D15–p–A (209 nm) can be spotted as due to the
better electron-donating strength (because of the increased
number of nitrogens (four)) of D16–p–A. In D17–p–A, lmax

and Dlmax are 500 nm and 218 nm, respectively. Even though
there is an equal number of nitrogens (four) in the donor site,
the higher Dlmax in D17–p–A than D18–p–A (199 nm) can be
recognized as due to the influence of more planar NH centres.

Finally, for the dye sensitizers, the HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular
orbital) energies are crucial for determining the efficiency of the
sensitizers (Table 5). For the effective regeneration of the
oxidized dye, it is important to have a HOMO energy (eh) lower
than the redox potential of the I�/I3

� electrolyte (�4.8 eV). The
eh values of the D3–D5, D11–D14, and D16 based p–A systems
are in the range of �4.68 to �4.74 eV, lying above the redox
potential of the I�/I3

� electrolyte. It is therefore suggesting that
the oxidized dye might not efficiently regenerate in those
systems from the I�/I3

� electrolyte. Whereas, for the rest of
the D–p–A systems, eh (�4.82 to �5.29 eV) lying below the redox
potential of the electrolyte facilitates effective dye regeneration.
For the D1–p–A to D18–p–A systems, the LUMO energies (el) are
in the range of �1.79 to �2.79 eV, lying above the conduction
band (CB) energy of the TiO2 semiconductor (�4.0 eV), which

ensures effective electron injection into the TiO2 conduction
band. The HOMO–LUMO gap (HLG) energy of the designed
D–p–A systems ranges from 1.64 to 2.65 eV and it shows a
decreasing trend with increasing electron donating strength. In
DSSCs, HLG values give a clear idea regarding the PCE of the
dye-sensitizer. As per various theoretical studies, a lower HLG
ensures better optical and photovoltaic properties, thereby
improving the PCE of DSSC devices.90–92 Herein, we could
recognize that the lower HLG energy obtained with D12–p–A
(2.17 eV) is accompanied by the highest absorption maximum
(619 nm), good adsorption stability (�28.6 kcal mol�1), and
highest eVoc (2.21 eV). Consequently, among all, the D12–p–A
system having the lowest LUMO energy (�1.79 eV) may provide
a better PCE in DSSC devices.

According to the basic principle of DSSCs, when the dye
molecule gets adsorbed on the TiO2 semiconductor, the inter-
action between the dye and semiconductor can shift their
energy levels and prompt electron injection into the semi-
conductor, which is desirable for a better PCE.73 To determine
the energy levels of the adsorbed D–p–A systems on TiO2,
we have designed a bidentate bridging mode for binding the
D–p–A systems on TiO2 (Fig. 4a). It has been reported that the
bidentate bridging mode is the most stable adsorption mode
for anchoring groups.93,94 Further, the LUMO energy levels
(�3.50 to �3.79 eV) of the adsorbed D–p–A systems are deeper
than the bare D–p–A systems (�1.79 to �2.79 eV) and ensure
that the LUMO is above the CB energy of TiO2, which could
promote efficient electron injection from the excited dye mole-
cule into the CB of TiO2. The absorption properties of the
D1–p–A to D18–p–A systems adsorbed on TiO2 are reported in
Table 3. We denote D–p–A adsorbed on TiO2 as D–p–A/TiO2.
The observed lmax in the range 513 to 703 nm is favourable for
an improved PCE, and shows a red shift with respect to the pure
D–p–A system. Among all, D12–p–A/TiO2 shows the highest
lmax (703 nm), whereas D13–p–A/TiO2 displays the lowest lmax

(513 nm). The HLG of the D–p–A/TiO2 systems ranges from 0.61
to 1.89 eV, indicating that the adsorption of the dye with the
semiconductor significantly reduces the HLG related to the
bare D–p–A systems. The electron density shifts in the D–p–A/
TiO2 systems between the HOMO and LUMO are given in the
representative example (D12–p–A/TiO2) shown in Fig. 4b. In all
the D–p–A/TiO2 systems, the HOMO is localized on the donor
region whereas the LUMO is distributed on TiO2. This kind of
charge delocalization is anticipated for a better PCE of dye
sensitizers.

Quantitatively, the adsorption stability of the D–p–A systems
on the (TiO2)9 cluster has been evaluated using the adsorption
energy (Eads), which is listed in Table 4. It is defined as Eads =
Edye/TiO2

� (Edye + ETiO2
), where Edye/TiO2

, Edye, and ETiO2
denote

the energies of dye/TiO2, the isolated dye and the TiO2 cluster,
respectively.95 It is clear that a more negative adsorption energy
could reveal higher adsorption stability between the dye mole-
cule and TiO2. In Table 4, we observed that all the adsorbed
systems that have a more negative adsorption energy contain
greater N-annulation. Among all, the most negative adsorption
energy (�28.6 kcal mol�1) is attained with D12–p–A/TiO2, which

Fig. 3 Correlation between DVmA and Dlmax of the D–p–A systems (the R
value has been calculated by excluding the deviations shown in a green
colour).
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indicates the most stable adsorption. Apart from N-annulation, the
adsorption stability increases with enhanced electron-donating
strength of D–p–A. The excellent linear correlation between DVmA

and Eads with a correlation coefficient of 0.947 confirms that
the donating strength of the donor systems of D–p–A assessed in
terms of DVmA is useful to assess the Eads values of the dye on the
semiconductor (Fig. 5a). Since stronger adsorption leads to deeper

LUMO energy levels, a more donating dye is expected to give higher
adsorption stability and higher eVoc (Table 4 and Fig. 5b). In the
D12–p–A/TiO2 system, the highest adsorption stability and eVoc
(2.21 eV) have been observed, which predicts superior photovoltaic
performance of the adsorbed dye.

Photovoltaic performance

The photovoltaic parameters of the D–p–A systems are listed in
Table 5. The electron injection-free energy change (DGinject) is

Fig. 4 (a) Optimized geometry of a representative D–p–A system on the (TiO2)9 cluster (D12–p–A/TiO2). (b) Electron density shift in the frontier
molecular orbitals.

Table 3 HOMO (eV), LUMO (eV), and HOMO–LUMO energy gap, HLG
(eV), for the D–p–A/TiO2 systems at the B3LYP/GenECP level. The max-
imum absorption wavelength lmax (nm), and oscillator strength (f)
adsorbed on TiO2 are simulated at the TD CAM-B3LYP/GenECP/SMD//
B3LYP/GenECP level

D–p–A/TiO2 systems HOMO (eV) LUMO (eV) HLG (eV) lmax (nm) f

D1 �5.43 �3.68 1.75 538 2.36
D2 �5.17 �3.66 1.52 583 2.03
D3 �5.10 �3.64 1.46 593 2.07
D4 �5.07 �3.62 1.45 611 1.73
D5 �5.09 �3.55 1.54 592 0.60
D6 �5.63 �3.74 1.89 526 2.24
D7 �5.53 �3.76 1.77 538 1.85
D8 �5.57 �3.79 1.77 531 1.87
D9 �5.37 �3.74 1.64 611 1.73
D10 �5.39 �3.71 1.69 574 0.05
D11 �4.85 �3.50 1.34 630 1.79
D12 �4.38 �3.25 1.13 703 0.29
D13 �4.99 �3.78 1.21 513 0.03
D14 �4.32 �3.71 0.61 697 0.02
D15 �5.44 �3.74 1.71 545 2.01
D16 �5.08 �3.60 1.48 610 1.91
D17 �5.25 �3.72 1.53 573 1.02
D18 �5.31 �3.72 1.59 558 1.22

Table 4 The adsorption energies (Eads) of all the D–p–A/(TiO2)9 systems
where the Eads values are given in kcal mol�1

D–p–A/(TiO2)9 systems Eads (kcal mol�1)

D1–p–A/(TiO2)9 �23.6
D2–p–A/(TiO2)9 �23.8
D3–p–A/(TiO2)9 �23.9
D4–p–A/(TiO2)9 �24.3
D5–p–A/(TiO2)9 �25.0
D6–p–A/(TiO2)9 �23.3
D7–p–A/(TiO2)9 �23.0
D8–p–A/(TiO2)9 �22.8
D9–p–A/(TiO2)9 �23.4
D10–p–A/(TiO2)9 �23.8
D11–p–A/(TiO2)9 �25.4
D12–p–A/(TiO2)9 �28.6
D13–p–A/(TiO2)9 �22.2
D14–p–A/(TiO2)9 �23.3
D15–p–A/(TiO2)9 �22.6
D16–p–A/(TiO2)9 �24.5
D17–p–A/(TiO2)9 �23.2
D18–p–A/(TiO2)9 �23.3
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in the range �1.28 to �2.10 eV. It is defined as DGinject = Edye* �
|ECB|,

96–98 where Edye* is the excited state oxidation potential
and ECB is the energy of the conduction band edge of the
TiO2 semiconductor (�4.0 eV). Edye* can be calculated as (�eh –
vertical excitation energy).96,99 The more negative DGinject will
have more ability to inject electrons from the excited state of
D–p–A to the CB of TiO2. Since DGinject is related to short-circuit
current density Jsc, by improving the electron injection ability,
an enhancement in the PCE can occur.6,22,26,98 Among all,

DGinject is more negative in D14–p–A (�2.10 eV) while it is the
least negative in D9–p–A (�1.28 eV). Further, it is noted that the
donating strength improves the electron injection efficiency. The
DGreg valuemeasures the dye regeneration efficiency of the systems,
which can be written as (Edye � 4.8) eV or (�(eh) � 4.8) eV.100,101

The smallest DGreg (�0.84 eV) observed in D12–p–A shows
the highest dye regeneration efficiency, while the highest value
0.49 observed in D6–p–A indicates the lowest dye regeneration
efficiency. Finally, the open-circuit voltage (eVoc = el � (�4.0))102

lies in the range 1.21 eV to 2.21 eV, which shows an excellent
correlation with DVmA (Fig. 6), and suggests that eVoc increases
with enhanced strength of the D–p–A systems. The correlation
in Fig. 6 also suggests that the MESP approach offers an easy
analysis tool for the quantification of the donating strength of
D–p–A systems in DSSC applications, and the correlation plot
provides a guideline for designing dye sensitizers for desirable
photovoltaic applications.

Fig. 5 (a) Correlation between DVmA and Eads and (b) Eads and eVoc.

Table 5 HOMO (eV), LUMO (eV), and HOMO–LUMO energy gap (eV) at the B3LYP/cc-pVDZ level. Ground and excited state oxidation potential (Edye,
Edye*), excitation energy, free energy of electron injection DGinject, dye regeneration efficiency DGreg, and open-circuit voltage eVoc at the TD-CAM-
B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

Systems Excitation energy (eV) HOMO (eV) LUMO (eV) HLG (eV) Edye (eV) Edye* (eV) DGinject (eV) DGreg (eV) eVoc (eV)

D1 2.61 �5.09 �2.48 2.61 5.09 2.48 �1.52 0.29 1.52
D2 2.42 �4.82 �2.46 2.36 4.82 2.40 �1.60 0.02 1.54
D3 2.38 �4.74 �2.43 2.31 4.74 2.36 �1.64 �0.06 1.57
D4 2.29 �4.69 �2.40 2.29 4.69 2.40 �1.60 �0.11 1.60
D5 2.35 �4.68 �2.26 2.42 4.68 2.33 �1.67 �0.12 1.74
D6 2.63 �5.29 �2.64 2.65 5.29 2.66 �1.34 0.49 1.36
D7 2.58 �5.22 �2.72 2.50 5.22 2.64 �1.36 0.42 1.28
D8 2.61 �5.27 �2.79 2.48 5.27 2.66 �1.34 0.47 1.21
D9 2.33 �5.05 �2.72 2.33 5.05 2.72 �1.28 0.25 1.28
D10 2.38 �5.04 �2.64 2.40 5.04 2.66 �1.34 0.24 1.36
D11 2.26 �4.50 �2.21 2.29 4.50 2.24 �1.76 �0.30 1.79
D12 2.00 �3.96 �1.79 2.17 3.96 1.96 �2.04 �0.84 2.21
D13 2.73 �4.77 �2.58 2.19 4.77 2.04 �1.96 �0.03 1.42
D14 2.21 �4.11 �2.47 1.64 4.11 1.90 �2.10 �0.69 1.53
D15 2.58 �5.11 �2.59 2.52 5.11 2.53 �1.47 0.31 1.41
D16 2.29 �4.72 �2.39 2.33 4.72 2.43 �1.57 �0.08 1.61
D17 2.48 �4.96 �2.57 2.39 4.96 2.48 �1.52 0.16 1.43
D18 2.55 �5.04 �2.58 2.46 5.04 2.49 �1.51 0.24 1.42

Fig. 6 Correlation between the donating strength (DVmA) of the D–p–A
system and the open-circuit voltage (eVoc).
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In the analysis, the highest donating strength observed in
D12–p–A correlates to the highest eVoc (2.21 eV). The pyrami-
dalized nitrogen centres observed in D8–p–A retard the efficient
electron injection to p–A, and it shows the lowest eVoc (1.21 eV)
due to inferior donating strength.

Conclusions

Donor modifications, especially through the integration of
electron-rich nitrogen atoms (N-annulation), significantly affect
the structure–performance relationship of D–p–A systems for
dye-sensitized solar cell applications. For tuning the electron-
donating ability of D–p–A systems, eighteen electron-rich nitro-
gen incorporated donors are designed with butadiene and
cyanoacrylic acid as a p-spacer and an acceptor, respectively.
The implication of planarized nitrogens for improving the
electron-donating strength (DVmA) of D–p–A systems is investi-
gated using MESP topographical analysis, which states that the
magnitude of DVmA increases with an increased number of
planar nitrogens. The lmax values of the D–p–A systems are fine-
tuned by the extent of p-conjugation and N-annulation in the
donors. The significance of DVmA in shifting the absorption
maximum (Dlmax) is confirmed by the linear correlation
observed between DVmA and Dlmax. Regarding the frontier
molecular orbitals of the D–p–A systems, the HOMO and LUMO
energies are affected by the electron-rich nature of the donors
in D–p–A. The sufficiently more negative LUMO energy of the
D–p–A systems than the CB energy of TiO2 provides high
electron injection efficiency. The open-circuit voltage (eVoc),
and free energy of electron injection (DGinject) have been
analysed for the D–p–A systems and reveal that eVoc is increased
with enhanced DVmA. Also, the adsorption stability of the
D–p–A systems on TiO2 has been evaluated and indicates that
the adsorption stability (Eads) increased with enhanced
electron-donating strength of the D–p–A system. Since adsorp-
tion of the D–p–A system on TiO2 shifts the LUMO energy, the
stability of the D–p–A/TiO2 system affects eVoc and thus the
efficiency of the solar cell. The strong linear correlation observed
between Eads and eVoc proves this conclusion. Among all the cases
studied, D12–p–A/TiO2 shows the highest adsorption stability;
furthermore, D12–p–A displays the highest Dlmax, the best eVoc
and the highest magnitude for DVmA. Consequently, from the
aforementioned fundamental parameters, it can be concluded
that the D12 based photosensitizer is very effective for improving the
PCE. Also, the N-annulation design strategy will pave the way for
attaining high efficiency in the field of dye-sensitized solar cells.
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AcSIR academic centre/CSIR Lab: CSIR-NIIST               Name of the Supervisor: Dr. C. H. Suresh 

Title of the thesis: Density Functional Theory Studies on D-π-A Systems Used in                        

Dye-Sensitized Solar Cells: Donor-Acceptor Effect, Spacer Effect, and Molecular Design 

Strategies 

Dye-sensitized solar cells (DSSCs) have a fundamental role in photovoltaic technology 

as an alternative to highly expensive conventional silicon based solar cell. Theoretical 

studies are greatly acknowledged for the reliable prediction of efficiency of dye-

sensitizers and understanding the fundamental processes involved in DSSC device. The 

thesis is organized into four chapters. Chapter 1 gives an overview of both DSSCs and 

computational chemistry methods. In chapter 2, using molecular electrostatic potential 

(MESP) analysis, the electronic effect transmission power ( ) of various spacer (G in the 

notation) units in a Y-G-X type molecular model and electron donating strength (VmA) 

of typically used donors in D--A type dye-sensitizers have been computed. Among the 

studied spacers units, alkenyl spacers with shorter spacer chain length showed the 

highest , which will be effective for the better power conversion efficiency (PCE) in 

DSSCs. Further, VmA is found to be proportional to absorptional redshift and open-

circuit voltage (eVOC) which shows the relevance of VmA for the enhancement of optical 

and photovoltaic properties of dye-sensitizers. In chapter 3, the role of electron donating 

substituents on the donor region of D--A systems has been analysed and found that 

VmA, optical, and photovoltaic properties have been improved in substituted D--A 

systems than bare D--A. Finally in chapter 4, the significance of nitrogen centres for 

revamping the donating strength of D--A is scrutinized. The results show that 

absorption maxima, adsorption stability of dye/TiO2 interface, and photovoltaic 

properties enhanced with number of N-centres at donor region. In all chapters, the 

strong linear correlation observed for the ground state property VmA and eVOC provides 

guidelines for effective dye design with a desirable photovoltaic applications. For the 

prediction of PCE, the study developed a new theoretical strategy (MESP based).  
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Substituent Effect Transmission Power of Alkyl, Alkenyl,
Alkynyl, Phenyl, Thiophenyl, and Polyacene Spacers
Velayudhan V. Divya,[a, b] Fareed Bhasha Sayyed,[a] and Cherumuttathu H. Suresh*[a, b]

The transmission of substituent effect through a variety of
spacers, that is to say, alkyl, alkenyl, alkynyl, phenyl, thiophenyl,
and polyacene has been studied by modeling Y-G-X type
molecular systems (Y: reaction center; G: spacer moiety; X:
substituent) using B3LYP/6-31G(d,p) density functional theory
calculations. The reaction center is always kept as a C=C double
bond and the molecular electrostatic potential (MESP) minimum
(Vmin) observed for this bond showed subtle variation with
respect to the changes in the spacer unit and the nature of
substituent. Strong linear correlations are observed between
Hammett substituent constants (σI and σp) and Vmin, which

recommend the aptness of Vmin as an electronic descriptor to
quantify the substituent effect. Since Vmin offers an alternative
measure of substituent effect, the correlation between Vmin and
σp has been used for assessing the transmission of substituent
effect through a variety of spacer moieties. The highest trans-
mission coefficient (γ) is always observed for smaller spacer
length. Among all the spacers, alkenyl showed the highest and
alkyl showed the lowest transmission power. The study
recommends the use of short chains of C=C double, C�C triple
or a combination of both as spacers for the effective trans-
mission of substituent effect to the reaction center.

1. Introduction

Substituents in molecules are regarded as functional groups
and tuning of various chemical properties can be achieved by
controlling the substituent effects.[1] The theory of substituent
effect has been considered as fundamental to the prediction of
molecular reactivity.[1–2] The electronic effect of a substituent
can be transmitted to the reaction center via a transmitting
moiety. For example in a molecule Y-G-X, (Y: reaction center; G:
spacer moiety; X: substituent), the effect of X at Y through G
can be interpreted with the famous Hammett relationship log
(KX/K0)=1σ, where 1 is the reaction constant and σ is the
substituent constant. Hammett equation and several of its
modifications[2a,3] have been used in a quantitative way for the
effective interpretation of substituent effects.[4] The applicability
of σ-constants for a variety of molecules assisted the under-
standing of structure-activity and structure-property relation-
ships in chemistry.[5]

Substituent effects are classified into inductive (through σ
bond), π – resonance and through space (field) effects.[1a,2a,6] The
separation of the substituent effect into inductive (σI or F) and
resonance effect (σR or R) was done by Swain and Lupton.[7]

They interpreted that the negative and positive values of
substituent constant indicate electron donating and withdraw-
ing nature of substituents, respectively. Using quantum chem-
ical approaches, many efforts have been made to model the

substituent effect.[4–5,8] Substituent effects are responsible for
small perturbations on the molecular electron density distribu-
tion, which can be measured by means of correlating them
with the computed quantities of total energy, atomic charges,
and electrostatic potentials resulting from ab initio quantum
chemical or semiempirical methods.[5g,9] Further, several exper-
imental studies have utilized Y-G-X type systems to understand
the substituent effect transmission ability of various spacer
moieties using geometrical variables, ionization techniques, and
NMR chemical shifts etc.[8f,10]

Among the several theoretical quantities used to interpret
Hammett constants, topographical analysis of molecular elec-
trostatic potential (MESP) provided a clean approach to
substituent effects.[5a–c,8c–e] The prediction and rationalization of
reactivity trends using MESP have been pioneered by Scrocco,
Tomasi, and co-workers.[11] Politzer and Murry widely used the
MESP plots calculated using standard electronic structure
theory to interpret while the topographical analysis of MESP
has been pioneered by Gadre et al.[12] From MESP topographical
studies on conjugated organic molecular systems, Suresh et al.
have shown that critical features of MESP are useful for the
quantification of inductive,[13] resonance,[14] steric[15] and prox-
imity effects[8b] of substituents. Also, MESP minimum (Vmin) has
been used as a powerful electronic descriptor to quantify
substituent effect, trans influence and two electron donor
character of ligands.[5a,c,16] Here we intend to study Y-G-X type
systems using Vmin analysis. The substituent effect transmission
power of X through the spacer will be assessed by the Vmin

observed over Y, an olefinic moiety. Although the significance
of such spacers in donor-acceptor systems is well known,
quantification of substituent effect transmission power of a
variety of spacer systems is yet to be systematically analyzed.
Previous studies showed that modifications in spacer units such
as their π-bond character, conjugation length, and planarity
had a significant role in electron transmission power, absorption

[a] V. V. Divya, Dr. F. B. Sayyed, Dr. C. H. Suresh
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wavelength, and other related photophysical properties.[17] Here
spacers such as alkyl, alkenyl, alkynyl, phenyl, thiophenyl, and
polyacenes have been selected to include the inductive, and
resonance effect aspects. We envision that this study will
provide useful information regarding the future dye designing
and other related studies.

2. Results and Discussion

2.1. MESP Topography and Spacer Effects

MESP is one of the most appropriate electronic descriptors to
understand the electron withdrawing and donating nature of
substituents and ligands.[5a,b,12d, 16a, 18] It is recognized that
electron rich region in a molecule experiences a significant
change in MESP minimum (Vmin) due to substituent effects. Here
we consider an olefinic bond (Figure 1) as a sensitive region to

understand the precise variation of Vmin with respect to the
substituent effect. A general notation C2H3� Gn� X has been used
to denote the molecule, where Gn stands for the repeating ’n’
spacer G units between C2H3 and X. The effect of substituent on
C2H3� has been measured in terms of Vmin on its CC double
bond. Electron donating and withdrawing substituents used in
this study include NH2, OH, CH3, H, F, Cl, CF3, CHO, CN and NO2.
The spacers selected for the study are alkyl, alkenyl, alkynyl,
phenyl, thiophenyl, and polyacenes (Figure 1). For a reasonable
understanding about the spacer length, systems up to n=3
have been considered. In studies related to the substituent

effect, a system with X=H is described as the unsubstituted
reference system. Hence the change in Vmin due to substitution
is designated as ~Vmin which gives a direct estimation of the
substituent effect.[8c]

MESP isosurface for 1 a, 2 a, 3 a, 4 a, 5 a and 6 a (X=H) is
shown in Figure 2 along with the respective Vmin values at the
terminal double bond, viz. � 22.2, � 18.6, � 13.8, � 19.5, � 18.4,
� 19.0 kcal/mol. The Vmin at the terminal double bond for all the
substituted systems (total180 systems) is depicted in Table 1.
The Vmin ranges from � 30.5 to 3.8 kcal/mol which indicates the
effect of both spacer moiety and the substituent on tuning the
electron distribution on the double bond. In C2H3-alkyl-X
systems (1 a–1 c), the inductive effect is the prime factor for
electron transmission. A less negative Vmin is observed for
X=NH2 and X=OH than X=H suggesting the electron with-
drawing inductive (� I) character of the highly electronegative N
and O atoms. For X=CH3 and n=1, Vmin is slightly more negative
than X=H indicating the electron donating inductive (+ I) effect
of the methyl group. An increase in alkyl chain length slightly
enhances this electron donation. Further, the � I effect of
substituents Cl, CF3, CN, NO2 etc. are clearly reflected on their
respective Vmin. The diminishing � I effect with an increase in
alkyl chain length is pronounced in the case of CN and NO2. For
example, Vmin of NH2 substituted systems shows a variation of
~1.3 kcalmol� 1 from n=1 to n=3, while CN and NO2 exhibits a
variation of 9.4 and 8.1 kcalmol� 1, respectively. The inductive
control of electronic transmission in alkyl systems is confirmed
by the strong linear correlation between Vmin and inductive
substituent constant (σI) (Figure 3 and Table S1). The slope of
the correlation plot 19.081 observed for spacer length n=1 is
the highest and it decreases to 10.343 for n=2 and further
decreases to 5.5683 for n=3. This data indicates the rapidly
decreasing behavior of I with the increase in the number of CC
single bonds.[13]

For the case of unsubstituted alkenyl systems (2 a–2 c), Vmin

values are observed at � 18.6, � 18.4, and � 18.3 kcal/mol
respectively. The small variation in Vmin indicates the negligible
impact of spacer length on electronic transmission whereas the

Figure 1. Various spacers considered to quantify the transmission power of
spacers. The double bond marked in red is the region where MESP minimum
is located for X=NH2, OH, CH3, H, F, Cl, CF3, CHO, CN and NO2.

Figure 2. MESP isosurface at � 13.0 kcalmol� 1 for 1 a, 2 a, 3 a, 4 a, 5 a and 6 a.
Vmin values in kcalmol

� 1 are also depicted.
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individual effect of a substituent on Vmin is very high in 2 series.
For instance, ΔVmin of NH2 and OH in 2 is significantly more
negative than those in 1. In 2, NH2 and OH donate electrons

mainly through resonance mechanism. NH2 is the most electron
donating with ΔVmin � 11.9, � 10.2 and � 6.0 kcalmol� 1 for 2 a,
2 b, and 2 c, respectively (Table 2 while the most electron
withdrawing NO2 shows ΔVmin 18.7, 14.9 and 12.4 kcalmol� 1.
Increasing the spacer length diminishes the power of electron
transmission. Further, in the case of CH3, Vmin is more negative
than the unsubstituted system which can be mainly attributed
to the electron donating hyperconjugation and + I effect of
CH3. Here the magnitude of electron donation for 2 a–2 c in
terms of ΔVmin is � 3.0, � 2.4, and � 2.1 kcal/mol (Table 2).
Substituents F, Cl, CF3, CHO, CN, and NO2 show a considerable
decrease in the magnitude of Vmin compared to the reference
system, which authenticates their electron withdrawing induc-
tive and resonance effects. The ΔVmin 18.7, 15.0, 11.3, 10.0, 5.3,
1.6 kcalmol� 1 observed for the substituents NO2, CN, CHO, CF3,
Cl and F, respectively suggest that their electron withdrawing
power follows the order NO2>CN>CHO>CF3>Cl>F (Table 2).
The strong linear correlations observed between Vmin of 2 a, 2 b,
and 2 c systems with Hammett constant σp (Figure 4 and

Table 1. Vmin (in kcalmol
� 1) obtained over the terminal double bond of various spacer systems.

X NH2 OH CH3 H F Cl CF3 CHO CN NO2

1 a � 21.9 � 20.7 � 22.3 � 22.2 � 16.3 � 14.0 � 15.2 � 15.1 � 11.1 � 10.7
1 b � 22.3 � 21.6 � 22.5 � 22.5 � 19.1 � 18.1 � 18.6 � 18.4 � 16.4 � 16.3
1 c � 23.2 � 22.1 � 22.5 � 22.5 � 20.6 � 19.9 � 20.2 � 20.0 � 20.5 � 18.8
2 a � 30.5 � 25.4 � 21.6 � 18.6 � 17.0 � 13.3 � 8.6 � 7.3 � 3.6 0.1
2 b � 28.6 � 24.3 � 20.8 � 18.4 � 17.9 � 14.8 � 10.7 � 9.0 � 6.8 � 3.5
2 c � 24.3 � 23.3 � 20.4 � 18.3 � 18.1 � 15.6 � 12.2 � 10.5 � 8.9 � 6.0
3 a � 25.9 � 20.6 � 18.4 � 13.8 � 14.0 � 11.9 � 3.7 � 3.0 1.4 3.8
3 b � 20.1 � 16.3 � 14.3 � 10.2 � 11.0 � 9.7 � 2.7 � 2.0 1.3 3.1
3 c � 13.2 � 13.1 � 11.5 � 8.0 � 8.9 � 7.9 � 2.1 � 1.5 1.1 2.5
4 a � 25.8 � 21.8 � 21.0 � 19.5 � 17.5 � 15.1 � 12.5 � 11.1 � 8.5 � 6.7
4 b � 22.0 � 20.2 � 19.8 � 19.1 � 17.9 � 16.7 � 15.4 � 14.8 � 13.2 � 12.4
4 c � 20.0 � 19.4 � 19.3 � 18.9 � 18.1 � 15.1 � 16.8 � 16.4 � 15.5 � 15.0
5 a � 24.5 � 20.8 � 20.1 � 18.4 � 16.3 � 14.4 � 10.5 � 8.7 � 6.2 � 3.5
5 b � 20.8 � 19.1 � 18.2 � 17.1 � 15.9 � 14.8 � 12.5 � 10.7 � 9.6 � 7.3
5 c � 18.6 � 17.4 � 17.2 � 16.6 � 15.8 � 15.1 � 13.5 � 12.3 � 11.5 � 9.8
6 a � 23.5 � 20.6 � 20.2 � 19.0 � 17.4 � 15.8 � 13.9 � 12.8 � 11.0 � 9.5
6 b � 22.1 � 20.1 � 19.6 � 18.8 � 17.5 � 16.1 � 14.8 � 13.8 � 12.4 � 11.2
6 c � 20.5 � 19.5 � 19.2 � 18.6 � 17.4 � 16.4 � 15.4 � 14.6 � 13.5 � 12.6

Figure 3. Correlation between the Vmin of 1 a–1 c with the inductive
parameter (σI).

Table 2. ΔVmin in kcalmol
� 1 of various spacer systems.

V min ΔVmin

X H NH2 OH CH3 F Cl CF3 CHO CN NO2

1 a � 22.2 0.3 1.5 � 0.1 6.0 8.2 7.0 7.1 11.1 11.5
1 b � 22.5 0.2 0.8 0.0 3.3 4.4 3.9 4.1 6.1 6.1
1 c � 22.5 � 0.7 0.4 0.0 1.9 2.6 2.3 2.5 1.9 3.6
2 a � 18.6 � 11.9 � 6.8 � 3.1 1.6 5.3 10 11.3 15.0 18.7
2 b � 18.4 � 10.2 � 6.0 � 2.4 0.5 3.6 7.7 9.3 11.6 14.9
2 c � 18.3 � 6.0 � 5.0 � 2.1 0.3 2.7 6.1 7.8 9.4 12.4
3 a � 13.8 � 12.1 � 6.8 � 4.6 � 0.2 1.9 10.1 10.8 15.2 17.6
3 b � 10.2 � 9.9 � 6.0 � 4.1 � 0.8 0.5 7.5 8.2 11.5 13.3
3 c � 8.0 � 5.2 � 5.0 � 3.5 � 0.9 0.1 5.9 6.5 9.2 10.5
4 a � 19.5 � 6.3 � 2.3 � 1.4 2.0 4.5 7.1 8.4 11.0 12.8
4 b � 19.1 � 2.9 � 1.1 � 0.8 1.2 2.4 3.7 4.3 5.8 6.7
4 c � 18.9 � 1.1 � 0.5 � 0.4 0.8 3.8 2.1 2.4 3.4 3.9
5 a � 18.4 � 6.1 � 2.4 � 1.7 2.1 4 7.8 9.7 12.2 14.9
5 b � 17.1 � 3.7 � 2.0 � 1.1 1.1 2.3 4.6 6.4 7.5 9.7
5 c � 16.6 � 2.1 � 0.8 � 0.6 0.8 1.5 3.1 4.2 5.1 6.8
6 a � 19.0 � 4.5 � 1.6 � 1.2 1.6 3.3 5.1 6.2 8.0 9.5
6 b � 18.8 � 3.3 � 1.3 � 0.9 1.3 2.6 4.0 5.0 6.3 7.5
6 c � 18.6 � 1.9 � 0.9 � 0.6 1.1 2.1 3.2 4.0 5.1 6.0
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Table S1) suggests that the MESP topographical quantity Vmin is
highly suited as an electronic descriptor to quantify the electron
donating and withdrawing nature of a substituent. The slope of
the correlation plots decreases as n increase in the spacer
length. Since σp=0 stands for the unsubstituted systems, the Y-
intercept of the correlation plot corresponds to Vmin of the
unsubstituted system. Indeed, the Y-intercept and Vmin of the
unsubstituted system show very close agreement.

The unsubstituted alkynyl systems, (3 a–3 c) shows Vmin

values at � 13.8, � 10.2, and � 8.0 kcalmol� 1, respectively. The
magnitude of these values are smaller than the unsubstituted

alkenyl systems indicating the more electronegative Csp hybri-
dized carbons in alkynl systems than Csp2 in alkenyl systems.
Similar to 2, resonance effect dominates in 3 except for X=CH3

and X=CF3. The magnitude of electron withdrawing effect
(ΔVmin) obtained for substituents such as NO2, CN, CHO, CF3, Cl,
and F is very similar to that found for C2H3-alkenyl-X systems
which indicates that substituent effect transmission power is
similar for C=C double bonds and C�C triple bonds.

The unsubstituted systems with phenyl ring spacers, 4 a–4 c
show Vmin values at � 19.5, � 19.1, and � 18.9 kcalmol� 1,
respectively. The electron donating NH2, OH, and CH3 substitu-

Figure 4. Correlation of Vmin with Hammett parameter (σp) of a) alkenyl, b) alkynyl, c) phenyl, d) thiophenyl, and e) polyacene systems.
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ents enhance the negative character of Vmin while the electron
withdrawing F, Cl, CF3, CHO, CN, and NO2 substituents diminish
it. The similar Vmin feature has been noticed for systems
containing thiophenyl spacers, 5 a–5 c and polyacene spacers,
6 a–6 c (Table 1). In 4 series with n=2 and 3, adjacent two
phenyl units are twisted away from planarity which gives a
diminishing effect on the electron donating/withdrawing ability
of the substituent. The C� C single bond connection between
two phenyl units in 4 proposes a significant inductive effect
along with resonance. In polyacenes, resonance effect domi-
nates over the inductive effect. In 4, 5 and 6 series, increase in
spacer length has a decreasing effect on the transmission
power of the substituent effect.

2.2. Vmin-Based Quantification of Substituent Effect
Transmission Power of Spacers

When a reacting center and substituent are separated by a
variety of spacers, significant variations in the molecular proper-
ties can be observed.[19] The transmission of the substituent
effect through olefinic systems showed the applicability of 1 in
calculating the substituent effect transmission power. From the
previous studies,[10b,d] it is understood that the transmission
power of a spacer can be quantified by the transmission
coefficient (γ) defined as γ=1S/1o, where 1S is the reaction
constant of a spacer for which the transmission power has to
be quantified and 1o is the reaction constant of the reference
group. Since Vmin provides an alternative measure of substituent
effects for π-conjugated systems, the correlation of Vmin with σp
can be used to evaluate the transmission ability of various
spacers using the equation, Vmin=1σp+constant. Therefore,
linear regression analysis between Vmin and σp values is carried
out to find the 1 values (Table 3). In order to calculate the
transmission coefficients (γ), the phenyl group substituted 4 a is
taken as the reference system for all the spacers. For 4 a
systems, Vmin=13.018(σp)–18.00 and the slope of this equation
(14a) is used as 1o to determine γ. For example, the γ value for
2 a is calculated as γ=12a/14a =20.722/13.018=1.592 meaning
that the transmission power of 2 a is 1.592 times higher than

phenyl ring. Among the π-bonded spacers, for n=1, the order
of substituent effect transmission power of spacers is 2 a�3 a>
5 a>4 a>6 a. On the basis of the average of all the γ values for
a particular spacer from n=1–3, the order of transmission
power of substituent effects is as follows: 2 a–2 c>3 a–3 c>5 a–
5 c>4 a–4 c>6 a–6 c. This order is in agreement with the
experimental findings[10b] and suggesting the appropriateness
of Vmin method for the present study.

2.3. Combination of Two Different Spacers and Substituent
Selectivity

To understand the transmission ability of a combination of two
different spacers, we selected six types of spacers as shown in
Figure 5. In 7 a and 7 b the substituent is connected to the
double bonded carbon and an aromatic ring, respectively. In
Table 4, the Vmin values obtained for all the hetero spacers are
reported. For substituent ‘H’ the Vmin values of 7 a and 7 b are
� 18.76 and � 18.89 kcal/mol showing a variation of
0.13 kcalmol� 1 between the two isomers. However, for other
substituents, the difference in Vmin is found to be less than
~1.0 kcalmol� 1 suggesting that the electron donating or with-
drawing nature is not highly affected whether ‘X’ is attached to
the double bond or the phenyl ring. The Vmin values for
substituent ‘H’ of 8 a and 8 b are � 16.32 and � 15.88 kcalmol� 1

indicating that total electron withdrawing nature of ethynylben-
zene is more when ethyne is attached directly to the olefinic

Table 3. Slope, intercept, reaction constant (1s), correlation coefficient (R)
and transmission coefficient (γ) of various spacers.

X Slope Intercept 1s R γ

2 a 20.722 � 17.84 20.722 0.994 1.592
2 b 16.868 � 18.15 16.868 0.993 1.296
2 c 12.883 � 17.80 12.883 0.981 0.989
3 a 20.662 � 13.90 20.662 0.988 1.587
3 b 16.235 � 10.76 16.235 0.985 1.247
3 c 11.905 � 8.14 11.905 0.962 0.914
4 a 13.018 � 18.00 13.018 0.987 1.000
4 b 6.667 � 18.20 6.667 0.984 0.512
4 c 3.642 � 18.02 3.642 0.895 0.280
5 a 14.344 � 16.60 14.344 0.979 1.102
5 b 9.143 � 16.03 9.143 0.973 0.702
5 c 5.891 � 15.70 5.891 0.961 0.452
6 a 9.477 � 17.87 9.477 0.984 0.728
6 b 7.438 � 17.81 7.438 0.983 0.571
6 c 5.591 � 17.65 5.591 0.974 0.429

Figure 5. Spacers considered to quantifying the effect of the combination of
two different spacers.

Table 4. Vmin values (kcal/mol) obtained for hetero spacers.

X 7a 7b 8a 8b 9a 9b

NH2 � 24.85 � 24.22 � 22.78 � 21.02 � 24.16 � 23.72
OH � 21.96 � 21.08 � 20.27 � 17.95 � 21.52 � 20.83
Me � 20.21 � 20.21 � 18.83 � 17.07 � 19.39 � 19.77
H � 18.76 � 18.89 � 16.32 � 15.88 � 17.51 � 18.32
F � 17.70 � 17.70 � 16.50 � 14.56 � 16.75 � 17.13
Cl � 15.81 � 15.75 � 15.44 � 12.80 � 14.56 � 15.44
CF3 � 13.24 � 13.49 � 10.86 � 10.67 � 11.42 � 12.30
CHO � 12.05 � 12.17 � 9.79 � 9.60 � 8.85 � 10.35
CN � 10.17 � 10.48 � 10.48 � 7.78 � 7.97 � 8.85
NO2 � 7.97 � 8.79 � 8.79 � 6.28 � 5.21 � 6.34
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moiety. Further, the electron withdrawing and donating sub-
stituents show maximum influence when they are attached to
the phenyl ring. Additionally, for 9 a and 9 b, Vmin values for the
unsubstituted systems are observed at � 17.51 and � 18.32 kcal/
mol, respectively meaning that the variation is only 0.81 kcal/
mol. In fact, for all the substituent except CHO and NO2, the
variation is less than ~1 kcal/mol. This confirms that electronic
effect is not highly affected whether ‘X’ is attached to a double
bond or thiophenyl ring. In general, a spacer made up of two
different moieties, substituent effect transmission power of ‘X’
can show a minor variation depending on the connectivity of X
with the spacer unit.

3. Conclusions

The substituent effect transmission power of electron donating
and withdrawing substituents on a terminal CC double bond
has been assessed using MESP Vmin analysis. The Vmin observed
on this bond showed significant change with respect to the
electron donating/withdrawing nature of the substituent as
well as the nature and length of the spacer unit. The Vmin

correlates strongly with an inductive parameter for systems
consisting of alkyl spacers. Similarly, for all the π-conjugated
systems, strong linear correlations were observed between
Hammett substituent constant and Vmin. The decreasing trend
of slope values with an increase in the size of spacer length
revealed the strongly diminishing nature of the substituent
effect transmission. From the slope of the correlation plots, the
transmission power of spacers are obtained which can be
arranged in the order alkenyl>alkynyl> thiophenyl>phenyl>
polyacene. For systems having alkyl spacers, transmission of
substituent effect is the least as the inductive effect has a
rapidly diminishing character with the increase in the size of
the spacer unit. In summary, among all the spacer groups,
alkenyl and alkynyl units are the most effective for the
substituent effect transmission.

4. Computational Details

Geometry optimization has been carried out with B3LYP/6-31G
(d, p) density functional theory method.[20] MESP computations
are also done at the same level of theory. Previous studies
showed that this method is adequate for calculating MESP
features.[5b,h,21] MESP, V(r) at a point r due to a molecular system
with nuclear charges located at RA and electron density 1(r) is
expressed in Equation (1) where N is the total number of nuclei
in the molecule and ZA is the charge on nucleus A, located at
the distance RAj j.

V rð Þ ¼
XN

A

ZA

r � RAj j
�

Z
1 r

0� �
d3r

0

r � r0j j
(1)

In MESP topography, a negative-valued minimum (Vmin) is
often observed in electron-rich regions such as lone pair, π-
bonds, and anionic sites of a molecular system. Gaussian 09

programme package has been used for all the calculations.[22]

Vibrational frequency analysis is done with the same level of
theory to confirm that the number of imaginary frequencies is
zero for all the optimized geometries.
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Density functional theory study on the donating
strength of donor systems in dye-sensitized solar
cells†

Velayudhan V. Divyaab and Cherumuttathu H. Suresh *ab

The electron-donating strengths of donor (D) moieties in thirteen donor–p–acceptor systems (D1–p–A

to D13–p–A wherein –p– and A represent butadiene and cyanoacrylic acid units, respectively) have

been studied using B3LYP/cc-pVDZ level density functional theory (DFT) calculations. The selected D

moieties are encountered as a part of an organic sensitizer molecule in dye-sensitized solar cell (DSSC)

applications. When the D moiety is joined with p–A, a certain amount of electron donation from D to A

occurs leading to an increase in electron density at the A site of D–p–A compared to the A site of p–A.

This electron reorganization is quantified in terms of a change in molecular electrostatic potential (MESP)

minimum (DVmA) at the acceptor site, the CN group of the cyanoacrylic acid. The DVmA is always negative,

in the range of �11.0 to �2.6 kcal mol�1 which provides a quick assessment of the rank order of the

electron-donating nature of the D moieties in the ground state of D–p–A. The optical and photovoltaic

properties of D and D–p–A systems are also determined at the TD-CAM-B3LYP/cc-pVDZ//B3LYP/cc-pVDZ

level. An absorption red shift (Dlmax) in the range of 81–242 nm is observed when D moieties change to

D–p–A systems. The ground state property DVmA showed a strong linear correlation with the excited state

property Dlmax. Furthermore, DVmA is found to be proportional to the open-circuit voltage (VOC). The

resemblance of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital

(LUMO) energies of the D–p–A system with the respective energies of donor and p–A systems shows

that the donor tunes the HOMO, while p–A tunes the LUMO. Among the thirteen D–p–A systems,

N,N-dialkylaniline, and julolidine are rated as the best donors for the photovoltaic applications. This study

shows that the MESP based assessment of the donating strength of donor systems offers a powerful

rational design strategy for the development of efficient dyes for DSSC applications.

Introduction

Dye-sensitized solar cells (DSSCs) have been regarded as a
highly potential alternative to conventional silicon-based solar
cells due to their high molar extinction coefficient, low production
cost, simple synthetic strategy and easy structural modifications.1–5

DSSCs also perform relatively better than other traditional solar cells
under diffuse light conditions and at higher temperatures.4–6 In
DSSC applications, the sensitizers synthesized can be divided
into two broad areas, viz. metal-based systems such as Ru(II)
polypyridyl complexes, and Zn(II) porphyrins7 and the metal-free
donor–p–acceptor (D–p–A) type organic dyes.8 The Ru-based

polypyridyl sensitizers attained the highest power conversion
efficiency over 11%more thanmost of themetal-free sensitizers.9–14

This is due to the ability of metal sensitizers to absorb solar
irradiation up to the near-infrared region, while other metal-free
dye sensitizers are absorbed in the shorter wavelength region.8,13,15

So, a highly efficient sensitizer should have an absorption maxi-
mum near to the Vis-NIR region associated with a long-lived
charge excited state.16,17 Due to the highly expensive and toxic
synthetic procedures involved in metal sensitizers, the organic
dyes exhibit remarkable importance in DSSC applications.8 Recent
studies proposed important structural modifications in organic
dyes18,19 to achieve a high power conversion efficiency (PCE) and
over 12% has been achieved with a metal-free alkoxysilyl carbazole
dye as a sensitizer.20 Yao et al. reported an improved PCE of 12.5%
with a metal-free indenoperylene based D–p–A dye,21 the best-
knownmetal-free organic dye. In 2017, a simple designing strategy
over the phenothiazine moiety with ethynyl-pyrene enabled a
PCE of 12%.22 The other recent milestones in DSSCs include
co-sensitization, which enables higher photovoltaic performance
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over 14% with a collaborative sensitization by silyl and carboxy
anchoring groups.23 Many studies proposed the structural
modification of the donor group of the D–p–A dye to achieve
higher efficiency as increasing the electron donating strength
generally broadens and intensifies the region of absorption.24–26

In general, a dye sensitizer with a D–p–A framework can be
modified at donor,27,28 spacer,29–32 and anchoring groups33–35

to improve the PCE. Typically, the acceptor portion (A) of the dye
anchored onto the TiO2 semiconductor favours the charge
transfer of the excited electrons to the conduction band of the
semiconductor.36 The oxidized dye is then regenerated by the
electron transfer from the electrolyte (I�/I3

� couple), while
the electrolyte couple regains the electron from the platinum
counter electrode.4,37 Therefore, for an efficient dye sensitizer,
an effective electron injection can occur from the dye to the
TiO2 semiconductor if its highest occupied molecular orbital
(HOMO) is observed at a level slightly below the redox couple of
the I�/I3

� electrolyte (�4.8 eV) and the lowest unoccupied
molecular orbital (LUMO) is observed above the conduction
band of TiO2 (�4.0 eV).8,38,39

Apart from the simple D–p–A framework, several other config-
urations like D–D–p–A,40–42 D–A–p–A,43–46 D–p–A–A,47 (D–p–A)2,

48

and double D–p–A bridges49 were also introduced and revealed
that the introduction of additional donors, acceptors, and the
extension of p conjugation reduces the HOMO–LUMO energy gap
and redshifts the absorption maximum. In other words, for the
improved PCE, the donor should be stable, and electron-rich for
the effective electron injection to the TiO2 conduction band,28,50,51

thereby broadening their absorption to the Vis-NIR region.50,51

Therefore, for effective dye designing, it is very important to
understand the electronic and photophysical properties of the dye
systems.44 Density functional theory (DFT) and Time-dependent
density functional theory (TD-DFT) can afford a more efficient
approach to understand and predict these structural and electronic
features without any time delay compared to the traditional trial
and error methods.52–63 Previous studies have shown that the donor
strength has a significant role in absorption maximum, the kinetics
of electron injection and light-harvesting efficiency.64,65 Recently,
the relevance of the theoretical estimation of donor strength in
organic electronics has been explained by Köse.66

Thirteen typically used donor building blocks (Fig. 1) in the
DSSC applications are selected for this DFT/TDDFT study
(D1–D13).24,31,67–72 Among them, D1–D4 are aromatic hydro-
carbon systems whereas the remaining donor moieties contain
at least one lone pair bearing a nitrogen centre (D5–D13). The
estimation of the donating strength is assessed by molecular
electrostatic potential (MESP) topographical features of these
donor molecules and their corresponding D–p–A systems. The
MESP distribution is useful to understand the charge distribution
within a molecule,73–76 and the regions with negative MESP values
indicate electron-dense regions while positive-valued areas
represent electron-deficient regions. The MESP based inter-
pretation has been used for the study of substituent effects,
intermolecular interactions, non-covalent interactions, hydrogen
bonding, cation–p interactions, aromaticity and a variety of
chemical phenomena.77–80 MESP analysis has been used in the

field of organometallic chemistry for the quantification of the
electron-donating strength of phosphine and N-heterocyclic
ligands.73 The global minimum (Vmin) of MESP near the two
electron donor atom (P or N) indicates the net donating ability of
the ligand for making a coordination bond with a metal centre.
Furthermore, Suresh and co-workers proved that MESP minimum
(Vmin) analysis is very effective for the quantification of the inductive,
resonance, steric and proximity effects of substituents.75,81–84

Recently the substituent effect transmitting power (g) through
various spacer units is also calculated via MESP analysis and
showed that Vmin values are beneficial for the quantification of
the transmission power of spacers.85 The study recommends the
usage of short alkenyl systems as spacers for effective electronic
transmission. Moreover, the above reliable studies confirmed
that MESP is a powerful descriptor, capable of predicting the
electronic properties of the molecular systems effectively.
The present study focuses on the MESP analysis of D–p–A
systems towards photovoltaic applications. The butadiene
moiety (–HCQCH–CHQCH–) and the cyanoacrylic acid unit
(–H2CQC(CN)–COOH) are used as the p-spacer and anchoring
(A) group, respectively.

Computational method

The ground state geometry optimization has been carried out
using the B3LYP density functional theory (DFT) method86 with
the cc-pVDZ basis set.87 This DFT method has been extensively
used in the theoretical studies of organic dyes for dye-sensitized

Fig. 1 ChemDraw representation of donors (D1–D13) and D–p–A systems.
The bond shown in red colour is replaced with the p–A part to design the
D–p–A system.
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solar cell applications.45,60 Frequency calculations were also
done at the same level of theory and confirmed that there were
no imaginary frequencies. Vertical excitation energy calculations
have been done for the first 7 states by using a long-range and
solvation effect-corrected CAM-B3LYP/cc-pVDZ DFT method56 in
dichloromethane. The reliability of this method has been
checked by doing the computation on experimentally known
systems (Fig. S1, ESI†) using three more methods, viz. B3LYP,86

PBE1PBE,88 and oB97XD.89 For all these methods, the solvation
effects are incorporated through the self-consistent reaction field
(SCRF) calculation implemented in the SMD (solvation model
based on electron density) model.90 The TD-DFT calculations
showed that the result given by CAM-B3LYP is the most reliable
to reproduce the experimental absorption maximum (Table S1,
ESI†). DFT and TD-DFT calculations are done using the Gaussian
16 program package.91 For quantifying the electron donating
strength of donors in the D–p–A system, molecular electrostatic
potential (MESP) analysis has been performed at the B3LYP/cc-
pVDZ level. MESP, V(r) at point r in the vicinity of a molecular
system in the atomic unit can be calculated from the electron
density r(r0), using eqn (1)

VðrÞ ¼
XN
A

ZA

r� RAj j �
ð
rðr0Þdr0
jr� r0j (1)

where N is the total number of nuclei present in the molecular
system, ZA is the charge on the nucleus A at a distance RA and r0 is
a dummy integration variable.92,93

Results and discussion
MESP analysis of donor molecules

The MESP minima Vm are useful for locating the most electron-
rich regions in the molecules. The Vm appears on the aromatic
rings, hetero atoms and CC double bonds of donor molecules
(D1–D13) which are shown in Fig. 2. Since all the systems
contain at least one aromatic ring, the ring showing the most
negative Vm (VmD) is taken for comparing the donor strength of
each system. The VmD values of all the systems are depicted in
Fig. 2 along with other Vm values. In polycyclic aromatic
hydrocarbon (PAH) systems (D1–D3), VmD values lie in a small
range of �14.4 to �14.9 kcal mol�1 which can be attributed to
the similar p-conjugation features which are not affected by a
hetero atom or a substituent. In the D4 system, two phenyl
rings show a nearly coplanar arrangement with the CC double
bond and their VmD (�16.1 and �16.8 kcal mol�1) values are
more negative than a PAH while the third phenyl ring has a
highly twisted arrangement with respect to the CC double bond
and shows VmD�13.7 kcal mol�1. It appears that the presence of
a conjugated CC bond in D4 enhances its electron density over
the corresponding aromatic rings. In D5, three phenyl rings
share the lone pair electron density from the nitrogen centre
leading to a more negative character for VmD �15.6 kcal mol�1

than a PAH. In D6, D7 and D8, an amino nitrogen centre is
connected with an arene ring. In the piperidine-phenyl system
D6, the nitrogen centre is more pyramidalized than the other

two and shows the least negative VmD (�21.6 kcal mol�1) among
the three. In D7 and D8, fusing the N-alkyl unit/s with the
aromatic ring improves the planarization of the N-centre, leading
to more electron donation via +R effect to the arene ring. As a
result, julolidine D8 shows the most electron-rich arene ring in
terms of VmD�26.4 kcal mol�1 followed by D7 (�23.5 kcal mol�1).
Compared to a PAH, carbazole arene rings show significantly
more negative VmD (�19.5 kcal mol�1); here the sharing of the
N-centre lone pair is with two aromatic rings which leads to less
negative VmD than D6–D8. Similarly, in D10, the sharing of the
N-lone pair with two arene rings can be seen in addition to the
effect of the hetero S atom. In this case, VmD is less negative
than carbazole. In D11, the combined effect of three N-centres
can be attributed to the electron-rich nature of the arene
ring (VmD �21.3 kcal mol�1) and among the N-centres, the
N,N-dimethyl units are not fully effective for the influence of
the +R contribution due to slight pyramidalization caused by
steric congestions from the alkyl moiety of the adjacent
five-membered ring. In D12, along with the +R contribution
of N,N-dimethyl substituents, the conjugation effect of CC
double bonds leads to relatively more electron-rich arene rings.
The least negative VmD �11.0 kcal mol�1 is observed in D13, the
coumarin system. Here, the presence of a highly electron-
withdrawing carbonyl group at the heterocyclic ring reduces
the electron density on the aromatic ring.

Fig. 2 MESP minima at the donor site, the VmD of the donor systems.
Isosurface values in kcal mol�1 are given in brackets. Here carbon atoms
are shown in green colour, while nitrogen, sulfur and oxygen atoms are
shown in pink, yellow and red colours, respectively.

NJC Paper

Pu
bl

is
he

d 
on

 0
3 

A
pr

il 
20

20
. D

ow
nl

oa
de

d 
by

 R
eg

io
na

l R
es

ea
rc

h 
L

ab
or

at
or

y 
(R

R
L

_T
vm

) 
on

 2
/2

4/
20

21
 8

:4
8:

53
 A

M
. 

View Article Online

https://doi.org/10.1039/d0nj00723d


This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020 New J. Chem., 2020, 44, 7200--7209 | 7203

MESP analysis of D–p–A systems

The donating strength of donor fragments in the D–p–A system
has been studied by MESP analysis. The MESP isosurface plot
of a representative D–p–A system (D12) is shown in Fig. 3a
along with MESP minimum (Vm) values at various positions.
The positions selected for Vm analysis are (i) the donor site
(VmD

0), (ii) the spacer site nearer to the donor (VmS
0) and (iii) the

anchor site (VmA
0). The p–A portion is built by linking a

butadiene moiety (p-spacer) with the cyanoacrylic acid moiety
(A). Since the p-spacer and anchor units are the same for all
donors, they have been considered as a reference system and
the corresponding MESP minimum at their spacer (VmS) and
anchoring sites (VmA) are evaluated for comparison with those
of the D–p–A system (Fig. 3b). The various MESP minimum
values, viz. VmD

0, VmS
0, and VmA

0 (Fig. S3, ESI†), are shown in
Table 1 along with the most negative Vm of the donor molecule
(VmD). In Table 1, the quantities DVmD, DVmS, and DVmA

represent the change that occurrs in the minimum potential
of the donor, spacer and anchoring sites with the introduction
of the p–A system. Furthermore, in order to calculate DVmD, the
most negative minima at the phenyl ring of each donor (VmD)
have been subtracted from the corresponding minima (VmD

0) of
the D–p–A system. Similarly, DVmS and DVmA have been calculated
by subtracting the Vm values at spacer and anchoring moieties of
the reference system (VmS and VmA) from the corresponding
minima (VmS

0 and VmA
0) of the D–p–A system.

From Table 1, it is clear that when a donor part is being
attached with a p–A system, the minimum potential of the
donor site (VmD

0) becomes less negative indicating the electron
transferring ability from the donor site to the p–A site. The term
DVmD in Table 1 represents the change that occurred on the
minimum potential at the donor site during the p–A linkage
which varies from 5.1 to 16.4 kcal mol�1 and indicates the
intramolecular charge transfer involved in the D–p–A system.
Furthermore, at the spacer site of the D–p–A system, electron
density gain is observed represented by negative DVmS which lies
in the range of �0.9 to �10.5 kcal mol�1. On the basis of DVmS,
the highest donating strength can be attributed to the D12,
while the least donating strength can be assigned for PAHs.

The VmA
0 values indicate that the minimum potential at the

anchor moiety, for example at the cyano group, shows signifi-
cant variations with respect to different donor units. The most
electron-donating donor is expected to show the most negative
VmA

0. For the application of DSSCs, the cyanoacrylic portion has
to be linked to the TiO2 semiconductor for efficient electron
transfer. By making the anchoring group electron-rich, efficient
electron transfer from the dye to TiO2 can occur. In other
words, the efficiency of the DSSC system can be directly related
to the electron-donating strength of the donor moieties. Due to
this reason, the change in MESP minimum that appeared on
the anchoring part (DVmA) has been considered as the donating
strength of the donor moiety. The PAHs (D1–D3) showed the
least negative value of DVmA (�2.7 to�3.8 kcal mol�1), indicating
their poor electron-donating strength. Furthermore, in the D4
system, a similar donating strength of �3.8 kcal mol�1 is
observed. In D5, the introduction of the N-centre imparts more
negative DVmA values (�5.7 kcal mol�1) than PAHs which
explains its better electron-donating strength compared to
polyacenes. In D6 and D7, the more planarized nitrogen centres
in the donor part impart a more negative DVmA value of
�7.2 kcal mol�1 and suggests its higher electron-donating
strength than D5. In the D8 system, the fused N-centre with
the aromatic ring further improves its planarization and leads to
more negative DVmA �9.2 kcal mol�1 than D5, D6, and D7. In
carbazole (D9), the N-lone pair is shared between two aromatic
rings through resonance, and as a result, the electron-donating
strength in terms of DVmA (�4.5 kcal mol�1) appears weaker
than those (D6–D8) having only one aromatic ring for sharing
an N-lone pair. In D10, the presence of sulfur slightly enhances
the negative value of DVmA to �5.0 kcal mol�1. Even though
there are three nitrogen centres in ullazine, it shows a donating
strength of �5.1 kcal mol�1 which can be attributed to the
influence of pyramidalized N,N-dimethyl groups in ullazine. In
D12, a more negative DVmA value of �11.0 kcal mol�1 can be
recognized with the +R effect of mostly planarized N,N-dimethyl
substituents. Finally, in D13 a more negative DVmA value
(�6.2 kcal mol�1) than that of PAHs has been observed due to
the interplay of the electron-rich nitrogen centre and the
electron-withdrawing carbonyl group. These results strongly
suggest that the incorporation of an electron-rich heteroatom
in the donor region can have a positive influence on the electronic
transmission to the acceptor moiety. On the basis of DVmA,

Fig. 3 MESP isosurface plot of (a) representative D–p–A system and
(b) reference system.

Table 1 Vm (kcal mol�1) of the D–p–A systems calculated at the B3LYP/
cc-pVDZ level

Systems VmD VmD
0 DVmD VmS VmS

0 DVmS VmA VmA
0 DVmA

D1 �14.4 �8.2 6.2 �2.4 �3.3 �0.9 �50.3 �53.0 �2.7
D2 �14.9 �9.8 5.1 �2.4 �3.3 �0.9 �50.3 �53.0 �2.6
D3 �14.4 �8.0 6.4 �2.4 �4.0 �1.6 �50.3 �54.2 �3.8
D4 �16.8 �7.8 9.0 �2.4 �4.3 �1.9 �50.3 �54.2 �3.8
D5 �15.6 �7.7 7.9 �2.4 �6.3 �3.9 �50.3 �56.0 �5.7
D6 �21.6 �9.3 12.3 �2.4 �8.0 �5.6 �50.3 �57.5 �7.2
D7 �23.5 �8.8 14.7 �2.4 �8.3 �5.9 �50.3 �57.5 �7.2
D8 �26.4 �10.0 16.4 �2.4 �10.8 �8.4 �50.3 �59.5 �9.2
D9 �19.5 �12.0 7.5 �2.4 �4.8 �2.4 �50.3 �54.8 �4.5
D10 �16.8 �9.4 7.4 �2.4 �5.3 �2.9 �50.3 �55.2 �4.9
D11 �21.3 �11.0 10.3 �2.4 �7.5 �5.1 �50.3 �55.4 �5.1
D12 �23.9 �14.1 9.8 �2.4 �12.9 �10.5 �50.3 �61.4 �11.0
D13 �11.0 �1.9 9.1 �2.4 �8.0 �5.6 �50.3 �56.5 �6.2
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the order of the donating strength of donor groups can be
written as D2 o D1 o D3 = D4 o D9 o D10 o D11 o D5 o
D13o D6 = D7o D8o D12. The julolidine based donor system
D8 and the N,N-dialkyl aniline incorporated D12 are the most
efficient among the studied systems.

Absorption spectra of donor and D–p–A systems

The absorption maxima of all the systems (donor and D–p–A)
along with oscillator strength (f) are summarized in Table 2. For
the assessment of the absorptional shift, Dlmax, the absorption
maximum of the D–p–A system was subtracted from the donor
system. For calculatingDlmax, HOMO- LUMO orbital transition
has been considered, except for D1. In D1, lmax is observed for
the HOMO�1 - LUMO transition, while its HOMO - LUMO
transition is nearly forbidden due to very small f values. The data
in Table 2 clearly suggest that the absorption maximum (lmax)
of D–p–A shifts significantly to a higher wavelength region
compared to donor D. Since in all systems we used the same
spacer and anchoring moiety (the p–A unit), their influence on
the absorptional shift (Dlmax) can be considered to be the same.
This implies that the large variation in Dlmax exhibited by the
D–p–A system is due to the variation in the donating strength of
donor moieties. For instance, among all donor moieties, D1 with
Dlmax 81 nm is the least donating while D12 with Dlmax 242 nm is
the most donating (Table 2). Furthermore, DVmA with Dlmax with
a correlation coefficient shows a linear correlation of 0.966
(Fig. 4) which shows the significance of the donating strength
of DVmA on Dlmax. In the linear correlation plot, D1 and D11
based D–p–A systems exhibit a slight deviation, which can be
attributed as their less intense ( f - 0.02–0.03) and nearly
forbidden HOMO - LUMO charge transfer character of the

orbital excitation. From these results the shift in absorption
maxima (Dlmax) follows the order D12 4 D8 4 D7 4 D6 4
D10 4 D5 4 D13 4 D9 4 D4 4 D3 4 D2 4 D11 4 D1,
preferably due to the nature of donor groups. Therefore, to
improve the wavelength of absorption to a preferred region (Vis
to NIR), its donating ability has to be tuned with the introduction
of better electron-donating donor groups (preferably more nitrogen
centres).

The frontier molecular orbital energy levels given in Fig. 5
show the HOMO–LUMO band gap features of D, D–p–A and p–A
systems (butadiene moieties linked with cyano acrylic acid).
The HOMO value (eh) of the D systems is in the range of
�4.66 to �5.70 eV, whereas that of the D–p–A system is in
the range of �4.96 to �5.89 eV. These data indicate the close
resemblance of the HOMO level of the D and D–p–A systems.
On the other hand, the LUMO energy level (el) of D shows a
large deviation from the el of the D–p–A system indicating clear

Table 2 Maximum absorption wavelength (nm), oscillator strength f, absorptional shift Dlmax and the percentage MO contribution of donor and D–p–A
systems at the TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

Donor D–p–A

Systems lmax f MO contribution lmax f MO contribution Dlmax

D1 320 0.52 H - L (93.2%) 401 2.21 H�1 - L (94.2%) 81
376 0.03 H - L (74.6%) 56

D2 306 0.03 H�1 - L (33.6%) 409 2.47 H - L (79.3%) 103
H - L (19.9%)
H - L+1 (39.5%)

300 0.23 H - L (68.5%) 109
D3 408 0.59 H - L (98.7%) 518 1.73 H - L (90.4%) 110
D4 300 0.78 H - L (97.0%) 434 2.21 H - L (88.6%) 134
D5 284 0.03 H - L (90.8%) 453 2.02 H - L (86.7%) 169

279 0.38 H - L+1 (98.8%) 174
D6 256 0.05 H - L (87.8%) 446 2.00 H - L (92.6%) 190

236 0.37 H - L+1 (91.7%) 210
D7 261 0.09 H - L (90.5%) 448 1.86 H - L (93.7%) 187

226 0.18 H - L+1 (90.0%) 222
D8 277 0.08 H - L (92.9%) 480 1.95 H - L (93.2%) 203

243 0.29 H - L+1 (92.9%) 237
D9 286 0.06 H - L (87.6%) 419 2.21 H - L (93.2%) 133

262 0.31 H�1 - L (84.2%) 157
D10 319 0.02 H - L (95.2%) 459 1.67 H - L (84.8%) 140

275 0.18 H - L+2 (84.6%) 184
D11 324 0.38 H - L (90.8%) 448 0.02 H - L (89.2%) 124

411 2.11 H�1 - L (73.6%) 87
D12 278 0.20 H - L (78.0%) 520 1.95 H - L (92.6%) 242
D13 334 0.64 H - L (95.3%) 503 1.99 H - L (89.3%) 169

Fig. 4 Correlation between the donating strength (DVmA) of the D–p–A
system and the change in absorption maxima (Dlmax).
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dissimilarity. In fact, el of D–p–A in the range of �2.52 to
�3.10 eV is very close to el �2.97 eV observed for p–A. Thus,
the data shown in Fig. 5 indicate that the HOMO of D–p–A is
more like the HOMO of the donor and its LUMO is more like that
of p–A. This feature is clearly evident in the frontier molecular
orbital diagram given in the D–p–A system for representative cases
(Fig. 6). HOMOs are more localized towards the donor region with
decreasing orbital contributions from the p–A system, while the
LUMO is mostly localized in the p–A region. D1–p–A is an
exception wherein HOMO�1 to the LUMO is the allowed transi-
tion and its HOMOhas a different p character, localized exclusively
on the pyrene ring. The data shown in Fig. 5 clearly suggest that
linking the donor system to the p–A unit is very effective for
reducing the band gap. For all cases, the HOMO level is tuned
towards the value of the I�/I3

� electrolyte couple while the LUMO
level appears closer to the conduction band (CB) of TiO2. The
HOMO and LUMO distribution and their energy levels suggest a
significant charge separation in the excited state leading to the
strong electron coupling of the dye with the TiO2 semiconductor
which promotes the electron transfer to the conduction band.94

In general, compared to D systems, the absorption maxima
of D–p–A systems show a significant red shift (Table 2) in the
range of 81–242 nm. In D1–p–A and D2–p–A, lmax is observed at

401 and 409 nm, respectively. The major electronic excitation of
pyrene incorporated D1–p–A is assigned to the transition of
HOMO�1 to the LUMO. The forbidden HOMO to LUMO
transition of D1–p–A can be changed to allow one by appropriate
substitution such as a substitution by the methyl group at the
first or second position (Table S2 and Fig. S2, ESI†). The D3–p–A
system showed a broad absorption coverage in the visible region
with lmax 518 nm corresponding to the HOMO–LUMO transition.
Among all, D3–p–A has the lowest HOMO–LUMO band gap of
2.26 eV (Fig. 5). The D4 in D4–p–A is more electron-donating than
a PAH moiety and it shows a smaller band gap of 2.71 eV
compared to D1 to D2 incorporated systems. Furthermore, in
nitrogen-containing D–p–A systems (D5–D13), the band gap
energy decreases to a greater extent by 2.31–2.75 eV for all except
D9–p–A (2.87 eV) than hydrocarbon systems. Among the
nitrogen-containing systems, D12–p–A showed the highest lmax

520 nm with a band gap of 2.39 eV while D11–p–A showed the
lowest band gap of 2.31 eV. The lmax value of D11–p–A observed
at 411 nm is due to the transition of HOMO�1 to LUMO. Among
them all, the HOMO energy level of D12–p–A appeared nearest
to the energy level of the redox electrolyte while its LUMO level
is 1.44 eV higher than the CB of TiO2. The LUMO energy levels of
all systems offer a favourable electron injection from the excited
state to the conduction band of TiO2 while HOMO energies
lower than the oxidation potential of the I�/I3

� electrolyte
(�4.8 eV) indicate effective dye regeneration. These results
support their effective utilization in the DSSC application. The
D3–p–A, D11–p–A and D12–p–A systems are among the lowest
band gap systems, desirable for harvesting more light in the
UV-visible region.

Analysis of photovoltaic parameters

According to Koopman’s theorem,95 the ground state oxidation
potential (Edyeox ) of a dye can be approximated as the negative HOMO
energy (�eh). Furthermore, the excited state dye regeneration

Fig. 5 Frontier molecular energy level diagram of D–p–A systems at the B3LYP/cc-pVDZ level.

Fig. 6 Frontier molecular orbitals of representative D–p–A systems at the
B3LYP/cc-pVDZ level.
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driving force (DGreg) can be approximated as (Edyeox � 4.8) eV or
(�(eh) � 4.8) eV where �4.8 eV stands for the redox potential of
the I�/I3

� electrolyte couple.22,96 The free energy change for
electron injection (DGinject) from the excited state of the dye to
the semiconductor53,97,98 is generally defined as,

DGinject = Edyeox * � 4.0 (2)

where Edyeox * is the excited state oxidation potential and �4.0 eV
stands for the conduction band (CB) edge of the TiO2

semiconductor.22,99 Assuming that the electron injection
occurs from the unrelaxed excited state, Edyeox * can be explained
as the difference between the ground state oxidation potential
of the dye and the vertical transition energy lmax,

96,97,100

Edyeox * = (�eh) � lmax (3)

Furthermore, the difference between the energy of the
LUMO (el) of the dye and the energy of the conduction band
edge of TiO2 is regarded as the open circuit voltage (eqn (4)).100

eVOC = el � (�4.0) (4)

In Table 3, the DGinject values fall in the range of �1.04 to
�1.94 eV, and the D11–p–A system with the most negative value
has the highest electron injection efficiency while D2 to D4
based D–p–A systems show the lowest efficiency. The smallest
DGreg value of 0.16 eV is observed for D12–p–A and suggests its
fastest dye regeneration efficiency. A good linear correlation
between DVmA and eVOC is observed for all the cases (Fig. 7)

suggesting that the electron accepting tendency of the acceptor
part is well reflected at the LUMO levels. Among all the systems,
julolidine based D8–p–A possesses the highest el value resulting
in the highest eVOC value of 1.48 eV. The second highest eVOC
value of 1.44 eV is observed for D12–p–A. The DVmA values suggest
that the electron donating ability of PAH moieties is the lowest
among all the donors and the corresponding D1 to D3 based
D–p–A systems show the lowest range of eVOC 0.90–1.01 eV.

Conclusions

Using MESP topographical analysis, the donating strength of
thirteen known (D1–D13) typically used donor systems in the
DSSC applications has been quantified. The red shift in the
absorption maximum (Dlmax) observed for the D–p–A systems
is rationalized in terms of the amount of electron donation
from the donor D moieties to the p–A system using the MESP
parameter DVmA. The highest electron donating strength DVmA

observed in D12–p–A shows the highest Dlmax and maximum
absorption wavelength lmax with a small band gap energy of
2.39 eV. In poor electron donating D1 and D2 based D–p–A
systems, the smallest Dlmax and lmax values are observed. A
linear correlation obtained between DVmA and Dlmax confirms
that Dlmax increases with an increase in DVmA. The frontier
molecular energy levels showed that the HOMO of the D–p–A
system has a greater resemblance to the HOMO of the donor,
whereas the LUMO has a greater resemblance to the LUMO of
p–A. Thus, the donor tunes the HOMO, while p–A tunes the
LUMO energy of the D–p–A system for efficient dye regeneration
and electron injection. Among all the systems, D12–p–A showed
the highest electron injection efficiency. Since eVOC is directly
proportional to the power conversion efficiency of the solar cell,
D8–p–A and D12–p–A having the highest eVOC can be regarded
as the most efficient sensitizers for DSSCs while the lowest eVOC
values displayed by the PAH based (D1–D3) D–p–A systems offer
poor efficiency. The linear correlation between DVmA and eVOC
shows that eVOC increases with an increase in the negative
character of DVmA and also proves that better sensitizers can
be developed by connecting a powerful electron donor to a p–A
system. One way to do this is by incorporating multiple lone pair

Table 3 Calculated vertical excitation energy, absorption maxima, oscillator strength f, HOMO LUMO energy, HOMO–LUMO energy gap (HLG), ground
and excited-state oxidation potentials (Edyeox and Edyeox *), free energy change for electron injection (DGinject), dye regeneration driving force (DGreg), and the
open circuit voltage (eVOC) of D–p–A systems at the TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

Systems Excitation energy (eV) labsmax (nm) f HOMO (eV) LUMO (eV) HLG (eV) Edyeox (eV) Edyeox * (eV) DGinject (eV) DGreg (eV) (eVOC) (eV)

D1 3.09 401 2.22 �5.88 �2.99 2.89 5.88 2.79 �1.21 1.08 1.01
D2 3.03 409 2.47 �5.89 �3.00 2.89 5.89 2.86 �1.14 1.09 1.00
D3 2.39 518 1.73 �5.35 �3.10 2.26 5.35 2.96 �1.04 0.55 0.90
D4 2.86 434 2.21 �5.70 �2.98 2.71 5.70 2.84 �1.16 0.90 1.02
D5 2.73 453 2.02 �5.37 �2.79 2.58 5.37 2.64 �1.36 0.57 1.21
D6 2.78 446 2.00 �5.42 �2.68 2.74 5.42 2.64 �1.36 0.62 1.32
D7 2.59 448 1.95 �5.40 �2.65 2.75 5.40 2.81 �1.19 0.60 1.35
D8 2.77 480 1.86 �5.12 �2.52 2.60 5.12 2.35 �1.65 0.32 1.48
D9 2.96 419 2.21 �5.78 �2.91 2.87 5.78 2.82 �1.18 0.98 1.09
D10 2.70 459 1.67 �5.28 �2.84 2.44 5.28 2.58 �1.42 0.48 1.16
D11 3.01 411 2.11 �5.07 �2.76 2.31 5.07 2.06 �1.94 0.27 1.24
D12 2.39 520 1.95 �4.96 �2.56 2.39 4.96 2.57 �1.43 0.16 1.44
D13 2.46 503 1.99 �5.35 �2.87 2.49 5.35 2.89 �1.11 0.55 1.13

Fig. 7 Correlation between DVmA (kcal mol�1) and eVOC (eV).
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bearing nitrogen centres in donors. Thus, the MESP approach
offers an easy analysis tool for the quantification of the donating
strength of D–p–A systems in DSSC applications.
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Tuning the donating strength of dye sensitizers
using molecular electrostatic potential analysis†

Velayudhan V. Divyaab and Cherumuttathu H. Suresh *ab

Donor–p–acceptor (D–p–A) systems typically used in dye-sensitized solar cells (DSSC) have been

studied for assessing the donating strength of six donors (D1–D6) under the influence of substituents

such as CH3, C5H11, isopropyl, t-butyl, OH, OCH3, OC2H5, NH2, N(CH3)2, PhCH3, and PhNH2 along with

p-spacer butadiene and acceptor moiety cyanoacrylic acid. The substituent effect enhances electron

donation from D to A through the p-spacer. The enhancement in electron density at A has been quanti-

fied in terms of the difference in the molecular electrostatic potential (MESP) minimum at the cyano

nitrogen (DVmA) between p–A and D–p–A. For unsubstituted D–p–A systems, DVmA is in the range �0.1

to �5.7 kcal mol�1, whereas the substitution enhances the negative character of DVmA in the range �0.8

to �8.0 kcal mol�1. In alkyls and Ph–CH3 substituted D–p–A systems, DVmA lies in the range �0.8 to

�6.7 kcal mol�1, whereas the N(CH3)2 substituted systems exhibit more negative DVmA (more enhanced

donating strength) in the range �5.1 to �8.0 kcal mol�1. The more negative value of DVmA implies the

greater electron-donating ability of the D�p�A system. Optical and photovoltaic parameters (DGreg,

DGinject, eVOC) are analyzed at the TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level of DFT. An

excellent linear correlation is observed in all six sets between DVmA and the absorption maximum (lmax)

showing that lmax increases with enhanced donating strength. The higher absorption maximum obtained

by N(CH3)2 substituted D–p–A systems lies in the range 430 nm to 490 nm, explaining the outstanding

donating ability of N(CH3)2 compared to other substituents. The reduced highest occupied molecular

orbital (HOMO) – lowest unoccupied molecular orbital (LUMO) gap (from 3.14 to 2.17 eV) with enhanced

donating strength confirms the influence of substituent effects in broadening the absorption maximum.

Furthermore, in photovoltaic parameters, a strong influence of the substituent effect is observed.

The N(CH3)2 substituted D1–p–A (D1–N(CH3)2) exhibits the highest eVOC (1.38 eV). The strong linear cor-

relation observed for the ground state property DVmA and open-circuit voltage eVOC provides guidelines

for developing an effective strategy for designing dye sensitizers for desirable photovoltaic applications.

Introduction

Over the past 30 years, dye-sensitized solar cells (DSSCs) and
their structural modification have become an emerging
research area in the field of photovoltaics.1–3 DSSCs are con-
sidered as the most inventive candidate for the next generation
of clean renewable sources due to their easier structure mod-
ification, simple synthetic strategy, large absorption coefficient,
and low production cost.1,4–7 Nonetheless, the performance of
DSSC is still in a bottleneck due to their lower power conversion
efficiency (PCE) than the conventional silicon-based solar cells
due to the inherent voltage loss during the dye regeneration

and poor long term stability.8 In order to improve the PCE over
conventional silicon-based solar cells, extensive research efforts
like modification on electrolytes, semiconductors, and sensiti-
zers have been executed and result in the development of new
and efficient dye sensitizers.3,5,9–21 Among the DSSCs, the Ru
based sensitizers achieved the best PCE of 11%, which attains a
comparable PCE to a silicon-based solar cell.5,22,23 But due to
the scarce resources and highly expensive nature of Ru metal,
its practical application is limited, and more research efforts
have resulted in the development of Ru-free organic
sensitizers.6,11,24 However, the major challenge of organic solar
cells is the enhancement of PCE, durability, and stability to
compete with silicon-based solar cells. One of the key strategies
for the synthesis of Ru free sensitizers is the designing of the
D–p–A architecture, which enables efficient electron transfer
from a donor (D) to the acceptor (A) through a spacer (p).25,26

From the literature, it is understood that for the design of
highly efficient photosensitizers, different kinds of building
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blocks such as donors,27–35 spacers,36–41 and anchoring
units42–46 are required in the D–p–A architecture to tune the
electronic structure of the synthesized product. The fine-tuning
of the HOMO–LUMO (highest occupied molecular orbital –
lowest unoccupied molecular orbital) energy levels of a photo-
sensitizer is often achieved by adjusting the substituent effect
on the donor by the incorporation of electron-donating/with-
drawing groups. In most of the cases, the electron-donating
groups on the donor moiety act as substituents and they have a
profound impact on the electronic structure and efficiency of
the desired dye sensitizer.6,47–49 A priori knowledge on the
donating strength of the donor can become helpful for the
prediction of the PCE of the designed/synthesized system. A
quantitative/mathematical comparison of donating strength of
the typically used donors is lacking in the literature.

Here we have selected six different donor systems (D1–D6),
substituted with electron-donating groups such as CH3, C5H11,
isopropyl, t-butyl, OH, OCH3, O-C2H5, NH2, N(CH3)2, N(C2H5)2,
Ph-CH3, and Ph-NH2 to evaluate the donating strength on a p–A
system made up of a butadiene p-spacer and cyanoacrylic acid
(Fig. 1). According to our previous study, the butadiene spacer
is rated as having the highest substituent effect transmitting
power compared to triple bonded, aromatic, and hetero-
aromatic conjugated systems.50 Hence this moiety is employed
in the study as a p-spacer for effective intramolecular charge
transfer (ICT) and cyanoacrylic acid is used as an acceptor (A).
The molecular electrostatic potential (MESP) topographical
analysis is used as a tool to measure the electronic effect of
the substituted D on the acceptor A. MESP is a well-established
tool for deriving many structure–property relationships for
chemical and biological systems.51–57 According to Scrocco,
Tomasi, and coworkers, theMESP describes the charge distribution
around a molecule and the regions with more negative MESP
indicate the more electron-dense region of that system.58,59

Suresh and coworkers widely used MESP for the quantification

of the substituent effect,60 inductive effect,61 resonance effect,62

trans influence,63 cation p-interaction,64 etc. In a recent study, we
have shown that MESP analysis is very useful for assessing the
donating strength of D in the D–p–A system.65 MESP becomes a
new theoretical tool for predicting the feasibility of organic
electrode materials for lithium-ion batteries,66 explained by
Shang, Chen, and co-workers. The wide range of applications
in various fields supports the validity of MESP based studies for
analyzing the photovoltaic properties of dye-sensitized solar
cells. The present study focuses on the substituent effect in tuning
various ground state electronic and photovoltaic properties of
D–p–A systems for solar cell applications.

Theoretical background and
computational methodology

The three key parameters involved in the calculations of power
conversion efficiency (Z) of a solar cell include open-circuit
voltage (VOC), short-circuit current density ( JSC), and the fill
factor (FF). Thus, as compared to incident solar power on the
cell (Pinc), the Z can be calculated as67

Z ¼ FF
VOCJSC

Pinc
(1)

In the above equation, JSC is related to the interaction
between a sensitizer and semiconductor. In DSSCs, JSC is
calculated as39,40,68–70

JSC ¼
ð
l
LHE lð ÞfinjectZcollect dl (2)

From the above equation, it is clear that JSC is related to the
light-harvesting efficiency (LHE) and electron injection effi-
ciency finject.

i.e., LHE = 1–10�f, where f represents the oscillator strength
of the adsorbed dye molecule.71

Furthermore, the electron injection efficiency finject is related
to electron injection-free energy change (DGinject), and the
enhancement in the JSC can be carried out by the improvement
of DGinject. Since electron injection takes place from the excited
state of the dye to the conduction band of TiO2, DGinject can be
calculated as follows.71–73

DGinject = Edye* � |ECB| (3)

where Edye* is the excited state oxidation potential and ECB is
the energy of the conduction band edge of the TiO2 semi-
conductor. The negative DGinject values indicate that free energy
change is spontaneous. It is well known that the conduction band
(CB) of semiconductors is sensitive to conditions (e.g. pH of the
solution) and it is very difficult to determine experimentally.
Hence in this study, we used a widely accepted value of
�4.00 eV (an experimental value where the semiconductor is in
contact with aqueous redox electrolytes of fixed pH 7.0) for
doing the calculations.74 For calculating Edye*, it is assumed that
electron injection occurs from the unrelaxed excited state and
Edye* can be written as39,72

Fig. 1 Chemdraw diagram of the D–p–A system (top) and the donors
D1–D6. The R substituents are CH3, C5H11, isopropyl, t-butyl, OH, OCH3,
O-C2H5, NH2, N(CH3)2, Ph-CH3, and Ph-NH2. The bond shown in red
colour indicates the connecting position of D with p–A.
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Edye* = Edye � lmax (4)

where Edye is the ground state oxidation potential of the dye and
lmax is the vertical transition energy. According to Koopman’s
theorem, the ground state oxidation potential can be calculated
as negative HOMO energy,75 and this approximation has been
giving good agreement with experimental results.76

The excited state dye regeneration can be predicted from the
ground state oxidation potential as follows.77

DGreg = Edye � 4.8 eV (5)

Thus from eqn (2)–(4), it is clear that JSC will increase with
the enhancement of light-harvesting efficiency and DGinject.

Theoretically, the open-circuit voltage can be approximated
as the difference between the energy of the LUMO of the dye
and the energy of the conduction band edge of TiO2.

78

eVOC = ELUMO � ECB (6)

Thus, the overall efficiency Z of a solar cell can be enhanced
by the improvement in JSC, eVOC and FF values. (Since FF can be
calculated from current–voltage characteristics, it is beyond the
scope of this study).

For the ground state geometry optimization of the D–p–A
systems, the widely utilized B3LYP density functional theory
(DFT) method79 with the cc-pVDZ basis set65,80,81 has been
considered. Vibrational frequency calculation was also carried
out at the same level of theory and basis set, and confirms that
there are no imaginary frequencies. Absorption maxima and
vertical excitation energies for the first seven states are calcu-
lated using time-dependent DFT at the CAM-B3LYP/SMD/
cc-pVDZ//B3LYP/cc-pVDZ level.82,83 Here SMD stands for the
incorporation of the solvation effect of dichloromethane in the
self-consistent reaction field (SCRF) approach84 as implemented
in the Gaussian16 suite of programmes.85 The dependency of
bond localization of single and double bonds in the ground state
on the excited state properties has been analyzed using bond
length alteration index (BLA).86,87 The BLA index for the unsub-
stituted D1 to D6–p–A systems are calculated with B3LYP and
CAM-B3LYP geometries (Table S1 and Fig. S2, ESI†). For all a
positive BLA index has been observed and larger BLA index has
been observed with CAM-B3LYP. This indicates that carbon–
carbon single and double bonds are more localized with
CAM-B3LYP than B3LYP. Also, the BLA index for the S1 state
of a representative set of TPA systems has been calculated with
CAM-B3LYP (Table S2, ESI†). The reduced BLA index for S1 than
the S0 state indicates the delocalized nature of the system and
also supports the ICT transfer involved in D–p–A systems.
Previously, Gonzáles et al. noted that B3LYP fails to predict the
excitation energies due to its intrinsic problems in describing
charge transfer (CT) states whereas the long-range correction on
them using CAM delivers good agreement with the experimental
UV/vis absorption.87 They also observed that excited state properties
are highly dependent on the localization of single and double
bonds in the ground state structure which can be quantified in
terms of the BLA index. Our previous study also showed that the
calculated absorption maximum of known D–p–A systems at the

CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level of theory agrees
well with the experimental absorption maximum.65 The MESP, V(r)
as defined in eqn (1) has been evaluated using the electron density
r(r0) computed at the B3LYP/cc-pVDZ level.

VðrÞ ¼
XN
A

ZA

jr� RAj
�
ð
rðr0Þdr0

jr� r0j

The N in eqn (1) is the total number of nuclei present in the
molecular system, ZA is the charge on the nucleus A at a
distance RA and r0 is a dummy integration variable.52,53 All
calculations have been carried out using the Gaussian 16
program package.85

MESP analysis

The MESP plot of two representative donors (D1 and D4) and
their corresponding D–p–A systems (unsubstituted) are shown
in Fig. 2 along with the respective MESP minimum (Vm) at
various sites.

In donor systems, VmD0 represents Vm of the donor. For
example, VmD0 of benzene (D1) and carbazole (D4) are �16.6
and �19.5 kcal mol�1 (Fig. 2). In D–p–A systems, VmD and VmS

represent the MESP minimum at the donor and spacer (nearer
to D), respectively while Vm(OH), Vm(CO), and VmA represent the
MESP minimum at the lone pair regions of OH, CO and CN of
the acceptor moiety, respectively. Previous studies by Suresh
and Gadre et al. have shown that lone pair regions in molecules
can be characterized using MESP topographical analysis.88 The

Fig. 2 MESP isosurfaces at various sites of the (a) reference system, (b) D1 and
D1–p–A system, and (c) D4 and D4–p–A system. Vm values are in kcal mol�1.
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Table 1 Vm (kcal mol�1) at various sites of D–p–A systems calculated at B3LYP/cc-pVDZ levels

D moiety D–p–A system VmD0 VmD VmS Vm(OH) Vm(CO) VmA DVmD DVmS DVm(OH) DVm(CO) DVmA

(a)
Benzene D1 �16.6 �6.1 �2.6 �31.8 �38.9 �52.8 10.5 �0.2 �2.9 �2.9 �2.5

D1–CH3 �18.1 �6.5 �3.8 �32.7 �39.9 �53.8 11.5 �1.4 �3.9 �3.9 �3.5
D1–C5H11 �18.7 �7.2 �4.3 �33.1 �40.1 �54.2 11.5 �1.9 �4.3 �4.1 �3.8
D1–isopropyl �17.9 �6.7 �3.8 �32.9 �39.9 �53.8 11.2 �1.4 �4.1 �3.9 �3.5
D1-t-but �18.1 �6.9 �4.0 �32.9 �40.0 �53.9 11.2 �1.6 �4.1 �4.0 �3.6
D1–OH �17.9 �5.0 �4.3 �33.8 �40.9 �54.5 12.9 �1.9 �5.0 �4.8 �4.2
D1–OCH3 �18.8 �6.0 �5.0 �34.3 �41.4 �54.8 12.8 �2.6 �5.5 �5.4 �4.5
D1–OC2H5 �19.3 �6.5 �5.3 �34.5 �41.6 �55.3 12.7 �2.9 �5.6 �5.6 �5.0
D1–NH2 �23.1 �8.6 �7.6 �36.4 �43.7 �57.1 14.5 �5.2 �7.6 �7.7 �6.8
D1–N(CH3)2 �24.0 �9.1 �9.0 �37.7 �45.1 �58.4 14.9 �6.7 �8.8 �9.0 �8.0
D1–PhCH3 �16.7 �7.0 �3.7 �32.8 �39.8 �53.5 9.7 �1.3 �4.0 �3.8 �3.2
D1–PhNH2 �19.7 �9.5 �5.9 �34.5 �41.7 �55.0 10.2 �3.5 �5.6 �5.6 �4.7

Pyrene D2 �14.4 �8.2 �3.3 �32.0 �39.3 �53.0 6.2 �0.9 �3.2 �3.3 �2.7
D2–CH3 �15.4 �8.7 �4.0 �32.6 �39.8 �53.7 6.7 �1.6 �3.8 �3.8 �3.3
D2–C5H11 �15.8 �9.2 �4.2 �32.8 �40.0 �53.9 6.7 �1.8 �4.0 �4.0 �3.6
D2–isopropyl �15.3 �8.8 �4.0 �32.4 �39.7 �53.7 6.5 �1.6 �3.6 �3.7 �3.4
D2-t-but �15.5 �8.9 �4.1 �32.4 �39.8 �53.8 6.6 �1.7 �3.6 �3.8 �3.5
D2–OH �15.2 �8.2 �4.0 �32.8 �39.9 �53.7 7.0 �1.6 �4.0 �3.9 �3.4
D2–OCH3 �15.9 �8.8 �4.5 �32.9 �40.2 �54.2 7.1 �2.1 �4.1 �4.1 �3.8
D2–OC2H5 �16.3 �9.2 �4.6 �33.3 �40.5 �54.3 7.1 �2.3 �4.5 �4.5 �4.0
D2–NH2 �18.1 �11.0 �5.8 �34.1 �41.2 �54.7 7.2 �3.4 �5.3 �5.2 �4.4
D2–N(CH3)2 �18.9 �11.5 �6.7 �34.7 �42.1 �55.8 7.3 �4.3 �5.9 �6.1 �5.5
D2–PhCH3 �14.7 �8.6 �3.8 �32.6 �39.7 �53.7 6.1 �1.4 �3.8 �3.7 �3.3
D2–PhNH2 �16.7 �10.7 �5.0 �33.4 �40.6 �54.5 6.0 �2.6 �4.6 �4.6 �4.1

TPA D3 �15.6 �7.7 �6.3 �35.6 �42.5 �56.0 7.9 �3.9 �6.8 �6.5 �5.7
D3–CH3 �16.5 �8.3 �6.9 �36.0 �43.2 �56.7 8.2 �4.5 �7.2 �7.2 �6.3
D3–C5H11 �16.8 �8.7 �7.2 �36.0 �43.3 �57.0 8.2 �4.8 �7.2 �7.3 �6.7
D3-isopropyl �16.4 �8.3 �6.8 �35.8 �43.1 �56.6 8.1 �4.5 �7.0 �7.1 �6.3
D3-t-but �16.4 �8.3 �6.9 �36.1 �43.1 �56.4 8.2 �4.5 �7.3 �7.1 �6.0
D3–OH �17.5 �8.2 �7.5 �36.3 �43.5 �57.2 9.3 �5.1 �7.5 �7.5 �6.8
D3–OCH3 �17.9 �8.7 �7.7 �36.6 �43.7 �57.2 9.2 �5.3 �7.8 �7.7 �6.9
D3–OC2H5 �18.1 �8.9 �7.8 �36.7 �43.9 �57.4 9.2 �5.5 �7.9 �7.9 �7.1
D3–NH2 �19.4 �10.2 �8.7 �37.3 �44.5 �58.1 9.2 �6.3 �8.5 �8.5 �7.8
D3–N(CH3)2 �20.0 �11.0 �9.2 �37.7 �44.8 �58.3 9.0 �6.8 �8.9 �8.8 �8.0
D3–PhCH3 �15.3 �7.8 �6.4 �35.6 �42.7 �56.3 7.5 �4.0 �6.8 �6.7 �6.0
D3–PhNH2 �17.4 �9.7 �7.5 �36.3 �43.5 �57.2 7.7 �5.1 �7.5 �7.5 �6.8

(b)
Carbazole D4 �19.5 �12.0 �4.8 �33.6 �40.6 �54.8 7.5 �2.4 �4.8 �4.6 �4.5

D4–CH3 �20.6 �12.3 �5.6 �34.2 �41.3 �55.3 8.3 �3.2 �5.4 �5.3 �5.0
D4–C5H11 �21.0 �12.7 �5.9 �34.3 �41.4 �55.5 8.3 �3.5 �5.5 �5.3 �5.1
D4–isopropyl �20.3 �12.2 �5.5 �34.0 �41.0 �55.1 8.1 �3.1 �5.2 �5.0 �4.8
D4-t-but �20.4 �12.4 �5.5 �34.1 �41.1 �54.9 8.0 �3.1 �5.3 �5.1 �4.6
D4–OH �21.0 �11.4 �6.0 �34.8 �41.5 �55.7 9.6 �3.6 �6.0 �5.5 �5.4
D4–OCH3 �21.6 �12.0 �6.5 �35.1 �42.0 �56.0 9.5 �4.1 �6.3 �6.0 �5.7
D4–OC2H5 �21.8 �12.4 �6.7 �35.1 �42.1 �55.8 9.4 �4.3 �6.3 �6.1 �5.5
D4–NH2 �23.6 �14.5 �7.9 �36.0 �43.2 �57.0 9.1 �5.5 �7.2 �7.2 �6.7
D4–N(CH3)2 �24.6 �14.7 �8.8 �36.8 �43.7 �57.5 9.9 �6.5 �8.0 �7.7 �7.2
D4–PhCH3 �19.5 �12.2 �5.2 �33.9 �41.0 �55.0 7.2 �2.8 �5.1 �5.0 �4.6
D4–PhNH2 �21.8 �14.6 �6.5 �34.9 �42.0 �55.7 7.2 �4.1 �6.1 �6.0 �5.4

Phenothiazine D5 �16.8 �9.4 �5.3 �34.6 �41.7 �55.2 7.4 �2.9 �5.8 �5.6 �4.9
D5–CH3 �17.6 �9.0 �5.8 �34.7 �42.2 �55.7 8.6 �3.5 �5.9 �6.1 �5.4
D5–C5H11 �17.9 �9.5 �6.1 �35.2 �42.5 �55.8 8.4 �3.8 �6.4 �6.5 �5.5
D5–isopropyl �17.5 �9.0 �5.9 �35.0 �42.3 �55.3 8.5 �3.5 �6.2 �6.3 �5.0
D5-t-but �17.6 �9.0 �6.0 �35.1 �42.4 �55.7 8.6 �3.6 �6.3 �6.3 �5.4
D5–OH �18.1 �7.2 �6.3 �35.4 �42.9 �56.1 10.9 �4.0 �6.6 �6.8 �5.8
D5–OCH3 �18.4 �9.4 �6.7 �35.5 �42.7 �56.2 9.0 �4.3 �6.7 �6.7 �5.9
D5–OC2H5 �18.6 �9.8 �6.7 �35.7 �43.1 �56.5 8.8 �4.3 �6.9 �7.1 �6.1
D5–NH2 �19.5 �11.4 �7.3 �36.1 �43.4 �56.9 8.2 �5.0 �7.3 �7.4 �6.5
D5–N(CH3)2 �20.6 �12.4 �8.2 �36.6 �44.1 �57.5 8.3 �5.8 �7.8 �8.1 �7.2
D5–PhCH3 �16.7 �9.0 �5.5 �34.8 �42.0 �55.5 7.7 �3.1 �6.0 �6.0 �5.1
D5–PhNH2 �18.2 �11.2 �6.6 �35.4 �42.9 �56.2 7.0 �4.2 �6.6 �6.8 �5.9

Coumarin D6 �5.7 �0.1 0.0 �30.1 �37.8 �50.5 5.6 2.4 �1.3 �1.8 �0.2
D6–CH3 �6.5 �0.4 �1.2 �31.0 �38.7 �51.3 6.1 1.2 �2.2 �2.7 �0.9
D6–C5H11 �7.2 �1.1 �1.6 �31.2 �39.0 �51.8 6.1 0.8 �2.4 �3.0 �1.5
D6–isopropyl �6.7 �0.6 �1.2 �30.7 �38.7 �51.1 6.0 1.2 �1.9 �2.7 �0.8
D6-t-but �6.9 �0.9 �1.4 �31.2 �38.9 �51.3 6.0 0.9 �2.4 �2.9 �1.0
D6–OH �6.1 � �1.9 �31.8 �39.5 �52.3 6.1 0.5 �3.0 �3.5 �1.9
D6–OCH3 �7.0 �0.1 �2.6 �32.1 �40.0 �52.6 7.0 �0.2 �3.3 �4.0 �2.3

Paper NJC

Pu
bl

is
he

d 
on

 2
3 

N
ov

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 R
eg

io
na

l R
es

ea
rc

h 
L

ab
or

at
or

y 
(R

R
L

_T
vm

) 
on

 2
/2

4/
20

21
 8

:5
0:

26
 A

M
. 

View Article Online

https://doi.org/10.1039/d0nj04797j


2500 | New J. Chem., 2021, 45, 2496--2507 This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

MESP minimum observed at the CN unit of p–A is considered
as a reference value, VmA0 (Fig. 2a) (�50.3 kcal mol�1) to
monitor the changes observed at this minimum due to the
incorporation of D to p–A. One could also consider the MESP
minimum Vm(OH)0 or Vm(CO)0 of p–A as a reference point similar
to VmA0 because in general the trends observed for these
quantities show a parallel behavior. Here VmA0 is selected as
the reference point on the basis of its most negative character
compared to all other minima.

In Table 1a and b, Vm of D–p–A systems at various sites viz.
donor (VmD), spacer (VmS) and acceptor (Vm(OH), Vm(CO) and VmA)
are reported along with VmD’. The unsubstituted D–p–A systems
are denoted as D1, D2, D3, D4, D5, and D6, and the substituents
attached at D1–D6 are represented as D1–CH3, D1–C5H11, D2–
CH3, D2–C5H11, etc. The quantities DVmD, DVmS, DVm(OH),
DVm(CO), and DVmA represent the change in Vm at the respective

sites with the attachment of p–A to D. DVmD has been calculated
by subtracting the Vm observed at the donor (VmD’) from the
respective Vm observed at the D site of D–p–A (VmD). Likewise
DVmS, DVm(OH), DVm(CO), and DVmA are estimated by subtracting
the respective Vm at p–A viz. VmS0,Vm(OH0), Vm(CO0) and VmA0 (Fig. 2)
from the corresponding values at D–p–A (VmS, Vm(OH), Vm(CO) and
VmA) (Table 1a and b).

The data in Table 1a and b show that the VmD of the D–p–A
system is always less negative than the VmD0 of the donor D.
For various donor systems, DVmD lies in the range 5.6 to
14.9 kcal mol�1 which clearly suggests that the D site of the
D–p–A system becomes electron deficient compared to a nor-
mal D. The electron deficiency at D can be attributed to ICT of
electrons from D to the p–A region which implies that Vm at
the acceptor sites of D–p–A becomes more negative compared
to p–A and as a result always negative values are observed for

Table 1 (continued )

D moiety D–p–A system VmD0 VmD VmS Vm(OH) Vm(CO) VmA DVmD DVmS DVm(OH) DVm(CO) DVmA

D6–OC2H5 �7.5 �0.4 �2.9 �32.3 �40.2 �52.5 7.0 �0.6 �3.5 �4.2 �2.2
D6–NH2 �10.4 �2.1 �5.0 �33.9 �41.8 �54.3 8.3 �2.6 �5.1 �5.8 �4.0
D6–N(CH3)2 �11.3 �2.6 �6.3 �35.0 �43.0 �55.5 8.7 �4.0 �6.2 �7.0 �5.1
D6–PhCH3 �7.2 �1.6 �1.6 �31.2 �38.8 �51.5 5.6 0.8 �2.4 �2.8 �1.2
D6–PhNH2 �10.2 �4.2 �3.6 �32.8 �40.6 �53.2 6.0 �1.2 �4.0 �4.6 �2.8

Fig. 3 Correlation between MESP parameters DVmS, DVm(OH), DVm(CO), and DVmA.
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DVm(OH), DVm(CO), and DVmA. For example, when p–A changes to
D1–p–A, Vm at the cyano region turns out to be more negative
(VmA = �52.8 kcal mol�1) than the respective Vm on the
reference system (p–A), VmA’ (�50.3 kcal mol�1). A similar trend
in VmA is observed for all the remaining systems. Also compared
to p–A, the p-spacer region of D–p–A shows more negative
character for VmS in all cases except some of the coumarin-
based systems. Among the donors, the VmD value is the least
negative for coumarin systems, which can be attributed to the
presence of an electron withdrawing carbonyl group in it. The
quantities DVmS, DVm(OH), DVm(CO) and DVmA show a parallel
trend as shown in the correlation plots given in Fig. 3a–c. This
suggests that any of these quantities can be used as a parameter
to measure the donating strength of donor moieties to a
common acceptor. Here DVmA (for the CN group) is selected
for this purpose. It may be noted that variation in DVmD is not
similar to DVmA (Fig. S3, ESI†) because it accounts for the
property of various donors whereas DVmA accounts for the
accepting ability of a CN unit from various donors.

In Table 1a and b, the lower DVmA in the range �0.2 to
�5.1 kcal mol�1 have been attained by coumarin-based D–p–A

systems which can be attributed to the presence of an electron-
withdrawing CO group in the donor site. In benzene and pyrene
based systems, the strong conjugation feature in donors
increases the negative character of the DVmA values (�2.5 to
�8.0 kcal mol�1) leading to better-donating strength than
coumarin systems.

In carbazole and phenothiazine systems, the charge transfer
to the acceptor is enhanced (DVmA �4.5 to �7.2 kcal mol�1) due
to donation from hetero atoms viz. nitrogen and sulphur.
Among all, the TPA based systems have the highest electron-
donating strength (�5.7 to �8.0 kcal mol�1).

Substituents at the donor region can be utilized for tuning the
electron-donating strength of the donor. For instance, alkyl sub-
stituents viz. CH3, C5H11, isopropyl, and t-butyl at the donor unit
enhance the electron-donating strength of all the corresponding
substituted D–p–A systems by a +I inductive effect. The substitu-
ents bearing lone pairs such as OH, OCH3, NH2, and N(CH3)2
improve the electron density of the donor unit, resulting in better
electron-donating power than alkyl substituents (DVmA in the
range �3.4 to �8.0 kcal mol�1) +R resonance effect. Among all,
N(CH3)2 substituted benzene and TPA based D–p–A systems show

Table 2 HOMO, LUMO and HOMO–LUMO energy gap (HLG) (in eV) observed for the ground state at the B3LYP/cc-pVDZ level and absorption
maximum lmax (nm), and oscillator strength (f) at the CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

D–p–A system HOMO LUMO HLG lmax f D–p–A system HOMO LUMO HLG lmax f

Benzene Pyrene
D1 �6.13 �2.99 3.14 388 1.74 D2 �5.88 �2.99 2.89 401 2.22
D1–CH3 �6.01 �2.92 3.08 396 1.82 D2–CH3 �5.84 �2.95 2.89 404 2.27
D1–C5H11 �5.97 �2.90 3.07 398 1.86 D2–C5H11 �5.81 �2.94 2.87 404 2.32
D1–isopropyl �6.01 �2.92 3.08 396 1.86 D2-isopropyl �5.83 �2.95 2.88 404 2.30
D1-t-but �6.00 �2.92 3.08 397 1.89 D2-t-but �5.82 �2.95 2.87 404 2.33
D1–OH �5.84 �2.85 2.99 408 1.78 D2–OH �5.85 �2.94 2.91 409 2.19
D1–OCH3 �5.79 �2.83 2.97 412 1.81 D2–OCH3 �5.79 �2.92 2.87 410 2.20
D1–OC2H5 �5.77 �2.81 2.96 413 1.84 D2–OC2H5 �5.77 �2.91 2.86 410 2.23
D1–NH2 �5.53 �2.69 2.84 434 1.85 D2–NH2 �5.62 �2.86 2.76 419 2.20
D1–N(CH3)2 �5.34 �2.62 2.72 457 1.94 D2–N(CH3)2 �5.39 �2.81 2.58 430 2.21
D1–PhCH3 �5.89 �2.96 2.93 410 2.15 D2–PhCH3 �5.86 �2.97 2.89 406 2.49
D1–PhNH2 �5.52 �2.86 2.66 428 2.17 D2–PhNH2 �5.53 �2.91 2.62 411 2.53
TPA Carbazole
D3 �5.37 �2.79 2.58 453 2.02 D4 �5.78 �2.91 2.87 419 2.21
D3–CH3 �5.31 �2.76 2.55 457 2.03 D4–CH3 �5.69 �2.87 2.83 424 2.27
D3–C5H11 �5.29 �2.75 2.55 458 2.06 D4–C5H11 �5.67 �2.85 2.82 425 2.31
D3-isopropyl �5.31 �2.76 2.55 457 2.03 D4-isopropyl �5.71 �2.88 2.83 424 2.30
D3-t-but �5.31 �2.76 2.55 457 2.02 D4-t-but �5.70 �2.87 2.83 424 2.31
D3–OH �5.26 �2.73 2.53 460 2.02 D4–OH �5.58 �2.84 2.74 432 2.22
D3–OCH3 �5.24 �2.72 2.52 461 2.03 D4–OCH3 �5.54 �2.82 2.72 433 2.27
D3–OC2H5 �5.23 �2.71 2.51 461 2.03 D4–OC2H5 �5.52 �2.81 2.71 434 2.29
D3–NH2 �5.13 �2.67 2.46 468 2.00 D4–NH2 �5.33 �2.75 2.58 447 2.23
D3–N(CH3)2 �5.03 �2.65 2.38 472 2.00 D4–N(CH3)2 �5.14 �2.71 2.44 461 2.26
D3–PhCH3 �5.31 �2.78 2.52 457 2.12 D4–PhCH3 �5.66 �2.90 2.76 427 2.53
D3–PhNH2 �5.17 �2.73 2.44 460 2.12 D4–PhNH2 �5.37 �2.83 2.53 433 2.57
Phenothiazine Coumarin
D5 �5.28 �2.84 2.44 459 1.67 D6 �6.19 �3.34 2.85 424 1.71
D5–CH3 �5.22 �2.81 2.41 464 1.69 D6–CH3 �6.09 �3.26 2.82 431 1.78
D5–C5H11 �5.20 �2.80 2.40 464 1.72 D6–C5H11 �6.07 �3.25 2.82 431 1.84
D5-isopropyl �5.21 �2.81 2.40 465 1.68 D6-isopropyl �6.09 �3.27 2.82 431 1.83
D5-t-but �5.22 �2.81 2.40 464 1.71 D6-t-but �6.07 �3.25 2.82 432 1.84
D5–OH �5.15 �2.79 2.36 469 1.66 D6–OH �5.98 �3.20 2.78 439 1.77
D5–OCH3 �5.14 �2.78 2.36 469 1.70 D6–OCH3 �5.94 �3.18 2.76 442 1.82
D5–OC2H5 �5.12 �2.77 2.35 470 1.71 D6–OC2H5 �5.92 �3.16 2.76 443 1.85
D5–NH2 �4.99 �2.74 2.25 482 1.62 D6–NH2 �5.71 �3.04 2.67 463 1.86
D5–N(CH3)2 �4.88 �2.70 2.17 490 1.62 D6–N(CH3)2 �5.56 �2.97 2.59 481 1.96
D5–PhCH3 �5.22 �2.81 2.41 464 1.69 D6–PhCH3 �6.00 �3.28 2.72 444 2.10
D5–PhNH2 �5.07 �2.78 2.29 469 1.78 D6–PhNH2 �5.68 �3.17 2.51 461 2.18

Paper NJC

Pu
bl

is
he

d 
on

 2
3 

N
ov

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 R
eg

io
na

l R
es

ea
rc

h 
L

ab
or

at
or

y 
(R

R
L

_T
vm

) 
on

 2
/2

4/
20

21
 8

:5
0:

26
 A

M
. 

View Article Online

https://doi.org/10.1039/d0nj04797j


2502 | New J. Chem., 2021, 45, 2496--2507 This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

the highest donation from donor to acceptor. The donating
strength of various substituents attached on the D–p–A system

follows the order PhCH3 B alkylso –OH, –OR, PhNH2 o NH2 o
N(CH3)2.

Fig. 4 Correlation between absorption maximum (lmax) and donating strength (DVmA) of various D–p–A systems with different substituents.

Fig. 5 Frontier molecular energy levels of phenothiazine based p–A with various substituents at the B3LYP/cc-pVDZ level.
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Table 3 HOMO, LUMO and HOMO–LUMO energy gap (HLG) (in eV) observed for the ground state at the B3LYP/cc-pVDZ level. Excitation energy,
ground and excited state oxidation potential (Edye, Edye*), free energy of electron injection DGinject, dye regeneration efficiency DGreg, and open-circuit
voltage eVOC at the TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

D–p–A
Excitation
energy (eV) HOMO (eV) LUMO (eV) HLG (eV) Edye (eV) Edye* (eV) DGinject (eV) DGreg (eV) eVOC (eV)

(a)
Benzene
D1 3.20 �6.13 �2.99 3.14 6.13 2.93 �1.07 1.33 1.01
D1–CH3 3.13 �6.01 �2.92 3.08 6.01 2.88 �1.12 1.21 1.08
D1–C5H11 3.11 �5.97 �2.90 3.07 5.97 2.86 �1.14 1.17 1.10
D1-isopropyl 3.13 �6.01 �2.92 3.08 6.01 2.88 �1.12 1.21 1.08
D1-t-but 3.13 �6.00 �2.92 3.08 6.00 2.87 �1.13 1.20 1.08
D1–OH 3.04 �5.84 �2.85 2.99 5.84 2.80 �1.20 1.04 1.15
D1–OCH3 3.01 �5.79 �2.83 2.97 5.79 2.78 �1.22 0.99 1.17
D1–OC2H5 3.00 �5.77 �2.81 2.96 5.77 2.77 �1.23 0.97 1.19
D1–NH2 2.85 �5.53 �2.69 2.84 5.53 2.68 �1.32 0.73 1.31
D1–N(CH3)2 2.71 �5.34 �2.62 2.72 5.34 2.63 �1.37 0.54 1.38
D1–PhCH3 3.02 �5.89 �2.96 2.93 5.89 2.87 �1.13 1.09 1.04
D1–PhNH2 2.90 �5.52 �2.86 2.66 5.52 2.62 �1.38 0.73 1.14
Pyrene
D2 3.09 �5.88 �2.99 2.89 5.88 2.79 �1.21 1.08 1.01
D2–CH3 3.07 �5.84 �2.95 2.89 5.84 2.77 �1.23 1.04 1.05
D2–C5H11 3.07 �5.81 �2.94 2.87 5.81 2.74 �1.26 1.01 1.06
D2-isopropyl 3.07 �5.83 �2.95 2.88 5.83 2.76 �1.24 1.03 1.05
D2-t-but 3.07 �5.82 �2.95 2.87 5.82 2.75 �1.25 1.02 1.05
D2–OH 3.03 �5.85 �2.94 2.91 5.85 2.82 �1.18 1.05 1.06
D2–OCH3 3.02 �5.79 �2.92 2.87 5.79 2.77 �1.23 0.99 1.08
D2–OC2H5 3.02 �5.77 �2.91 2.86 5.77 2.75 �1.25 0.97 1.09
D2–NH2 2.96 �5.62 �2.86 2.76 5.62 2.66 �1.34 0.82 1.14
D2–N(CH3)2 2.88 �5.39 �2.81 2.58 5.39 2.51 �1.49 0.59 1.19
D2–PhCH3 3.05 �5.86 �2.97 2.89 5.86 2.81 �1.19 1.06 1.03
D2–PhNH2 3.02 �5.53 �2.91 2.62 5.53 2.51 �1.49 0.73 1.09
TPA
D3 2.73 �5.37 �2.79 2.58 5.37 2.64 �1.36 0.57 1.21
D3–CH3 2.71 �5.31 �2.76 2.55 5.31 2.60 �1.40 0.51 1.24
D3–C5H11 2.71 �5.29 �2.75 2.55 5.29 2.58 �1.42 0.49 1.25
D3-isopropyl 2.71 �5.31 �2.76 2.55 5.31 2.60 �1.40 0.51 1.24
D3-t-but 2.71 �5.31 �2.76 2.55 5.31 2.60 �1.40 0.51 1.24
D3–OH 2.69 �5.26 �2.73 2.53 5.26 2.57 �1.43 0.46 1.27
D3–OCH3 2.69 �5.24 �2.72 2.52 5.24 2.55 �1.45 0.44 1.28
D3–OC2H5 2.69 �5.23 �2.71 2.51 5.23 2.54 �1.46 0.43 1.29
D3–NH2 2.65 �5.13 �2.67 2.46 5.13 2.48 �1.52 0.33 1.33
D3–N(CH3)2 2.62 �5.03 �2.65 2.38 5.03 2.41 �1.59 0.23 1.35
D3–PhCH3 2.72 �5.31 �2.78 2.52 5.31 2.60 �1.41 0.51 1.22
D3–PhNH2 2.69 �5.17 �2.73 2.44 5.17 2.48 �1.52 0.37 1.27
(b)
Carbazole
D4 2.96 �5.78 �2.91 2.87 5.78 2.82 �1.18 0.98 1.09
D4–CH3 2.92 �5.69 �2.87 2.83 5.69 2.77 �1.23 0.89 1.13
D4–C5H11 2.92 �5.67 �2.85 2.82 5.67 2.75 �1.25 0.87 1.15
D4-isopropyl 2.93 �5.71 �2.88 2.83 5.71 2.78 �1.22 0.91 1.12
D4-t-but 2.93 �5.70 �2.87 2.83 5.70 2.77 �1.23 0.90 1.13
D4–OH 2.87 �5.58 �2.84 2.74 5.58 2.71 �1.29 0.78 1.16
D4–OCH3 2.86 �5.54 �2.82 2.72 5.54 2.68 �1.32 0.74 1.18
D4–OC2H5 2.86 �5.52 �2.81 2.71 5.52 2.66 �1.34 0.72 1.19
D4–NH2 2.77 �5.33 �2.75 2.58 5.33 2.56 �1.44 0.53 1.25
D4–N(CH3)2 2.69 �5.14 �2.71 2.44 5.14 2.45 �1.55 0.34 1.29
D4–PhCH3 2.91 �5.66 �2.90 2.76 5.66 2.75 �1.25 0.86 1.10
D4–PhNH2 2.86 �5.37 �2.83 2.53 5.37 2.51 �1.49 0.57 1.17
Phenothiazine
D5 2.70 �5.28 �2.84 2.44 5.28 2.58 �1.42 0.48 1.16
D5–CH3 2.67 �5.22 �2.81 2.41 5.22 2.55 �1.45 0.42 1.19
D5–C5H11 2.67 �5.20 �2.80 2.40 5.20 2.53 �1.47 0.40 1.20
D5-isopropyl 2.67 �5.21 �2.81 2.40 5.21 2.54 �1.46 0.41 1.19
D5-t-but 2.67 �5.22 �2.81 2.40 5.22 2.55 �1.45 0.42 1.19
D5–OH 2.64 �5.15 �2.79 2.36 5.15 2.51 �1.49 0.35 1.21
D5–OCH3 2.64 �5.14 �2.78 2.36 5.14 2.50 �1.50 0.34 1.22
D5–OC2H5 2.64 �5.12 �2.77 2.35 5.12 2.48 �1.52 0.32 1.23
D5–NH2 2.57 �4.99 �2.74 2.25 4.99 2.42 �1.58 0.19 1.26
D5–N(CH3)2 2.53 �4.88 �2.70 2.17 4.88 2.35 �1.65 0.08 1.30
D5–PhCH3 2.67 �5.22 �2.81 2.41 5.22 2.55 �1.45 0.42 1.19
D5–PhNH2 2.64 �5.07 �2.78 2.29 5.07 2.43 �1.57 0.27 1.22
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Absorption spectra

In Table 2, the HOMO and LUMO energies, HOMO–LUMO
energy gap (HLG), absorption maximum (lmax), and oscillator
strength (f) of six different D–p–A systems with various sub-
stituents are reported. In all kinds of D–p–A systems, a sys-
tematic increase in lmax with respect to various substituents
has been observed (388 to 490 nm), which can be correlated
with the electron donating strength of the donors in the D–p–A
system. This is evident in the excellent linear correlations
between DVmA and lmax obtained for all six kinds of D–p–A
systems (Fig. 4). Also with an improved electron-donating
strength of a D–p–A system, lowering of HLG is noted in every
system, which lies in the range 3.14 to 2.17 eV. Among all, the
highest lmax 490 nm has been shown by (NH3)2 substituted
phenothiazine system D5-N(CH3)2. For the six D–p–A systems
and the selected eleven substituents, 102 nm width is available
for tuning lmax to a preferred region. For individual donors, the
substituent effect alone can account for a tuning width of
69 nm for benzene, 29 nm for pyrene, 19 nm for TPA, 42 nm
for carbazole, 31 nm for phenothiazine and 57 nm for cou-
marin, respectively.

The DVmA versus lmax correlations given in Fig. 4 suggest that
the substituent effects tune the HOMO–LUMO energy gap
(HLG). The HLG plot of a representative system D5–p–A

(phenothiazine-based) is given in Fig. 5 which shows that the
introduction of substituents on the core D unit lowers the HLG
from 2.41 to 2.17 eV. Poor electron-donating ability is observed
in alkyls and PhCH3 substituted systems display higher HLG
(2.40 to 2.41 eV), while the lowest HLG has been attained with
N(CH3)2 substituted D5–p–A. A similar trend in HLG is
observed for the remaining systems which confirms the
significance of the substituent effect in tuning lmax (Table 3a
and b). The HOMO and LUMO plots of the representative
systems are shown in Fig. 6. The HOMO has a more delocalized
distribution than the LUMO with more orbital contributions
from the donor site while the LUMO is largely delocalized along
the p-spacer and acceptor moiety.

Photovoltaic performance

In Table 3a and b, electronic excitation energy, ground state
oxidation potential Edye, excited state oxidation potential Edye*,
free energy change of electron injection DGinject, free energy
change of dye regeneration DGreg, and open-circuit voltage eVOC
of D–p–A systems are described. The negative DGinject observed
in the range�0.73 to�1.65 eV lies above the CB of TiO2 (�4.0 eV)
and indicates the possibility of a spontaneous electron injec-
tion process from CB to TiO2. Also a more electron-donating
substituent enhances the electron injection process as DGinject

Table 3 (continued )

D–p–A
Excitation
energy (eV) HOMO (eV) LUMO (eV) HLG (eV) Edye (eV) Edye* (eV) DGinject (eV) DGreg (eV) eVOC (eV)

Coumarin
D6 2.93 �6.19 �3.34 2.85 6.19 3.27 �0.73 1.39 0.66
D6–CH3 2.88 �6.09 �3.26 2.82 6.09 3.21 �0.79 1.29 0.74
D6–C5H11 2.87 �6.07 �3.25 2.82 6.07 3.19 �0.81 1.27 0.75
D6-isopropyl 2.88 �6.09 �3.27 2.82 6.09 3.21 �0.79 1.29 0.73
D6-t-but 2.87 �6.07 �3.25 2.82 6.07 3.20 �0.80 1.27 0.75
D6–OH 2.82 �5.98 �3.20 2.78 5.98 3.15 �0.85 1.18 0.80
D6–OCH3 2.81 �5.94 �3.18 2.76 5.94 3.13 �0.87 1.14 0.82
D6–OC2H5 2.80 �5.92 �3.16 2.76 5.92 3.11 �0.89 1.12 0.84
D6–NH2 2.68 �5.71 �3.04 2.67 5.71 3.04 �0.96 0.91 0.96
D6–N(CH3)2 2.58 �5.56 �2.97 2.59 5.56 2.98 �1.02 0.76 1.03
D6–PhCH3 2.80 �6.00 �3.28 2.72 6.00 3.21 �0.79 1.20 0.72
D6–PhNH2 2.69 �5.68 �3.17 2.51 5.68 2.99 �1.01 0.88 0.83

Fig. 6 Frontier molecular orbitals of representative N(CH3)2 substituted D–p–A systems at the B3LYP/cc-pVDZ level.
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becomes more negative with such substituents. Alkyls, and
PhCH3 substituted D–p–A systems are less efficient for electron
injection than the OH, OCH3, OC2H5, NH2 and N(CH3)2 sub-
stituted systems. Among all, the most negative DGinject �1.65 eV
is observed for phenothiazine system D5–N(CH3)2. The smaller
electron injection efficiency (�0.79 to �0.81 eV) observed for
alkyls and PhCH3 substituted coumarin systems can be attrib-
uted to their lower electron-donating strength than others.

From the previous studies, it is understood that the PCE of
DSSCs depends on the free energy change for dye
regeneration.89,90 The lower the DGreg, the faster the dye regenera-
tion will be, leading to higher efficiency for the electron injection
from the dye to the TiO2 semiconductor. In the studied systems,
the fastest dye regeneration force 0.08 eV has been attained by the
N(CH3)2 substituted phenothiazine system (D5–N(CH3)2), whereas
the least dye regeneration (1.27–1.29 eV) has been possessed by
alkyls, and PhCH3 substituted coumarin systems. The unsubsti-
tuted systems always possess higher DGreg values (0.48–1.39 eV)
than substituted ones (0.08–1.29 eV) and this suggests that the
introduction of electron-donating substituents on the donor
moiety gives better DGreg values and improves electron regenera-
tion efficiency. Similarly, a positive effect of substituents on eVOC
is always observed confirming that by tuning the donating
strength of the substituents, significant improvement in the
performance of DSSCs can be achieved. In all the six sets,
N(CH3)2 substituted systems possess the best eVOC and among
them, the highest is observed for D1–N(CH3)2 (1.38 eV) whereas
the lowest eVOC (0.72 eV) is observed for D4-PhCH3.

By considering the above-mentioned results, we analyzed
the relation between electron donating strength DVmA and
open-circuit voltage eVOC (Fig. 7 and Fig. S1, ESI†). The excel-
lent linear correlation observed in all six series of different
D–p–A systems shows that eVOC increases with enhancement in
the donating strength of the substituents. Overall the study
suggests that by selecting the appropriate donor and substitu-
ent, precise tuning of the optical and photovoltaic properties of
the D–p–A systems can be achieved. Also these results point out
that the theoretical examination of the donating strength of the
substituents using MESP analysis is promising for dye design-
ing and efficiency prediction of D–p–A systems.

Conclusions

The electron-donating strength of the donors in the D–p–A
system affects the optical and photovoltaic performance of
DSSCs, leading to better PCE in the solar cell. In the study
using MESP analysis, we have characterized the donating
strength (DVmA) of six different sets of D–p–A systems, wherein
the p and A systems are butadiene and cyanoacrylic acid,
respectively. The significance of eleven electron releasing
groups at the donors is also examined for a total of seventy-
two D–p–A systems and achieved the fine-tuning of the electron
donation from the donor to the acceptor. In all the six different
sets of D–p–A systems, the N(CH3)2 substituted D–p–A systems
show the highest donating strength which can be attributed to
the highest electron releasing nature of the N(CH3)2 group.
Also, the electron releasing groups at the donors tune the
HOMO and LUMO energies of all the corresponding D–p–A
systems for better optical properties than unsubstituted sys-
tems. The optical and photovoltaic performance of the D–p–A
system is described at the CAM-B3LYP/cc-pVDZ/SMD//B3LYP/
cc-pVDZ level. The enhanced performance of these properties
achieved with enhanced donating strength conveys the role of
tuning the donating strength for better PCE. Among all, the
N(CH3)2 substituted D1 system (benzene) possesses the highest
eVOC which can be attributed to its highest donating strength.
These findings suggest that we can improve the photovoltaic
performance of DSSCs by tuning the ground state property,
DVmA at the acceptor site. All the findings imply that incorpora-
tion of more electron-releasing substituents on an electron-rich
donor moiety improves/tunes the photovoltaic performance
by facilitating efficient intramolecular charge transfer in the
D–p–A system. The correlation plot of DVmA with eVOC will
provide an efficient guideline for developing an effective dye
designing strategy for desirable photovoltaic properties.
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Design and DFT study of nitrogen-rich donor
systems for improved photovoltaic performance
in dye-sensitized solar cells†

Velayudhan V. Divyaab and Cherumuttathu H. Suresh *ab

Eighteen electron-rich nitrogen incorporated donors with a butadiene p-spacer and a cyanoacrylic acid

acceptor (A) as photosensitizers (D1–p–A to D18–p–A) for dye-sensitized solar cell (DSSC) applications

have been designed for improving the photovoltaic performance. The significance of the nitrogen

centres for revamping the donating strength (DVmA) of D–p–A is scrutinized using molecular electro-

static potential (MESP) analysis at the B3LYP/cc-pVDZ level of density functional theory (DFT). During the

transformation of a donor (D) to D–p–A, a certain delocalization of electron density from D to p–A has

occurred, and the change in the MESP minimum (DVmA) observed at the cyano region of D–p–A is

related to the donating strength of D. Optical and photovoltaic properties are analyzed at the TD/CAM-

B3LYP/cc-pVDZ/SMD//B3LYP/cc-pVDZ level. In D1–p–A to D18–p–A, DVmA is in the range �7.0 to

�19.0 kcal mol�1 and the increase in donating strength is found to be proportional to the number of

planar nitrogens in the donors. D12–p–A exhibited the most negative DVmA (�19.0 kcal mol�1), indicat-

ing the highest electron-donating strength of D12, whereas the least negative DVmA (�7.0 kcal mol�1)

displayed by D7–p–A is correlated to the weak donating character of D7. By increasing the electron-

donating strength of D in D–p–A, a red-shift in the absorption maximum (Dlmax) by 162 to 294 nm is

observed. Further, the open-circuit voltage (eVoc) calculated for the D–p–A systems showed a strong

linear relationship with DVmA. The LUMO (lowest unoccupied molecular orbital) energy of all the D–p–A

systems (�1.79 to �2.79 eV) is observed above the conduction band (CB) energy of TiO2 (�4.0 eV),

which ensured a desirable electron injection efficiency (DGinject) for them. The analysis of the adsorption

energy (Eads) of the D–p–A systems on the TiO2 semiconductor (D–p–A/TiO2) showed that D12–p–A

has the highest adsorption stability. Improving the adsorption stability is better for improving eVoc and

the power conversion efficiency (PCE). The maximum absorption wavelength (lmax) of the D–p–A/TiO2

systems ranges from 513 to 703 nm and all of them display a red-shift with respect to the bare D–p–A

systems. The study suggests D12 as the most efficient photosensitizer for DSSC applications. Further,

it deepens the understanding of the structure–performance relationship of D–p–A systems as

photosensitizers.

Introduction

The utilization of a renewable source of energy, preferably solar
energy, for the ever-growing energy demand could diminish
global climate change, which leads to sustainable livelihood on
earth.1–4 Since solar energy is the most abundant green energy
alternative for the future energy crisis, more research efforts
have to invest in the development of photovoltaic strategies

based on solar power.1,3–5 Over the past three decades, the third
generation photovoltaic technology employed in dye-sensitized
solar cells (DSSCs) has acquired a notable position over conven-
tional silicon-based solar cells due to the simple synthetic strategy,
easier structure modification, large absorption coefficient, and
low production cost.3,5–11 The major components employed in a
DSSC device include photosensitizers, electrolytes, and electrode
materials; modifications in those components lead to the enhance-
ment of the power conversion efficiency (PCE) of the solar cell.12

Generally in DSSCs, Ru-based sensitizers have greater PCEs than
organic dye sensitizers, which show a comparable PCE to silicon-
based solar cells.3 Whereas, the highly expensive nature and rare
chance of occurrence of Ru-metal mean that its practical applica-
tion in DSSCs is limited.3,13
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After the invention of the DSSC device by O’Regan and
Grätzel in 1991,6 extensive research efforts have been invested
in the synthesis and device modelling of metal-free organic
sensitizers, which leads to the improvement of the PCE.13–21

Usually, organic sensitizers comprise a D–p–A framework where
D, p, and A denote the donor, p-spacer and acceptor, respectively.
So far large varieties of structural modifications in the D–p–A
structural framework have been performed, reveal that tuning
the donating strength of the donor could significantly influence
the absorption range and photovoltaic parameters.12,22–29 In our
previous study, we quantified the electron-donating strength
of eight typically used donor systems, viz pyrene, perylene,
chrysene, triphenylamine, carbazole, phenothiazine, julolidine,
N,N-dialkylaniline, ullazine and coumarin, in the D–p–A system
and revealed that julolidine and N,N-dialkylaniline based p–A
systems are the most efficient sensitizers for DSSCs.22 For
improved optical and photovoltaic properties of D–p–A systems
the particular analysis recommends the incorporation of
electron-rich heteroatoms (preferably nitrogen) in donors. The
literature shows that non-planar donors, especially triphenyl-
amine, carbazole and indoline, reduce the electron transfer
ability and overall conjugation in the donor group with the
p–A system leading to lower light-harvesting efficiency of the dye
sensitizer.30,31 The mentioned reducing factors are rectified
through the introduction of planarized nitrogen incorporated
donors viz. ullazine and indolizine as photosensitizers.30–33

Further, the rational design of photosensitizers with nitrogen
annulation at the bay region of a polycyclic aromatic hydrocar-
bon (PAH) system provides a remarkable PCE in DSSCs.34 For
example, perylene based PAH systems as donors in DSSCs have
disappointing PCEs,35–37 whereas an N-annulated perylene (NP)
core as a donor with phenyl functional groups results in an
improved PCE of about 10.5%.38 Later, Wang et al. modified the
NP core with bulky substituents to obtain PCEs up to 10.4%.39

This re-engineered chromophore was again modified with an
N-annulated indenoperylene unit as the donor and reached a
PCE of 12.5%.40 The aforementioned studies reveal that struc-
tural modifications with N-annulation in PAH systems enhance
the intramolecular charge transfer (ICT) due to the planar
structure. Also, the multiple substitution sites involved in PAHs
increase the possibility of molecular engineering. Recently
Subramanian et al. described that a more N-doped polyaromatic
hydrocarbon analogue of ullazine contributes a large dipole
moment and more planarization to the dye-sensitizers, thus
resulting in higher light-harvesting efficiency (LHE) than the
donors with a single N-doping site.25

In this context, the most significant approach for an efficient
photosensitizer is the engineering of electron-rich planar
donors. Correspondingly, it is worthwhile to evaluate the role
of nitrogen centres in donors for enhancing the donating
strength. To tackle the failings of the electron transfer ability
and overall conjugation in the donor group with the p–A
system, we designed eighteen electron-rich nitrogen incorpo-
rated donors (D1–D18) as dye sensitizers for DSSC application
(Fig. 1). For the p–A framework, butadiene and cyanoacrylic
acid have been considered. In our previous study,41 we proved

that butadiene exhibits better electronic effect transmitting
power than thiophene, furan and benzylic spacers. Hence, for
better electronic charge transfer from D to A, a butadiene p-spacer
and cyanoacrylic acid as an acceptor have been considered.

In the analysis, the D1–D5 donors are designed from known
donor julolidine (Fig. S1a, ESI†), where the possibility of
N-annulation in the julolidine core has been attempted (D1 to
D5) to enhance the electron-donating strength of the designed
systems compared to julolidine (the calculated electron-
donating strength, DVmA, of julolidine by MESP analysis is
�9.2 kcal mol�1 22). Julolidine is an N-heterocyclic aromatic
compound which comprises alkyl bridges between amino
nitrogen and ring ortho carbon atoms.42,43 Because of the high
efficiency in energy conversion and fluorescent properties,
julolidine derivatives have been used in the construction of
dye-sensitized solar cells and photoconductive materials, as
fluorescent sensors for bio-imaging, etc.44 The conjugation of
the aromatic part of the molecule with its amino substituent is
an indicator of the ability of the nitrogen atom to possess
sp2-hybridization, which enhances the donating strength of
this class of compounds.45 In D6–D10, five-membered rings at
the aromatic ring system have been considered for N-annulation;
those systems are derived from 1,2,4,5-tetrahydropyrrolo[3,2,1-hi]
indole (Fig. S1b, ESI†).43 Among the designed N-heterocyclic
systems (D1–D10), some of the derivatives are known and
they are the best candidates for intramolecular cyclization and
for generating diboryne nanowires.46,47 Donors D11–D14 are

Fig. 1 Designed donor systems. The MESP minimum over the phenyl ring
(VmD) is given in kcal mol�1.
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designed from the electron-rich nature of the phenyl/p-system.
According to various experimental and theoretical studies, the
electron-rich nature of the phenyl/p-system could be fine-tuned
by electron-donating substituents and hence the aromatic ring of
1,3,5-N,N-dimethyltriaminobenzene could be considered as
the most electron-rich neutral six-membered ring.48 Previously,
Suresh and Sayyed described that the electron density at the
phenyl ring could be significantly improved by the treatment of
N-heterocyclic ring substitution and they proposed two highly
electron rich systems viz.D11 and D12 as shown in Fig. 1.48 Since
those systems are considered as electron rich (involving six
nitrogen lone pairs), we could test the suitability of those
systems as photosensitizers for DSSC application. Finally, two,
and four nitrogens have been integrated in D15–D18, where the
likelihood of N-annulation has been attained through N-hetero-
cyclic five and six membered rings.49,50

For evaluating the donating strength of the donors in D–p–A,
the intramolecular charge transfer (ICT) from D to A has to be
assessed. Here it has been quantified in terms of the change in
the molecular electrostatic potential (MESP) minimum, DVm, at
the cyano group of A. Very recently we proved that the MESP is
an excellent tool to quantify the electron-donating strength
(DVm) of D–p–A systems.22,26 It is a real physical property which
is experimentally observable from X-ray diffraction studies.
To understand the reactivity of molecular systems, theoretically
derived MESPs have been extensively used in the work of
Tomasi,51 Pullman,52,53 Politzer54–57 and Gadre,58–60 and the
wide range of applications in chemical and biological pheno-
mena shows the acceptability of this area of research. Further,
our group has contributed to several applications of the MESP
parameter in organic and inorganic chemistry and described
that the MESP is an excellent tool for the prediction of structure–
property relationships.61–71 In the present study the significance
of N-annulation for improved optical and photovoltaic properties
has been evaluated using density functional theory (DFT) and
time-dependent DFT (TDDFT) calculations. Currently, quantum
chemical calculations have emerged as an elementary tactic to
identify potential sensitizers before long-running expensive
synthesis.72–78 Thus our computationally engineered dye sensiti-
zers could open up new synthetic strategies for the development
of photosensitizers for DSSC application.

Computational details

Density functional theory (DFT) calculations at the B3LYP/
cc-pVDZ level have been conducted for the optimization of
the ground state geometries of the D–p–A systems.79,80 It is
substantiated that the B3LYP level is adequate for the explana-
tion of the electronic structure of dye molecules in DSSC
applications.26,81,82 The ground state geometries of all D–p–A
systems after binding to the (TiO2)9 cluster are optimized at the
same level of DFT with the LANL2DZ basis set for the Ti atom
and cc-pVDZ for non-metal atoms.83 Vibrational frequencies
are calculated at the same level and it is confirmed that there
are no imaginary frequencies. Studies show that the (TiO2)9

cluster size is sufficient to model the dye–TiO2 interfaces for
simulating the electronic structure, optical properties, and
binding modes of TiO2.

84 Frontier molecular orbital energies
of all D–p–A and D–p–A adsorbed on (TiO2)9 cluster systems
(D–p–A/TiO2) are reported for the ground-state geometries.
The optical properties of the D–p–A systems before and after
binding to the (TiO2)9 cluster are simulated using time-
dependent DFT (TD DFT) at the CAM-B3LYP level85 on the
ground state geometry with mixed basis sets. To account for the
solvent effect (dichloromethane as the solvent), SCRF-SMD
(self-consistent reaction field-density simulation model) incor-
porated in the Gaussian 16 suite of programs has been con-
sidered. The CAM-B3LYP exchange–correlation functional is
widely used in theoretical calculations for the excited state
properties and provides results that are close to experimental
results.86–88 In our previous study, the absorption properties of
experimentally known dye sensitizers have been benchmarked
including julolidine based dye-sensitizers and it is found
that the TD-CAM B3LYP/cc-pVDZ/SMD//B3LYP/cc-pVDZ level
is adequate to describe the electronic, optical and photovoltaic
properties.22 The higher excitation energy associated with the
CAM-B3LYP exchange functional than the B3LYP functional
can be attributed to the higher bond length alteration index
(BLA) of D–p–A systems.26 Moreover, for the examination of the
intramolecular charge transfer characteristics of D–p–A systems,
molecular electrostatic potential based topographical analysis has
been performed on the ground state geometry at the B3LYP/
cc-pVDZ level. All the calculations are performed with the
Gaussian 16 program package.89

The molecular electrostatic potential (MESP), V(r), is an
important property of a molecule that its nuclei and electrons
create at every point r in the surrounding space, which is
defined in eqn (1) as

VðrÞ ¼
XN
A

ZA

jr� RAj
�
ð
rðr0Þdr0
jr� r0j (1)

where N is the total number of nuclei, ZA is the charge on
nucleus A located at distance RA, r(r0) is the electron density of
the molecule, and r0 is a dummy integration variable. In the
equation, the sign of V(r) at any r depends upon whether the
positive contribution of the nuclei or the negative one of
the electrons is dominant there.

Results and discussion
MESP analysis of the donors

The MESP minimum Vm gives a clear idea regarding the most
electron-rich region in a molecular system. In all the donor
systems (D1–D18), an aromatic phenyl ring (shown in a red
colour, Fig. 1) has been observed and Vm observed at that
phenyl ring, VmD, has been considered as the donor strength
of each system. The most negative Vm depicts the most electron-
rich nature of the molecular system. From D1 to D5, a systematic
increase in the N-centers (up to 5 nitrogens) is introduced and
VmD reached �35.5 kcal mol�1 from �26.4 kcal mol�1. The more
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negative VmD in D5 (�35.5 kcal mol�1) than those of D1–D4
characterizes the more electron-rich nature, which can be attri-
buted to the occurrence of five nitrogen centers. In the D6–D10
donors, an increase in the negative character of VmD (from
�22.6 to �24.3 kcal mol�1) has been attained by a systematic
increase of the nitrogen atoms (up to 5 nitrogens). Meanwhile,
due to the presence of more pyramidalized nitrogens, the D6–D10
donors provide less negative VmD than those of D1–D5.

In the D11–D12 donors, imidazolidine and imidazole ring
systems have been introduced at the 1, 3, and 5 positions of the
benzene ring. In D11, the electron-rich aminal functional
groups increase the electron density over the phenyl ring,
resulting in a comparable VmD of �35.1 kcal mol�1 to D5
(�35.5 kcal mol�1). In D12 the conjugation in the CC bond
enhances the electron density over the phenyl ring, leading to a
more negative VmD (�41.9 kcal mol�1) than D11. Due to the
reduced number of aminal functional groups at the phenyl
ring, D13 shows a less negative VmD (�32.3 kcal mol�1) than
those of D11 and D12. In D14, conjugation increases the
electron density of the donor system, resulting in a more
negative VmD (�36.2 kcal mol�1) than D13. It is noted that
the imidazolidine and imidazole substituted donor systems viz.
D12 and D14 exhibit more negative VmD than D5, which can be
considered as their better donor strength. Finally, for verifying
the effectiveness of the introduced strategy, the D15–D18
donors are examined. In D16 the increased number of N-alkyl
substitutions at the phenyl ring resulted in a more negative
VmD (�31.2 kcal mol�1) than D15 (VmD = �26.7 kcal mol�1).
Compared to D15, a more negative VmD is observed for D17, which
can be attributed to the presence of an additional two nitrogen
centres. Finally, in D18 the additional two methyl groups
at nitrogen atoms promote pyramidalization of the N-centres,
resulting in a less negative VmD (�28.1 kcal mol�1) than D17.

Donating strength of the D–p–A systems

The influence of the electron-rich nitrogen lone pairs in the
donors (D) for enhancing the electron-donating strength of the
D–p–A system (DVmA) has been elucidated with MESP analysis.
In D–p–A systems, the p–A linkage with the donor involves
intramolecular charge transfer (ICT) from D to A, and the
transferred electron density accumulated at A depends on
the donor strength of each system.22,26 The electron density
distribution via ICT at various regions of a representative D–p–A
system (D1–p–A), viz. D, the p-spacer and A, has been shown in
Fig. 2b as the MESP minima at the donor VmD0, spacer VmS0 and
acceptor VmA0. Since the p–A part (butadiene) involved in the
study is the same for all D–p–A systems, the MESP minimum
observed at the CN group of A has been considered as
the reference VmA to evaluate the changes observed at that
minimum with the attachment of D (Fig. 2a). Also, it is proved
that one could take other Vm regions at A as the reference
Vm viz. Vm(OH) and Vm(CO) for monitoring the changes at the
respective sites due to the parallel behavior exhibited by those
parameters.26 In the study, VmA0 (observed at the CN region) has
been selected as the reference point due to the most negative
Vm character.

In Table 1, Vm values at D, the p-spacer and A of the D–p–A
systems are reported along with the change in Vm at those
regions with the attachment of p–A to D. The change in Vm
occurring at the D site (DVmD) has been calculated by subtrac-
ting Vm observed at the donor (VmD) from the corresponding Vm
observed at D of D–p–A (VmD0). Likewise, DVmS and DVmA have
been calculated by subtracting Vm observed at the respective
sites of the reference system (VmS and VmA) from the corres-
ponding values of the D–p–A systems (VmS0 and VmA0). In the
table DVmD ranges from 12.2 to 17.9 kcal mol�1; the positive
DVmD value shows electron deficiency at D.

In all, the less negative Vm observed at the D site of D–p–A
(VmD0) than Vm of the donor (VmD) confirms the ICT from D to A.
Further, the ICT from D to A enhances the electron density at
the spacer; the gained electron density at the spacer has been
denoted as negative DVmS, which ranges from �6.0 to
�16.3 kcal mol�1. As per DVmS, the highest electron-donating
strength has been attained by the D5–p–A system while the least
is possessed by the D8–p–A system. VmA0 ranges from �7.0 to
�13.5 kcal mol�1. The donors having greater electron-donating
strength exhibit a more negative VmA0. As a result, the change
in the MESP appearing on the acceptor (DVmA) with the

Fig. 2 (a) MESP isosurface at various sites of (a) the reference system, and
(b) a representative D–p–A system, where the MESP minimum is shown
in kcal mol�1.

Table 1 Vm (kcal mol�1) of the D–p–A systems calculated at the B3LYP/
cc-pVDZ level

Systems VmD VmD0 DVmD VmS0 VmS DVmS VmA0 VmA DVmA

D1 �26.4 �10.5 15.9 �10.3 �2.4 �7.9 �59.5 �50.3 �9.2
D2 �28.7 �13.0 15.7 �11.7 �2.4 �9.3 �60.3 �50.3 �10.0
D3 �30.5 �14.1 16.4 �12.3 �2.4 �9.9 �60.8 �50.3 �10.5
D4 �32.3 �14.9 17.4 �13.2 �2.4 �10.9 �61.3 �50.3 �11.0
D5 �35.5 �17.6 17.9 �18.6 �2.4 �16.3 �63.8 �50.3 �13.5
D6 �22.6 �9.0 13.6 �9.3 �2.4 �7.0 �58.2 �50.3 �7.8
D7 �22.6 �9.7 12.9 �8.8 �2.4 �6.4 �57.4 �50.3 �7.0
D8 �22.8 �10.6 12.2 �8.3 �2.4 �6.0 �56.2 �50.3 �5.9
D9 �23.0 �10.5 12.5 �9.5 �2.4 �7.1 �57.9 �50.3 �7.5
D10 �24.3 �12.0 12.4 �10.4 �2.4 �8.0 �58.7 �50.3 �8.4
D11 �35.1 �22.8 12.3 �18.4 �2.4 �16.1 �64.0 �50.3 �13.7
D12 �41.9 �28.7 13.2 �18.4 �2.4 �16.1 �69.3 �50.3 �19.0
D13 �32.3 �20.7 11.6 �11.1 �2.4 �8.7 �58.2 �50.3 �7.9
D14 �36.2 �24.1 12.1 �14.6 �2.4 �12.2 �60.0 �50.3 �9.7
D15 �26.7 �11.6 15.1 �10.4 �2.4 �8.0 �58.5 �50.3 �8.2
D16 �31.2 �13.9 17.3 �13.1 �2.4 �10.7 �62.0 �50.3 �11.7
D17 �30.4 �16.2 14.2 �11.6 �2.4 �9.2 �58.9 �50.3 �8.5
D18 �28.1 �13.5 14.6 �9.9 �2.4 �7.5 �58.4 �50.3 �8.1
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attachment of D to p–A has been regarded as the donating
strength of the D–p–A system.22

In the D1–D5 based p–A systems, the least negative DVmA

(�9.2 kcal mol�1) has been attained by the one nitrogen system
D1–p–A, which shows its poor electron-donating strength. Also,
from D1–p–A to D5–p–A, a systematic enhancement in the
donating strength has been observed for an increased number
of nitrogen centres (n = 1–5) and the most negative DVmA

(�13.5 kcal mol�1) has been shown by D5–p–A (incorporating
5 nitrogen lone pairs). In D6 to D10–p–A the more pyramida-
lized nitrogen centres in the donors impart less negative DVmA

in the range �5.9 to �8.4 kcal mol�1 than the D1–p–A–D5–p–A
systems. In D11–p–A, the incorporation of six nitrogen lone
pairs through imidazolidine rings at the phenyl ring enhances
the electron density at the donor site, resulting in a DVmA of
�13.7 kcal mol�1. Whereas, in D12–p–A, the conjugation in the
CC bond (imidazole ring) enhances the electron density at the
donor more than in D11–p–A, which leads to a more negative
DVmA of �19.0 kcal mol�1. In the D13–p–A and D14–p–A
systems, a relatively lower donating strength is observed in
terms of DVmA (�7.9 kcal mol�1 and �9.7 kcal mol�1) than that
of the D11 and D12–p–A systems. This can be attributed to their
reduced number of nitrogen centres (4 nitrogens). Since the
nitrogens involved in the D1 to D4–p–A systems are more
planarized than those of D13 and D14–p–A, the former systems
show greater electron-donating strength. The integration of
four nitrogens at the donor enhances the donating strength
of the D16–p–A system (�11.7 kcal mol�1) over D15–p–A
(�8.2 kcal mol�1). Further, the nearly planar nitrogens involved
in D16–p–A provide a similar donating strength �11.0 kcal mol�1

to D4–p–A (�11.7 kcal mol�1). D17–p–A with four nitrogen atoms
incorporated through two fused six-membered rings at the phenyl
ring attains a less negative DVmA (�8.5 kcal mol�1) than D16–p–A.

The additional two methyl groups in D18–p–A at the nitrogen
atoms are pyramidalized and lead to a less negative DVmA

(8.1 kcal mol�1) than D17. Finally, from the elucidated exam-
ples it is clear that donors having more planarized nitrogen
centres enhance the donating strength of the D–p–A systems.
Among all, the D12, D11 and D5 based p–A systems are the best
candidates for DSSC application.

Absorption spectra

In Table 2, the optical properties of the donor and D–p–A
systems are given. Since we have used the same –p– and A
units in all the designed D–p–A systems, the influence of p–A on
the absorption maximum (lmax) can be considered the same for
all donors, and the shift in the absorption maximum (Dlmax)
occurring during the transformation of D to D–p–A can be
recognized as due to the influence of the donating strength of
the donor units. Dlmax is calculated by subtracting lmax of D
from the analogous D–p–A system. For the analysis the HOMO
- LUMO transition has been considered. The influence of the
donor strength (VmD) on the lmax of donors is observed in
the range 280 to 329 nm. In Table 2, when a donor changes to
D–p–A, the absorption shifts to higher wavelengths in the range
454 to 619 nm. According to our previous study, Dlmax in the
range of 162 to 294 nm can be recognized as due to the
influence of the donating strength (DVmA) of the D–p–A
systems.22 The significant correlation observed between DVmA

and Dlmax with a correlation coefficient of 0.940 confirms the
significance of DVmA to Dlmax (Fig. 3, deviations are neglected
for the R calculation). It shows that Dlmax increases with
enhanced donating strength of the D–p–A systems. In the table,
the D1–D5 based p–A systems display a systematic increase in
Dlmax (from 203 to 257 nm) which can be recognized as due to
the enhanced donating strength of those systems with an

Table 2 Maximum absorption wavelength lmax (nm), oscillator strength f, MO contribution, percentage of MO contribution (MO%), and shift in
absorption maximum Dlmax (nm) of the donor and D–p–A systems at the TD-CAM-B3LYP/cc-pVDZ/SMD//B3LYP/cc-pVDZ level

Systems

Donor D–p–A system

lmax (nm) f MO contribution lmax (nm) f MO contribution MO (%) Dlmax (nm)

D1 272 0.08 H - L 476 1.77 H - L 92 203
D2 286 0.11 H - L 513 1.53 H - L 92 227
D3 280 0.02 H - L 520 1.54 H - L 92 240
D4 285 0.03 H - L 542 1.31 H - L 89 257
D5 285 0.04 H - L 527 1.58 H - L 91 241
D6 285 0.04 H - L 471 1.74 H - L 94 187
D7 301 0.05 H - L 481 1.42 H - L 92 180
D8 304 0.03 H - L 475 1.46 H - L 91 171
D9 329 0.06 H - L 531 0.97 H - L 92 202
D10 341 0.07 H - L 522 0.04 H - L 87 181
D11 304 0.11 H - L 549 1.30 H - L 88 245
D12 325 0.60 H - L 619 0.27 H - L 79 294

600 1.41 H-1 - L 49 275
D13 292 1.17 H - L 454 0.03 H - L 91 162

423 1.19 H-1 - L 68 131
D14 324 1.14 H - L 583 0.03 H - L 93 259

512 0.14 H-1 - L 93 188
D15 272 0.18 H - L 481 1.62 H - L 92 209
D16 282 0.06 H - L 509 0.99 H - L 93 227
D17 282 0.09 H - L 500 0.83 H - L 92 218
D18 288 0.07 H - L 487 0.97 H - L 90 199

NJC Paper

Pu
bl

is
he

d 
on

 2
4 

M
ay

 2
02

1.
 D

ow
nl

oa
de

d 
by

 R
eg

io
na

l R
es

ea
rc

h 
L

ab
or

at
or

y 
(R

R
L

_T
vm

) 
on

 6
/2

9/
20

21
 7

:1
1:

21
 P

M
. 

View Article Online

https://doi.org/10.1039/d1nj00881a


New J. Chem. This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

increased number of nitrogen centres (n = 1–5). Among those
systems, the D4 based p–A system shows greater Dlmax than
D5–p–A, which displays a slight deviation in the correlation
(marked in a green colour, Fig. 3). The lower Dlmax values
exhibited by the D6–p–A to D10–p–A systems in the range of
171–202 nm are recognized as due to the lower donating
strength of those systems. Compared to the D6–p–A to
D10–p–A systems, the greater Dlmax in D11–p–A (245 nm) can be
recognized as due to its larger donating strength. The presence
of conjugation in CC bonds enhances the donating strength of
D12–p–A, resulting in the highest Dlmax of 294 nm. The highest
Dlmax (294 nm) can be attributed to the utmost DVmA and lmax

of D12–p–A (619 nm). In the D13–p–A and D14–p–A systems,
Dlmax values of 162 and 259 nm are observed with a lmax of 454
and 583 nm, respectively. In those systems a slight deviation in
the correlation has been observed, which may be due to the
poor oscillator strength (f - 0.03). The higher Dlmax of 227 nm
in D16–p–A than D15–p–A (209 nm) can be spotted as due to the
better electron-donating strength (because of the increased
number of nitrogens (four)) of D16–p–A. In D17–p–A, lmax

and Dlmax are 500 nm and 218 nm, respectively. Even though
there is an equal number of nitrogens (four) in the donor site,
the higher Dlmax in D17–p–A than D18–p–A (199 nm) can be
recognized as due to the influence of more planar NH centres.

Finally, for the dye sensitizers, the HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular
orbital) energies are crucial for determining the efficiency of the
sensitizers (Table 5). For the effective regeneration of the
oxidized dye, it is important to have a HOMO energy (eh) lower
than the redox potential of the I�/I3

� electrolyte (�4.8 eV). The
eh values of the D3–D5, D11–D14, and D16 based p–A systems
are in the range of �4.68 to �4.74 eV, lying above the redox
potential of the I�/I3

� electrolyte. It is therefore suggesting that
the oxidized dye might not efficiently regenerate in those
systems from the I�/I3

� electrolyte. Whereas, for the rest of
the D–p–A systems, eh (�4.82 to �5.29 eV) lying below the redox
potential of the electrolyte facilitates effective dye regeneration.
For the D1–p–A to D18–p–A systems, the LUMO energies (el) are
in the range of �1.79 to �2.79 eV, lying above the conduction
band (CB) energy of the TiO2 semiconductor (�4.0 eV), which

ensures effective electron injection into the TiO2 conduction
band. The HOMO–LUMO gap (HLG) energy of the designed
D–p–A systems ranges from 1.64 to 2.65 eV and it shows a
decreasing trend with increasing electron donating strength. In
DSSCs, HLG values give a clear idea regarding the PCE of the
dye-sensitizer. As per various theoretical studies, a lower HLG
ensures better optical and photovoltaic properties, thereby
improving the PCE of DSSC devices.90–92 Herein, we could
recognize that the lower HLG energy obtained with D12–p–A
(2.17 eV) is accompanied by the highest absorption maximum
(619 nm), good adsorption stability (�28.6 kcal mol�1), and
highest eVoc (2.21 eV). Consequently, among all, the D12–p–A
system having the lowest LUMO energy (�1.79 eV) may provide
a better PCE in DSSC devices.

According to the basic principle of DSSCs, when the dye
molecule gets adsorbed on the TiO2 semiconductor, the inter-
action between the dye and semiconductor can shift their
energy levels and prompt electron injection into the semi-
conductor, which is desirable for a better PCE.73 To determine
the energy levels of the adsorbed D–p–A systems on TiO2,
we have designed a bidentate bridging mode for binding the
D–p–A systems on TiO2 (Fig. 4a). It has been reported that the
bidentate bridging mode is the most stable adsorption mode
for anchoring groups.93,94 Further, the LUMO energy levels
(�3.50 to �3.79 eV) of the adsorbed D–p–A systems are deeper
than the bare D–p–A systems (�1.79 to �2.79 eV) and ensure
that the LUMO is above the CB energy of TiO2, which could
promote efficient electron injection from the excited dye mole-
cule into the CB of TiO2. The absorption properties of the
D1–p–A to D18–p–A systems adsorbed on TiO2 are reported in
Table 3. We denote D–p–A adsorbed on TiO2 as D–p–A/TiO2.
The observed lmax in the range 513 to 703 nm is favourable for
an improved PCE, and shows a red shift with respect to the pure
D–p–A system. Among all, D12–p–A/TiO2 shows the highest
lmax (703 nm), whereas D13–p–A/TiO2 displays the lowest lmax

(513 nm). The HLG of the D–p–A/TiO2 systems ranges from 0.61
to 1.89 eV, indicating that the adsorption of the dye with the
semiconductor significantly reduces the HLG related to the
bare D–p–A systems. The electron density shifts in the D–p–A/
TiO2 systems between the HOMO and LUMO are given in the
representative example (D12–p–A/TiO2) shown in Fig. 4b. In all
the D–p–A/TiO2 systems, the HOMO is localized on the donor
region whereas the LUMO is distributed on TiO2. This kind of
charge delocalization is anticipated for a better PCE of dye
sensitizers.

Quantitatively, the adsorption stability of the D–p–A systems
on the (TiO2)9 cluster has been evaluated using the adsorption
energy (Eads), which is listed in Table 4. It is defined as Eads =
Edye/TiO2

� (Edye + ETiO2
), where Edye/TiO2

, Edye, and ETiO2
denote

the energies of dye/TiO2, the isolated dye and the TiO2 cluster,
respectively.95 It is clear that a more negative adsorption energy
could reveal higher adsorption stability between the dye mole-
cule and TiO2. In Table 4, we observed that all the adsorbed
systems that have a more negative adsorption energy contain
greater N-annulation. Among all, the most negative adsorption
energy (�28.6 kcal mol�1) is attained with D12–p–A/TiO2, which

Fig. 3 Correlation between DVmA and Dlmax of the D–p–A systems (the R
value has been calculated by excluding the deviations shown in a green
colour).
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indicates the most stable adsorption. Apart from N-annulation, the
adsorption stability increases with enhanced electron-donating
strength of D–p–A. The excellent linear correlation between DVmA

and Eads with a correlation coefficient of 0.947 confirms that
the donating strength of the donor systems of D–p–A assessed in
terms of DVmA is useful to assess the Eads values of the dye on the
semiconductor (Fig. 5a). Since stronger adsorption leads to deeper

LUMO energy levels, a more donating dye is expected to give higher
adsorption stability and higher eVoc (Table 4 and Fig. 5b). In the
D12–p–A/TiO2 system, the highest adsorption stability and eVoc
(2.21 eV) have been observed, which predicts superior photovoltaic
performance of the adsorbed dye.

Photovoltaic performance

The photovoltaic parameters of the D–p–A systems are listed in
Table 5. The electron injection-free energy change (DGinject) is

Fig. 4 (a) Optimized geometry of a representative D–p–A system on the (TiO2)9 cluster (D12–p–A/TiO2). (b) Electron density shift in the frontier
molecular orbitals.

Table 3 HOMO (eV), LUMO (eV), and HOMO–LUMO energy gap, HLG
(eV), for the D–p–A/TiO2 systems at the B3LYP/GenECP level. The max-
imum absorption wavelength lmax (nm), and oscillator strength (f)
adsorbed on TiO2 are simulated at the TD CAM-B3LYP/GenECP/SMD//
B3LYP/GenECP level

D–p–A/TiO2 systems HOMO (eV) LUMO (eV) HLG (eV) lmax (nm) f

D1 �5.43 �3.68 1.75 538 2.36
D2 �5.17 �3.66 1.52 583 2.03
D3 �5.10 �3.64 1.46 593 2.07
D4 �5.07 �3.62 1.45 611 1.73
D5 �5.09 �3.55 1.54 592 0.60
D6 �5.63 �3.74 1.89 526 2.24
D7 �5.53 �3.76 1.77 538 1.85
D8 �5.57 �3.79 1.77 531 1.87
D9 �5.37 �3.74 1.64 611 1.73
D10 �5.39 �3.71 1.69 574 0.05
D11 �4.85 �3.50 1.34 630 1.79
D12 �4.38 �3.25 1.13 703 0.29
D13 �4.99 �3.78 1.21 513 0.03
D14 �4.32 �3.71 0.61 697 0.02
D15 �5.44 �3.74 1.71 545 2.01
D16 �5.08 �3.60 1.48 610 1.91
D17 �5.25 �3.72 1.53 573 1.02
D18 �5.31 �3.72 1.59 558 1.22

Table 4 The adsorption energies (Eads) of all the D–p–A/(TiO2)9 systems
where the Eads values are given in kcal mol�1

D–p–A/(TiO2)9 systems Eads (kcal mol�1)

D1–p–A/(TiO2)9 �23.6
D2–p–A/(TiO2)9 �23.8
D3–p–A/(TiO2)9 �23.9
D4–p–A/(TiO2)9 �24.3
D5–p–A/(TiO2)9 �25.0
D6–p–A/(TiO2)9 �23.3
D7–p–A/(TiO2)9 �23.0
D8–p–A/(TiO2)9 �22.8
D9–p–A/(TiO2)9 �23.4
D10–p–A/(TiO2)9 �23.8
D11–p–A/(TiO2)9 �25.4
D12–p–A/(TiO2)9 �28.6
D13–p–A/(TiO2)9 �22.2
D14–p–A/(TiO2)9 �23.3
D15–p–A/(TiO2)9 �22.6
D16–p–A/(TiO2)9 �24.5
D17–p–A/(TiO2)9 �23.2
D18–p–A/(TiO2)9 �23.3
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in the range �1.28 to �2.10 eV. It is defined as DGinject = Edye* �
|ECB|,

96–98 where Edye* is the excited state oxidation potential
and ECB is the energy of the conduction band edge of the
TiO2 semiconductor (�4.0 eV). Edye* can be calculated as (�eh –
vertical excitation energy).96,99 The more negative DGinject will
have more ability to inject electrons from the excited state of
D–p–A to the CB of TiO2. Since DGinject is related to short-circuit
current density Jsc, by improving the electron injection ability,
an enhancement in the PCE can occur.6,22,26,98 Among all,

DGinject is more negative in D14–p–A (�2.10 eV) while it is the
least negative in D9–p–A (�1.28 eV). Further, it is noted that the
donating strength improves the electron injection efficiency. The
DGreg valuemeasures the dye regeneration efficiency of the systems,
which can be written as (Edye � 4.8) eV or (�(eh) � 4.8) eV.100,101

The smallest DGreg (�0.84 eV) observed in D12–p–A shows
the highest dye regeneration efficiency, while the highest value
0.49 observed in D6–p–A indicates the lowest dye regeneration
efficiency. Finally, the open-circuit voltage (eVoc = el � (�4.0))102

lies in the range 1.21 eV to 2.21 eV, which shows an excellent
correlation with DVmA (Fig. 6), and suggests that eVoc increases
with enhanced strength of the D–p–A systems. The correlation
in Fig. 6 also suggests that the MESP approach offers an easy
analysis tool for the quantification of the donating strength of
D–p–A systems in DSSC applications, and the correlation plot
provides a guideline for designing dye sensitizers for desirable
photovoltaic applications.

Fig. 5 (a) Correlation between DVmA and Eads and (b) Eads and eVoc.

Table 5 HOMO (eV), LUMO (eV), and HOMO–LUMO energy gap (eV) at the B3LYP/cc-pVDZ level. Ground and excited state oxidation potential (Edye,
Edye*), excitation energy, free energy of electron injection DGinject, dye regeneration efficiency DGreg, and open-circuit voltage eVoc at the TD-CAM-
B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

Systems Excitation energy (eV) HOMO (eV) LUMO (eV) HLG (eV) Edye (eV) Edye* (eV) DGinject (eV) DGreg (eV) eVoc (eV)

D1 2.61 �5.09 �2.48 2.61 5.09 2.48 �1.52 0.29 1.52
D2 2.42 �4.82 �2.46 2.36 4.82 2.40 �1.60 0.02 1.54
D3 2.38 �4.74 �2.43 2.31 4.74 2.36 �1.64 �0.06 1.57
D4 2.29 �4.69 �2.40 2.29 4.69 2.40 �1.60 �0.11 1.60
D5 2.35 �4.68 �2.26 2.42 4.68 2.33 �1.67 �0.12 1.74
D6 2.63 �5.29 �2.64 2.65 5.29 2.66 �1.34 0.49 1.36
D7 2.58 �5.22 �2.72 2.50 5.22 2.64 �1.36 0.42 1.28
D8 2.61 �5.27 �2.79 2.48 5.27 2.66 �1.34 0.47 1.21
D9 2.33 �5.05 �2.72 2.33 5.05 2.72 �1.28 0.25 1.28
D10 2.38 �5.04 �2.64 2.40 5.04 2.66 �1.34 0.24 1.36
D11 2.26 �4.50 �2.21 2.29 4.50 2.24 �1.76 �0.30 1.79
D12 2.00 �3.96 �1.79 2.17 3.96 1.96 �2.04 �0.84 2.21
D13 2.73 �4.77 �2.58 2.19 4.77 2.04 �1.96 �0.03 1.42
D14 2.21 �4.11 �2.47 1.64 4.11 1.90 �2.10 �0.69 1.53
D15 2.58 �5.11 �2.59 2.52 5.11 2.53 �1.47 0.31 1.41
D16 2.29 �4.72 �2.39 2.33 4.72 2.43 �1.57 �0.08 1.61
D17 2.48 �4.96 �2.57 2.39 4.96 2.48 �1.52 0.16 1.43
D18 2.55 �5.04 �2.58 2.46 5.04 2.49 �1.51 0.24 1.42

Fig. 6 Correlation between the donating strength (DVmA) of the D–p–A
system and the open-circuit voltage (eVoc).
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In the analysis, the highest donating strength observed in
D12–p–A correlates to the highest eVoc (2.21 eV). The pyrami-
dalized nitrogen centres observed in D8–p–A retard the efficient
electron injection to p–A, and it shows the lowest eVoc (1.21 eV)
due to inferior donating strength.

Conclusions

Donor modifications, especially through the integration of
electron-rich nitrogen atoms (N-annulation), significantly affect
the structure–performance relationship of D–p–A systems for
dye-sensitized solar cell applications. For tuning the electron-
donating ability of D–p–A systems, eighteen electron-rich nitro-
gen incorporated donors are designed with butadiene and
cyanoacrylic acid as a p-spacer and an acceptor, respectively.
The implication of planarized nitrogens for improving the
electron-donating strength (DVmA) of D–p–A systems is investi-
gated using MESP topographical analysis, which states that the
magnitude of DVmA increases with an increased number of
planar nitrogens. The lmax values of the D–p–A systems are fine-
tuned by the extent of p-conjugation and N-annulation in the
donors. The significance of DVmA in shifting the absorption
maximum (Dlmax) is confirmed by the linear correlation
observed between DVmA and Dlmax. Regarding the frontier
molecular orbitals of the D–p–A systems, the HOMO and LUMO
energies are affected by the electron-rich nature of the donors
in D–p–A. The sufficiently more negative LUMO energy of the
D–p–A systems than the CB energy of TiO2 provides high
electron injection efficiency. The open-circuit voltage (eVoc),
and free energy of electron injection (DGinject) have been
analysed for the D–p–A systems and reveal that eVoc is increased
with enhanced DVmA. Also, the adsorption stability of the
D–p–A systems on TiO2 has been evaluated and indicates that
the adsorption stability (Eads) increased with enhanced
electron-donating strength of the D–p–A system. Since adsorp-
tion of the D–p–A system on TiO2 shifts the LUMO energy, the
stability of the D–p–A/TiO2 system affects eVoc and thus the
efficiency of the solar cell. The strong linear correlation observed
between Eads and eVoc proves this conclusion. Among all the cases
studied, D12–p–A/TiO2 shows the highest adsorption stability;
furthermore, D12–p–A displays the highest Dlmax, the best eVoc
and the highest magnitude for DVmA. Consequently, from the
aforementioned fundamental parameters, it can be concluded
that the D12 based photosensitizer is very effective for improving the
PCE. Also, the N-annulation design strategy will pave the way for
attaining high efficiency in the field of dye-sensitized solar cells.
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Title of the thesis: Density Functional Theory Studies on D-π-A Systems Used in                        

Dye-Sensitized Solar Cells: Donor-Acceptor Effect, Spacer Effect, and Molecular Design 

Strategies 

Dye-sensitized solar cells (DSSCs) have a fundamental role in photovoltaic technology 

as an alternative to highly expensive conventional silicon based solar cell. Theoretical 

studies are greatly acknowledged for the reliable prediction of efficiency of dye-

sensitizers and understanding the fundamental processes involved in DSSC device. The 

thesis is organized into four chapters. Chapter 1 gives an overview of both DSSCs and 

computational chemistry methods. In chapter 2, using molecular electrostatic potential 

(MESP) analysis, the electronic effect transmission power ( ) of various spacer (G in the 

notation) units in a Y-G-X type molecular model and electron donating strength (VmA) 

of typically used donors in D--A type dye-sensitizers have been computed. Among the 

studied spacers units, alkenyl spacers with shorter spacer chain length showed the 

highest , which will be effective for the better power conversion efficiency (PCE) in 

DSSCs. Further, VmA is found to be proportional to absorptional redshift and open-

circuit voltage (eVOC) which shows the relevance of VmA for the enhancement of optical 

and photovoltaic properties of dye-sensitizers. In chapter 3, the role of electron donating 

substituents on the donor region of D--A systems has been analysed and found that 

VmA, optical, and photovoltaic properties have been improved in substituted D--A 

systems than bare D--A. Finally in chapter 4, the significance of nitrogen centres for 

revamping the donating strength of D--A is scrutinized. The results show that 

absorption maxima, adsorption stability of dye/TiO2 interface, and photovoltaic 

properties enhanced with number of N-centres at donor region. In all chapters, the 

strong linear correlation observed for the ground state property VmA and eVOC provides 

guidelines for effective dye design with a desirable photovoltaic applications. For the 

prediction of PCE, the study developed a new theoretical strategy (MESP based).  
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Abstract: Developing a highly efficient D--A system for dye-sensitized solar cell 

(DSSC) application via improved donor strength became an emerging area of 

interest for the last two decades.1 Since the electron-donating strength of the donor 

fragment determines the electronic and optical properties of the system. it is highly 

essential to know the donating strength of such units beforehand. Herein, a TD-CAM 

B3LYP/cc-pVDZ//B3LYP/cc-pVDZ density functional theory study has been carried 

out on 13 typically used donor systems for the analysis of optical, and photovoltaic 

properties. The electron-donating strength of 

the donor system has been quantified in 

terms of the molecular electrostatic potential 

at anchoring moiety. Further, a remarkable 

linear correlation obtained between donating 

strength (ΔVmA) and absorption shift (Δλmax), 

open-circuit voltage (Voc) shows the significance of ΔVmA on Δλmax and Voc. Among the 

investigated D--A systems, N,N-dialkyl aniline, and julolidine were found to be the 

best donors for the photovoltaic application. In general, by tuning the donating 

strength we can able to enhance Voc, thereby enhances the efficiency of the D--A 

system.             
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Substituent Effect Transmission Power of Alkyl, Alkenyl,
Alkynyl, Phenyl, Thiophenyl, and Polyacene Spacers
Velayudhan V. Divya,[a, b] Fareed Bhasha Sayyed,[a] and Cherumuttathu H. Suresh*[a, b]

The transmission of substituent effect through a variety of
spacers, that is to say, alkyl, alkenyl, alkynyl, phenyl, thiophenyl,
and polyacene has been studied by modeling Y-G-X type
molecular systems (Y: reaction center; G: spacer moiety; X:
substituent) using B3LYP/6-31G(d,p) density functional theory
calculations. The reaction center is always kept as a C=C double
bond and the molecular electrostatic potential (MESP) minimum
(Vmin) observed for this bond showed subtle variation with
respect to the changes in the spacer unit and the nature of
substituent. Strong linear correlations are observed between
Hammett substituent constants (σI and σp) and Vmin, which

recommend the aptness of Vmin as an electronic descriptor to
quantify the substituent effect. Since Vmin offers an alternative
measure of substituent effect, the correlation between Vmin and
σp has been used for assessing the transmission of substituent
effect through a variety of spacer moieties. The highest trans-
mission coefficient (γ) is always observed for smaller spacer
length. Among all the spacers, alkenyl showed the highest and
alkyl showed the lowest transmission power. The study
recommends the use of short chains of C=C double, C�C triple
or a combination of both as spacers for the effective trans-
mission of substituent effect to the reaction center.

1. Introduction

Substituents in molecules are regarded as functional groups
and tuning of various chemical properties can be achieved by
controlling the substituent effects.[1] The theory of substituent
effect has been considered as fundamental to the prediction of
molecular reactivity.[1–2] The electronic effect of a substituent
can be transmitted to the reaction center via a transmitting
moiety. For example in a molecule Y-G-X, (Y: reaction center; G:
spacer moiety; X: substituent), the effect of X at Y through G
can be interpreted with the famous Hammett relationship log
(KX/K0)=1σ, where 1 is the reaction constant and σ is the
substituent constant. Hammett equation and several of its
modifications[2a,3] have been used in a quantitative way for the
effective interpretation of substituent effects.[4] The applicability
of σ-constants for a variety of molecules assisted the under-
standing of structure-activity and structure-property relation-
ships in chemistry.[5]

Substituent effects are classified into inductive (through σ
bond), π – resonance and through space (field) effects.[1a,2a,6] The
separation of the substituent effect into inductive (σI or F) and
resonance effect (σR or R) was done by Swain and Lupton.[7]

They interpreted that the negative and positive values of
substituent constant indicate electron donating and withdraw-
ing nature of substituents, respectively. Using quantum chem-
ical approaches, many efforts have been made to model the

substituent effect.[4–5,8] Substituent effects are responsible for
small perturbations on the molecular electron density distribu-
tion, which can be measured by means of correlating them
with the computed quantities of total energy, atomic charges,
and electrostatic potentials resulting from ab initio quantum
chemical or semiempirical methods.[5g,9] Further, several exper-
imental studies have utilized Y-G-X type systems to understand
the substituent effect transmission ability of various spacer
moieties using geometrical variables, ionization techniques, and
NMR chemical shifts etc.[8f,10]

Among the several theoretical quantities used to interpret
Hammett constants, topographical analysis of molecular elec-
trostatic potential (MESP) provided a clean approach to
substituent effects.[5a–c,8c–e] The prediction and rationalization of
reactivity trends using MESP have been pioneered by Scrocco,
Tomasi, and co-workers.[11] Politzer and Murry widely used the
MESP plots calculated using standard electronic structure
theory to interpret while the topographical analysis of MESP
has been pioneered by Gadre et al.[12] From MESP topographical
studies on conjugated organic molecular systems, Suresh et al.
have shown that critical features of MESP are useful for the
quantification of inductive,[13] resonance,[14] steric[15] and prox-
imity effects[8b] of substituents. Also, MESP minimum (Vmin) has
been used as a powerful electronic descriptor to quantify
substituent effect, trans influence and two electron donor
character of ligands.[5a,c,16] Here we intend to study Y-G-X type
systems using Vmin analysis. The substituent effect transmission
power of X through the spacer will be assessed by the Vmin

observed over Y, an olefinic moiety. Although the significance
of such spacers in donor-acceptor systems is well known,
quantification of substituent effect transmission power of a
variety of spacer systems is yet to be systematically analyzed.
Previous studies showed that modifications in spacer units such
as their π-bond character, conjugation length, and planarity
had a significant role in electron transmission power, absorption

[a] V. V. Divya, Dr. F. B. Sayyed, Dr. C. H. Suresh
Chemical Sciences and Technology Division
CSIR – National Institute for Interdisciplinary Science and Technology
Thiruvananthapuram, Kerala, 695 019, India
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wavelength, and other related photophysical properties.[17] Here
spacers such as alkyl, alkenyl, alkynyl, phenyl, thiophenyl, and
polyacenes have been selected to include the inductive, and
resonance effect aspects. We envision that this study will
provide useful information regarding the future dye designing
and other related studies.

2. Results and Discussion

2.1. MESP Topography and Spacer Effects

MESP is one of the most appropriate electronic descriptors to
understand the electron withdrawing and donating nature of
substituents and ligands.[5a,b,12d, 16a, 18] It is recognized that
electron rich region in a molecule experiences a significant
change in MESP minimum (Vmin) due to substituent effects. Here
we consider an olefinic bond (Figure 1) as a sensitive region to

understand the precise variation of Vmin with respect to the
substituent effect. A general notation C2H3� Gn� X has been used
to denote the molecule, where Gn stands for the repeating ’n’
spacer G units between C2H3 and X. The effect of substituent on
C2H3� has been measured in terms of Vmin on its CC double
bond. Electron donating and withdrawing substituents used in
this study include NH2, OH, CH3, H, F, Cl, CF3, CHO, CN and NO2.
The spacers selected for the study are alkyl, alkenyl, alkynyl,
phenyl, thiophenyl, and polyacenes (Figure 1). For a reasonable
understanding about the spacer length, systems up to n=3
have been considered. In studies related to the substituent

effect, a system with X=H is described as the unsubstituted
reference system. Hence the change in Vmin due to substitution
is designated as ~Vmin which gives a direct estimation of the
substituent effect.[8c]

MESP isosurface for 1 a, 2 a, 3 a, 4 a, 5 a and 6 a (X=H) is
shown in Figure 2 along with the respective Vmin values at the
terminal double bond, viz. � 22.2, � 18.6, � 13.8, � 19.5, � 18.4,
� 19.0 kcal/mol. The Vmin at the terminal double bond for all the
substituted systems (total180 systems) is depicted in Table 1.
The Vmin ranges from � 30.5 to 3.8 kcal/mol which indicates the
effect of both spacer moiety and the substituent on tuning the
electron distribution on the double bond. In C2H3-alkyl-X
systems (1 a–1 c), the inductive effect is the prime factor for
electron transmission. A less negative Vmin is observed for
X=NH2 and X=OH than X=H suggesting the electron with-
drawing inductive (� I) character of the highly electronegative N
and O atoms. For X=CH3 and n=1, Vmin is slightly more negative
than X=H indicating the electron donating inductive (+ I) effect
of the methyl group. An increase in alkyl chain length slightly
enhances this electron donation. Further, the � I effect of
substituents Cl, CF3, CN, NO2 etc. are clearly reflected on their
respective Vmin. The diminishing � I effect with an increase in
alkyl chain length is pronounced in the case of CN and NO2. For
example, Vmin of NH2 substituted systems shows a variation of
~1.3 kcalmol� 1 from n=1 to n=3, while CN and NO2 exhibits a
variation of 9.4 and 8.1 kcalmol� 1, respectively. The inductive
control of electronic transmission in alkyl systems is confirmed
by the strong linear correlation between Vmin and inductive
substituent constant (σI) (Figure 3 and Table S1). The slope of
the correlation plot 19.081 observed for spacer length n=1 is
the highest and it decreases to 10.343 for n=2 and further
decreases to 5.5683 for n=3. This data indicates the rapidly
decreasing behavior of I with the increase in the number of CC
single bonds.[13]

For the case of unsubstituted alkenyl systems (2 a–2 c), Vmin

values are observed at � 18.6, � 18.4, and � 18.3 kcal/mol
respectively. The small variation in Vmin indicates the negligible
impact of spacer length on electronic transmission whereas the

Figure 1. Various spacers considered to quantify the transmission power of
spacers. The double bond marked in red is the region where MESP minimum
is located for X=NH2, OH, CH3, H, F, Cl, CF3, CHO, CN and NO2.

Figure 2. MESP isosurface at � 13.0 kcalmol� 1 for 1 a, 2 a, 3 a, 4 a, 5 a and 6 a.
Vmin values in kcalmol

� 1 are also depicted.
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individual effect of a substituent on Vmin is very high in 2 series.
For instance, ΔVmin of NH2 and OH in 2 is significantly more
negative than those in 1. In 2, NH2 and OH donate electrons

mainly through resonance mechanism. NH2 is the most electron
donating with ΔVmin � 11.9, � 10.2 and � 6.0 kcalmol� 1 for 2 a,
2 b, and 2 c, respectively (Table 2 while the most electron
withdrawing NO2 shows ΔVmin 18.7, 14.9 and 12.4 kcalmol� 1.
Increasing the spacer length diminishes the power of electron
transmission. Further, in the case of CH3, Vmin is more negative
than the unsubstituted system which can be mainly attributed
to the electron donating hyperconjugation and + I effect of
CH3. Here the magnitude of electron donation for 2 a–2 c in
terms of ΔVmin is � 3.0, � 2.4, and � 2.1 kcal/mol (Table 2).
Substituents F, Cl, CF3, CHO, CN, and NO2 show a considerable
decrease in the magnitude of Vmin compared to the reference
system, which authenticates their electron withdrawing induc-
tive and resonance effects. The ΔVmin 18.7, 15.0, 11.3, 10.0, 5.3,
1.6 kcalmol� 1 observed for the substituents NO2, CN, CHO, CF3,
Cl and F, respectively suggest that their electron withdrawing
power follows the order NO2>CN>CHO>CF3>Cl>F (Table 2).
The strong linear correlations observed between Vmin of 2 a, 2 b,
and 2 c systems with Hammett constant σp (Figure 4 and

Table 1. Vmin (in kcalmol
� 1) obtained over the terminal double bond of various spacer systems.

X NH2 OH CH3 H F Cl CF3 CHO CN NO2

1 a � 21.9 � 20.7 � 22.3 � 22.2 � 16.3 � 14.0 � 15.2 � 15.1 � 11.1 � 10.7
1 b � 22.3 � 21.6 � 22.5 � 22.5 � 19.1 � 18.1 � 18.6 � 18.4 � 16.4 � 16.3
1 c � 23.2 � 22.1 � 22.5 � 22.5 � 20.6 � 19.9 � 20.2 � 20.0 � 20.5 � 18.8
2 a � 30.5 � 25.4 � 21.6 � 18.6 � 17.0 � 13.3 � 8.6 � 7.3 � 3.6 0.1
2 b � 28.6 � 24.3 � 20.8 � 18.4 � 17.9 � 14.8 � 10.7 � 9.0 � 6.8 � 3.5
2 c � 24.3 � 23.3 � 20.4 � 18.3 � 18.1 � 15.6 � 12.2 � 10.5 � 8.9 � 6.0
3 a � 25.9 � 20.6 � 18.4 � 13.8 � 14.0 � 11.9 � 3.7 � 3.0 1.4 3.8
3 b � 20.1 � 16.3 � 14.3 � 10.2 � 11.0 � 9.7 � 2.7 � 2.0 1.3 3.1
3 c � 13.2 � 13.1 � 11.5 � 8.0 � 8.9 � 7.9 � 2.1 � 1.5 1.1 2.5
4 a � 25.8 � 21.8 � 21.0 � 19.5 � 17.5 � 15.1 � 12.5 � 11.1 � 8.5 � 6.7
4 b � 22.0 � 20.2 � 19.8 � 19.1 � 17.9 � 16.7 � 15.4 � 14.8 � 13.2 � 12.4
4 c � 20.0 � 19.4 � 19.3 � 18.9 � 18.1 � 15.1 � 16.8 � 16.4 � 15.5 � 15.0
5 a � 24.5 � 20.8 � 20.1 � 18.4 � 16.3 � 14.4 � 10.5 � 8.7 � 6.2 � 3.5
5 b � 20.8 � 19.1 � 18.2 � 17.1 � 15.9 � 14.8 � 12.5 � 10.7 � 9.6 � 7.3
5 c � 18.6 � 17.4 � 17.2 � 16.6 � 15.8 � 15.1 � 13.5 � 12.3 � 11.5 � 9.8
6 a � 23.5 � 20.6 � 20.2 � 19.0 � 17.4 � 15.8 � 13.9 � 12.8 � 11.0 � 9.5
6 b � 22.1 � 20.1 � 19.6 � 18.8 � 17.5 � 16.1 � 14.8 � 13.8 � 12.4 � 11.2
6 c � 20.5 � 19.5 � 19.2 � 18.6 � 17.4 � 16.4 � 15.4 � 14.6 � 13.5 � 12.6

Figure 3. Correlation between the Vmin of 1 a–1 c with the inductive
parameter (σI).

Table 2. ΔVmin in kcalmol
� 1 of various spacer systems.

V min ΔVmin

X H NH2 OH CH3 F Cl CF3 CHO CN NO2

1 a � 22.2 0.3 1.5 � 0.1 6.0 8.2 7.0 7.1 11.1 11.5
1 b � 22.5 0.2 0.8 0.0 3.3 4.4 3.9 4.1 6.1 6.1
1 c � 22.5 � 0.7 0.4 0.0 1.9 2.6 2.3 2.5 1.9 3.6
2 a � 18.6 � 11.9 � 6.8 � 3.1 1.6 5.3 10 11.3 15.0 18.7
2 b � 18.4 � 10.2 � 6.0 � 2.4 0.5 3.6 7.7 9.3 11.6 14.9
2 c � 18.3 � 6.0 � 5.0 � 2.1 0.3 2.7 6.1 7.8 9.4 12.4
3 a � 13.8 � 12.1 � 6.8 � 4.6 � 0.2 1.9 10.1 10.8 15.2 17.6
3 b � 10.2 � 9.9 � 6.0 � 4.1 � 0.8 0.5 7.5 8.2 11.5 13.3
3 c � 8.0 � 5.2 � 5.0 � 3.5 � 0.9 0.1 5.9 6.5 9.2 10.5
4 a � 19.5 � 6.3 � 2.3 � 1.4 2.0 4.5 7.1 8.4 11.0 12.8
4 b � 19.1 � 2.9 � 1.1 � 0.8 1.2 2.4 3.7 4.3 5.8 6.7
4 c � 18.9 � 1.1 � 0.5 � 0.4 0.8 3.8 2.1 2.4 3.4 3.9
5 a � 18.4 � 6.1 � 2.4 � 1.7 2.1 4 7.8 9.7 12.2 14.9
5 b � 17.1 � 3.7 � 2.0 � 1.1 1.1 2.3 4.6 6.4 7.5 9.7
5 c � 16.6 � 2.1 � 0.8 � 0.6 0.8 1.5 3.1 4.2 5.1 6.8
6 a � 19.0 � 4.5 � 1.6 � 1.2 1.6 3.3 5.1 6.2 8.0 9.5
6 b � 18.8 � 3.3 � 1.3 � 0.9 1.3 2.6 4.0 5.0 6.3 7.5
6 c � 18.6 � 1.9 � 0.9 � 0.6 1.1 2.1 3.2 4.0 5.1 6.0
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Table S1) suggests that the MESP topographical quantity Vmin is
highly suited as an electronic descriptor to quantify the electron
donating and withdrawing nature of a substituent. The slope of
the correlation plots decreases as n increase in the spacer
length. Since σp=0 stands for the unsubstituted systems, the Y-
intercept of the correlation plot corresponds to Vmin of the
unsubstituted system. Indeed, the Y-intercept and Vmin of the
unsubstituted system show very close agreement.

The unsubstituted alkynyl systems, (3 a–3 c) shows Vmin

values at � 13.8, � 10.2, and � 8.0 kcalmol� 1, respectively. The
magnitude of these values are smaller than the unsubstituted

alkenyl systems indicating the more electronegative Csp hybri-
dized carbons in alkynl systems than Csp2 in alkenyl systems.
Similar to 2, resonance effect dominates in 3 except for X=CH3

and X=CF3. The magnitude of electron withdrawing effect
(ΔVmin) obtained for substituents such as NO2, CN, CHO, CF3, Cl,
and F is very similar to that found for C2H3-alkenyl-X systems
which indicates that substituent effect transmission power is
similar for C=C double bonds and C�C triple bonds.

The unsubstituted systems with phenyl ring spacers, 4 a–4 c
show Vmin values at � 19.5, � 19.1, and � 18.9 kcalmol� 1,
respectively. The electron donating NH2, OH, and CH3 substitu-

Figure 4. Correlation of Vmin with Hammett parameter (σp) of a) alkenyl, b) alkynyl, c) phenyl, d) thiophenyl, and e) polyacene systems.
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ents enhance the negative character of Vmin while the electron
withdrawing F, Cl, CF3, CHO, CN, and NO2 substituents diminish
it. The similar Vmin feature has been noticed for systems
containing thiophenyl spacers, 5 a–5 c and polyacene spacers,
6 a–6 c (Table 1). In 4 series with n=2 and 3, adjacent two
phenyl units are twisted away from planarity which gives a
diminishing effect on the electron donating/withdrawing ability
of the substituent. The C� C single bond connection between
two phenyl units in 4 proposes a significant inductive effect
along with resonance. In polyacenes, resonance effect domi-
nates over the inductive effect. In 4, 5 and 6 series, increase in
spacer length has a decreasing effect on the transmission
power of the substituent effect.

2.2. Vmin-Based Quantification of Substituent Effect
Transmission Power of Spacers

When a reacting center and substituent are separated by a
variety of spacers, significant variations in the molecular proper-
ties can be observed.[19] The transmission of the substituent
effect through olefinic systems showed the applicability of 1 in
calculating the substituent effect transmission power. From the
previous studies,[10b,d] it is understood that the transmission
power of a spacer can be quantified by the transmission
coefficient (γ) defined as γ=1S/1o, where 1S is the reaction
constant of a spacer for which the transmission power has to
be quantified and 1o is the reaction constant of the reference
group. Since Vmin provides an alternative measure of substituent
effects for π-conjugated systems, the correlation of Vmin with σp
can be used to evaluate the transmission ability of various
spacers using the equation, Vmin=1σp+constant. Therefore,
linear regression analysis between Vmin and σp values is carried
out to find the 1 values (Table 3). In order to calculate the
transmission coefficients (γ), the phenyl group substituted 4 a is
taken as the reference system for all the spacers. For 4 a
systems, Vmin=13.018(σp)–18.00 and the slope of this equation
(14a) is used as 1o to determine γ. For example, the γ value for
2 a is calculated as γ=12a/14a =20.722/13.018=1.592 meaning
that the transmission power of 2 a is 1.592 times higher than

phenyl ring. Among the π-bonded spacers, for n=1, the order
of substituent effect transmission power of spacers is 2 a�3 a>
5 a>4 a>6 a. On the basis of the average of all the γ values for
a particular spacer from n=1–3, the order of transmission
power of substituent effects is as follows: 2 a–2 c>3 a–3 c>5 a–
5 c>4 a–4 c>6 a–6 c. This order is in agreement with the
experimental findings[10b] and suggesting the appropriateness
of Vmin method for the present study.

2.3. Combination of Two Different Spacers and Substituent
Selectivity

To understand the transmission ability of a combination of two
different spacers, we selected six types of spacers as shown in
Figure 5. In 7 a and 7 b the substituent is connected to the
double bonded carbon and an aromatic ring, respectively. In
Table 4, the Vmin values obtained for all the hetero spacers are
reported. For substituent ‘H’ the Vmin values of 7 a and 7 b are
� 18.76 and � 18.89 kcal/mol showing a variation of
0.13 kcalmol� 1 between the two isomers. However, for other
substituents, the difference in Vmin is found to be less than
~1.0 kcalmol� 1 suggesting that the electron donating or with-
drawing nature is not highly affected whether ‘X’ is attached to
the double bond or the phenyl ring. The Vmin values for
substituent ‘H’ of 8 a and 8 b are � 16.32 and � 15.88 kcalmol� 1

indicating that total electron withdrawing nature of ethynylben-
zene is more when ethyne is attached directly to the olefinic

Table 3. Slope, intercept, reaction constant (1s), correlation coefficient (R)
and transmission coefficient (γ) of various spacers.

X Slope Intercept 1s R γ

2 a 20.722 � 17.84 20.722 0.994 1.592
2 b 16.868 � 18.15 16.868 0.993 1.296
2 c 12.883 � 17.80 12.883 0.981 0.989
3 a 20.662 � 13.90 20.662 0.988 1.587
3 b 16.235 � 10.76 16.235 0.985 1.247
3 c 11.905 � 8.14 11.905 0.962 0.914
4 a 13.018 � 18.00 13.018 0.987 1.000
4 b 6.667 � 18.20 6.667 0.984 0.512
4 c 3.642 � 18.02 3.642 0.895 0.280
5 a 14.344 � 16.60 14.344 0.979 1.102
5 b 9.143 � 16.03 9.143 0.973 0.702
5 c 5.891 � 15.70 5.891 0.961 0.452
6 a 9.477 � 17.87 9.477 0.984 0.728
6 b 7.438 � 17.81 7.438 0.983 0.571
6 c 5.591 � 17.65 5.591 0.974 0.429

Figure 5. Spacers considered to quantifying the effect of the combination of
two different spacers.

Table 4. Vmin values (kcal/mol) obtained for hetero spacers.

X 7a 7b 8a 8b 9a 9b

NH2 � 24.85 � 24.22 � 22.78 � 21.02 � 24.16 � 23.72
OH � 21.96 � 21.08 � 20.27 � 17.95 � 21.52 � 20.83
Me � 20.21 � 20.21 � 18.83 � 17.07 � 19.39 � 19.77
H � 18.76 � 18.89 � 16.32 � 15.88 � 17.51 � 18.32
F � 17.70 � 17.70 � 16.50 � 14.56 � 16.75 � 17.13
Cl � 15.81 � 15.75 � 15.44 � 12.80 � 14.56 � 15.44
CF3 � 13.24 � 13.49 � 10.86 � 10.67 � 11.42 � 12.30
CHO � 12.05 � 12.17 � 9.79 � 9.60 � 8.85 � 10.35
CN � 10.17 � 10.48 � 10.48 � 7.78 � 7.97 � 8.85
NO2 � 7.97 � 8.79 � 8.79 � 6.28 � 5.21 � 6.34
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moiety. Further, the electron withdrawing and donating sub-
stituents show maximum influence when they are attached to
the phenyl ring. Additionally, for 9 a and 9 b, Vmin values for the
unsubstituted systems are observed at � 17.51 and � 18.32 kcal/
mol, respectively meaning that the variation is only 0.81 kcal/
mol. In fact, for all the substituent except CHO and NO2, the
variation is less than ~1 kcal/mol. This confirms that electronic
effect is not highly affected whether ‘X’ is attached to a double
bond or thiophenyl ring. In general, a spacer made up of two
different moieties, substituent effect transmission power of ‘X’
can show a minor variation depending on the connectivity of X
with the spacer unit.

3. Conclusions

The substituent effect transmission power of electron donating
and withdrawing substituents on a terminal CC double bond
has been assessed using MESP Vmin analysis. The Vmin observed
on this bond showed significant change with respect to the
electron donating/withdrawing nature of the substituent as
well as the nature and length of the spacer unit. The Vmin

correlates strongly with an inductive parameter for systems
consisting of alkyl spacers. Similarly, for all the π-conjugated
systems, strong linear correlations were observed between
Hammett substituent constant and Vmin. The decreasing trend
of slope values with an increase in the size of spacer length
revealed the strongly diminishing nature of the substituent
effect transmission. From the slope of the correlation plots, the
transmission power of spacers are obtained which can be
arranged in the order alkenyl>alkynyl> thiophenyl>phenyl>
polyacene. For systems having alkyl spacers, transmission of
substituent effect is the least as the inductive effect has a
rapidly diminishing character with the increase in the size of
the spacer unit. In summary, among all the spacer groups,
alkenyl and alkynyl units are the most effective for the
substituent effect transmission.

4. Computational Details

Geometry optimization has been carried out with B3LYP/6-31G
(d, p) density functional theory method.[20] MESP computations
are also done at the same level of theory. Previous studies
showed that this method is adequate for calculating MESP
features.[5b,h,21] MESP, V(r) at a point r due to a molecular system
with nuclear charges located at RA and electron density 1(r) is
expressed in Equation (1) where N is the total number of nuclei
in the molecule and ZA is the charge on nucleus A, located at
the distance RAj j.

V rð Þ ¼
XN

A

ZA

r � RAj j
�

Z
1 r

0� �
d3r

0

r � r0j j
(1)

In MESP topography, a negative-valued minimum (Vmin) is
often observed in electron-rich regions such as lone pair, π-
bonds, and anionic sites of a molecular system. Gaussian 09

programme package has been used for all the calculations.[22]

Vibrational frequency analysis is done with the same level of
theory to confirm that the number of imaginary frequencies is
zero for all the optimized geometries.
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Density functional theory study on the donating
strength of donor systems in dye-sensitized solar
cells†

Velayudhan V. Divyaab and Cherumuttathu H. Suresh *ab

The electron-donating strengths of donor (D) moieties in thirteen donor–p–acceptor systems (D1–p–A

to D13–p–A wherein –p– and A represent butadiene and cyanoacrylic acid units, respectively) have

been studied using B3LYP/cc-pVDZ level density functional theory (DFT) calculations. The selected D

moieties are encountered as a part of an organic sensitizer molecule in dye-sensitized solar cell (DSSC)

applications. When the D moiety is joined with p–A, a certain amount of electron donation from D to A

occurs leading to an increase in electron density at the A site of D–p–A compared to the A site of p–A.

This electron reorganization is quantified in terms of a change in molecular electrostatic potential (MESP)

minimum (DVmA) at the acceptor site, the CN group of the cyanoacrylic acid. The DVmA is always negative,

in the range of �11.0 to �2.6 kcal mol�1 which provides a quick assessment of the rank order of the

electron-donating nature of the D moieties in the ground state of D–p–A. The optical and photovoltaic

properties of D and D–p–A systems are also determined at the TD-CAM-B3LYP/cc-pVDZ//B3LYP/cc-pVDZ

level. An absorption red shift (Dlmax) in the range of 81–242 nm is observed when D moieties change to

D–p–A systems. The ground state property DVmA showed a strong linear correlation with the excited state

property Dlmax. Furthermore, DVmA is found to be proportional to the open-circuit voltage (VOC). The

resemblance of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital

(LUMO) energies of the D–p–A system with the respective energies of donor and p–A systems shows

that the donor tunes the HOMO, while p–A tunes the LUMO. Among the thirteen D–p–A systems,

N,N-dialkylaniline, and julolidine are rated as the best donors for the photovoltaic applications. This study

shows that the MESP based assessment of the donating strength of donor systems offers a powerful

rational design strategy for the development of efficient dyes for DSSC applications.

Introduction

Dye-sensitized solar cells (DSSCs) have been regarded as a
highly potential alternative to conventional silicon-based solar
cells due to their high molar extinction coefficient, low production
cost, simple synthetic strategy and easy structural modifications.1–5

DSSCs also perform relatively better than other traditional solar cells
under diffuse light conditions and at higher temperatures.4–6 In
DSSC applications, the sensitizers synthesized can be divided
into two broad areas, viz. metal-based systems such as Ru(II)
polypyridyl complexes, and Zn(II) porphyrins7 and the metal-free
donor–p–acceptor (D–p–A) type organic dyes.8 The Ru-based

polypyridyl sensitizers attained the highest power conversion
efficiency over 11%more thanmost of themetal-free sensitizers.9–14

This is due to the ability of metal sensitizers to absorb solar
irradiation up to the near-infrared region, while other metal-free
dye sensitizers are absorbed in the shorter wavelength region.8,13,15

So, a highly efficient sensitizer should have an absorption maxi-
mum near to the Vis-NIR region associated with a long-lived
charge excited state.16,17 Due to the highly expensive and toxic
synthetic procedures involved in metal sensitizers, the organic
dyes exhibit remarkable importance in DSSC applications.8 Recent
studies proposed important structural modifications in organic
dyes18,19 to achieve a high power conversion efficiency (PCE) and
over 12% has been achieved with a metal-free alkoxysilyl carbazole
dye as a sensitizer.20 Yao et al. reported an improved PCE of 12.5%
with a metal-free indenoperylene based D–p–A dye,21 the best-
knownmetal-free organic dye. In 2017, a simple designing strategy
over the phenothiazine moiety with ethynyl-pyrene enabled a
PCE of 12%.22 The other recent milestones in DSSCs include
co-sensitization, which enables higher photovoltaic performance
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over 14% with a collaborative sensitization by silyl and carboxy
anchoring groups.23 Many studies proposed the structural
modification of the donor group of the D–p–A dye to achieve
higher efficiency as increasing the electron donating strength
generally broadens and intensifies the region of absorption.24–26

In general, a dye sensitizer with a D–p–A framework can be
modified at donor,27,28 spacer,29–32 and anchoring groups33–35

to improve the PCE. Typically, the acceptor portion (A) of the dye
anchored onto the TiO2 semiconductor favours the charge
transfer of the excited electrons to the conduction band of the
semiconductor.36 The oxidized dye is then regenerated by the
electron transfer from the electrolyte (I�/I3

� couple), while
the electrolyte couple regains the electron from the platinum
counter electrode.4,37 Therefore, for an efficient dye sensitizer,
an effective electron injection can occur from the dye to the
TiO2 semiconductor if its highest occupied molecular orbital
(HOMO) is observed at a level slightly below the redox couple of
the I�/I3

� electrolyte (�4.8 eV) and the lowest unoccupied
molecular orbital (LUMO) is observed above the conduction
band of TiO2 (�4.0 eV).8,38,39

Apart from the simple D–p–A framework, several other config-
urations like D–D–p–A,40–42 D–A–p–A,43–46 D–p–A–A,47 (D–p–A)2,

48

and double D–p–A bridges49 were also introduced and revealed
that the introduction of additional donors, acceptors, and the
extension of p conjugation reduces the HOMO–LUMO energy gap
and redshifts the absorption maximum. In other words, for the
improved PCE, the donor should be stable, and electron-rich for
the effective electron injection to the TiO2 conduction band,28,50,51

thereby broadening their absorption to the Vis-NIR region.50,51

Therefore, for effective dye designing, it is very important to
understand the electronic and photophysical properties of the dye
systems.44 Density functional theory (DFT) and Time-dependent
density functional theory (TD-DFT) can afford a more efficient
approach to understand and predict these structural and electronic
features without any time delay compared to the traditional trial
and error methods.52–63 Previous studies have shown that the donor
strength has a significant role in absorption maximum, the kinetics
of electron injection and light-harvesting efficiency.64,65 Recently,
the relevance of the theoretical estimation of donor strength in
organic electronics has been explained by Köse.66

Thirteen typically used donor building blocks (Fig. 1) in the
DSSC applications are selected for this DFT/TDDFT study
(D1–D13).24,31,67–72 Among them, D1–D4 are aromatic hydro-
carbon systems whereas the remaining donor moieties contain
at least one lone pair bearing a nitrogen centre (D5–D13). The
estimation of the donating strength is assessed by molecular
electrostatic potential (MESP) topographical features of these
donor molecules and their corresponding D–p–A systems. The
MESP distribution is useful to understand the charge distribution
within a molecule,73–76 and the regions with negative MESP values
indicate electron-dense regions while positive-valued areas
represent electron-deficient regions. The MESP based inter-
pretation has been used for the study of substituent effects,
intermolecular interactions, non-covalent interactions, hydrogen
bonding, cation–p interactions, aromaticity and a variety of
chemical phenomena.77–80 MESP analysis has been used in the

field of organometallic chemistry for the quantification of the
electron-donating strength of phosphine and N-heterocyclic
ligands.73 The global minimum (Vmin) of MESP near the two
electron donor atom (P or N) indicates the net donating ability of
the ligand for making a coordination bond with a metal centre.
Furthermore, Suresh and co-workers proved that MESP minimum
(Vmin) analysis is very effective for the quantification of the inductive,
resonance, steric and proximity effects of substituents.75,81–84

Recently the substituent effect transmitting power (g) through
various spacer units is also calculated via MESP analysis and
showed that Vmin values are beneficial for the quantification of
the transmission power of spacers.85 The study recommends the
usage of short alkenyl systems as spacers for effective electronic
transmission. Moreover, the above reliable studies confirmed
that MESP is a powerful descriptor, capable of predicting the
electronic properties of the molecular systems effectively.
The present study focuses on the MESP analysis of D–p–A
systems towards photovoltaic applications. The butadiene
moiety (–HCQCH–CHQCH–) and the cyanoacrylic acid unit
(–H2CQC(CN)–COOH) are used as the p-spacer and anchoring
(A) group, respectively.

Computational method

The ground state geometry optimization has been carried out
using the B3LYP density functional theory (DFT) method86 with
the cc-pVDZ basis set.87 This DFT method has been extensively
used in the theoretical studies of organic dyes for dye-sensitized

Fig. 1 ChemDraw representation of donors (D1–D13) and D–p–A systems.
The bond shown in red colour is replaced with the p–A part to design the
D–p–A system.
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solar cell applications.45,60 Frequency calculations were also
done at the same level of theory and confirmed that there were
no imaginary frequencies. Vertical excitation energy calculations
have been done for the first 7 states by using a long-range and
solvation effect-corrected CAM-B3LYP/cc-pVDZ DFT method56 in
dichloromethane. The reliability of this method has been
checked by doing the computation on experimentally known
systems (Fig. S1, ESI†) using three more methods, viz. B3LYP,86

PBE1PBE,88 and oB97XD.89 For all these methods, the solvation
effects are incorporated through the self-consistent reaction field
(SCRF) calculation implemented in the SMD (solvation model
based on electron density) model.90 The TD-DFT calculations
showed that the result given by CAM-B3LYP is the most reliable
to reproduce the experimental absorption maximum (Table S1,
ESI†). DFT and TD-DFT calculations are done using the Gaussian
16 program package.91 For quantifying the electron donating
strength of donors in the D–p–A system, molecular electrostatic
potential (MESP) analysis has been performed at the B3LYP/cc-
pVDZ level. MESP, V(r) at point r in the vicinity of a molecular
system in the atomic unit can be calculated from the electron
density r(r0), using eqn (1)

VðrÞ ¼
XN
A

ZA

r� RAj j �
ð
rðr0Þdr0
jr� r0j (1)

where N is the total number of nuclei present in the molecular
system, ZA is the charge on the nucleus A at a distance RA and r0 is
a dummy integration variable.92,93

Results and discussion
MESP analysis of donor molecules

The MESP minima Vm are useful for locating the most electron-
rich regions in the molecules. The Vm appears on the aromatic
rings, hetero atoms and CC double bonds of donor molecules
(D1–D13) which are shown in Fig. 2. Since all the systems
contain at least one aromatic ring, the ring showing the most
negative Vm (VmD) is taken for comparing the donor strength of
each system. The VmD values of all the systems are depicted in
Fig. 2 along with other Vm values. In polycyclic aromatic
hydrocarbon (PAH) systems (D1–D3), VmD values lie in a small
range of �14.4 to �14.9 kcal mol�1 which can be attributed to
the similar p-conjugation features which are not affected by a
hetero atom or a substituent. In the D4 system, two phenyl
rings show a nearly coplanar arrangement with the CC double
bond and their VmD (�16.1 and �16.8 kcal mol�1) values are
more negative than a PAH while the third phenyl ring has a
highly twisted arrangement with respect to the CC double bond
and shows VmD�13.7 kcal mol�1. It appears that the presence of
a conjugated CC bond in D4 enhances its electron density over
the corresponding aromatic rings. In D5, three phenyl rings
share the lone pair electron density from the nitrogen centre
leading to a more negative character for VmD �15.6 kcal mol�1

than a PAH. In D6, D7 and D8, an amino nitrogen centre is
connected with an arene ring. In the piperidine-phenyl system
D6, the nitrogen centre is more pyramidalized than the other

two and shows the least negative VmD (�21.6 kcal mol�1) among
the three. In D7 and D8, fusing the N-alkyl unit/s with the
aromatic ring improves the planarization of the N-centre, leading
to more electron donation via +R effect to the arene ring. As a
result, julolidine D8 shows the most electron-rich arene ring in
terms of VmD�26.4 kcal mol�1 followed by D7 (�23.5 kcal mol�1).
Compared to a PAH, carbazole arene rings show significantly
more negative VmD (�19.5 kcal mol�1); here the sharing of the
N-centre lone pair is with two aromatic rings which leads to less
negative VmD than D6–D8. Similarly, in D10, the sharing of the
N-lone pair with two arene rings can be seen in addition to the
effect of the hetero S atom. In this case, VmD is less negative
than carbazole. In D11, the combined effect of three N-centres
can be attributed to the electron-rich nature of the arene
ring (VmD �21.3 kcal mol�1) and among the N-centres, the
N,N-dimethyl units are not fully effective for the influence of
the +R contribution due to slight pyramidalization caused by
steric congestions from the alkyl moiety of the adjacent
five-membered ring. In D12, along with the +R contribution
of N,N-dimethyl substituents, the conjugation effect of CC
double bonds leads to relatively more electron-rich arene rings.
The least negative VmD �11.0 kcal mol�1 is observed in D13, the
coumarin system. Here, the presence of a highly electron-
withdrawing carbonyl group at the heterocyclic ring reduces
the electron density on the aromatic ring.

Fig. 2 MESP minima at the donor site, the VmD of the donor systems.
Isosurface values in kcal mol�1 are given in brackets. Here carbon atoms
are shown in green colour, while nitrogen, sulfur and oxygen atoms are
shown in pink, yellow and red colours, respectively.
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MESP analysis of D–p–A systems

The donating strength of donor fragments in the D–p–A system
has been studied by MESP analysis. The MESP isosurface plot
of a representative D–p–A system (D12) is shown in Fig. 3a
along with MESP minimum (Vm) values at various positions.
The positions selected for Vm analysis are (i) the donor site
(VmD

0), (ii) the spacer site nearer to the donor (VmS
0) and (iii) the

anchor site (VmA
0). The p–A portion is built by linking a

butadiene moiety (p-spacer) with the cyanoacrylic acid moiety
(A). Since the p-spacer and anchor units are the same for all
donors, they have been considered as a reference system and
the corresponding MESP minimum at their spacer (VmS) and
anchoring sites (VmA) are evaluated for comparison with those
of the D–p–A system (Fig. 3b). The various MESP minimum
values, viz. VmD

0, VmS
0, and VmA

0 (Fig. S3, ESI†), are shown in
Table 1 along with the most negative Vm of the donor molecule
(VmD). In Table 1, the quantities DVmD, DVmS, and DVmA

represent the change that occurrs in the minimum potential
of the donor, spacer and anchoring sites with the introduction
of the p–A system. Furthermore, in order to calculate DVmD, the
most negative minima at the phenyl ring of each donor (VmD)
have been subtracted from the corresponding minima (VmD

0) of
the D–p–A system. Similarly, DVmS and DVmA have been calculated
by subtracting the Vm values at spacer and anchoring moieties of
the reference system (VmS and VmA) from the corresponding
minima (VmS

0 and VmA
0) of the D–p–A system.

From Table 1, it is clear that when a donor part is being
attached with a p–A system, the minimum potential of the
donor site (VmD

0) becomes less negative indicating the electron
transferring ability from the donor site to the p–A site. The term
DVmD in Table 1 represents the change that occurred on the
minimum potential at the donor site during the p–A linkage
which varies from 5.1 to 16.4 kcal mol�1 and indicates the
intramolecular charge transfer involved in the D–p–A system.
Furthermore, at the spacer site of the D–p–A system, electron
density gain is observed represented by negative DVmS which lies
in the range of �0.9 to �10.5 kcal mol�1. On the basis of DVmS,
the highest donating strength can be attributed to the D12,
while the least donating strength can be assigned for PAHs.

The VmA
0 values indicate that the minimum potential at the

anchor moiety, for example at the cyano group, shows signifi-
cant variations with respect to different donor units. The most
electron-donating donor is expected to show the most negative
VmA

0. For the application of DSSCs, the cyanoacrylic portion has
to be linked to the TiO2 semiconductor for efficient electron
transfer. By making the anchoring group electron-rich, efficient
electron transfer from the dye to TiO2 can occur. In other
words, the efficiency of the DSSC system can be directly related
to the electron-donating strength of the donor moieties. Due to
this reason, the change in MESP minimum that appeared on
the anchoring part (DVmA) has been considered as the donating
strength of the donor moiety. The PAHs (D1–D3) showed the
least negative value of DVmA (�2.7 to�3.8 kcal mol�1), indicating
their poor electron-donating strength. Furthermore, in the D4
system, a similar donating strength of �3.8 kcal mol�1 is
observed. In D5, the introduction of the N-centre imparts more
negative DVmA values (�5.7 kcal mol�1) than PAHs which
explains its better electron-donating strength compared to
polyacenes. In D6 and D7, the more planarized nitrogen centres
in the donor part impart a more negative DVmA value of
�7.2 kcal mol�1 and suggests its higher electron-donating
strength than D5. In the D8 system, the fused N-centre with
the aromatic ring further improves its planarization and leads to
more negative DVmA �9.2 kcal mol�1 than D5, D6, and D7. In
carbazole (D9), the N-lone pair is shared between two aromatic
rings through resonance, and as a result, the electron-donating
strength in terms of DVmA (�4.5 kcal mol�1) appears weaker
than those (D6–D8) having only one aromatic ring for sharing
an N-lone pair. In D10, the presence of sulfur slightly enhances
the negative value of DVmA to �5.0 kcal mol�1. Even though
there are three nitrogen centres in ullazine, it shows a donating
strength of �5.1 kcal mol�1 which can be attributed to the
influence of pyramidalized N,N-dimethyl groups in ullazine. In
D12, a more negative DVmA value of �11.0 kcal mol�1 can be
recognized with the +R effect of mostly planarized N,N-dimethyl
substituents. Finally, in D13 a more negative DVmA value
(�6.2 kcal mol�1) than that of PAHs has been observed due to
the interplay of the electron-rich nitrogen centre and the
electron-withdrawing carbonyl group. These results strongly
suggest that the incorporation of an electron-rich heteroatom
in the donor region can have a positive influence on the electronic
transmission to the acceptor moiety. On the basis of DVmA,

Fig. 3 MESP isosurface plot of (a) representative D–p–A system and
(b) reference system.

Table 1 Vm (kcal mol�1) of the D–p–A systems calculated at the B3LYP/
cc-pVDZ level

Systems VmD VmD
0 DVmD VmS VmS

0 DVmS VmA VmA
0 DVmA

D1 �14.4 �8.2 6.2 �2.4 �3.3 �0.9 �50.3 �53.0 �2.7
D2 �14.9 �9.8 5.1 �2.4 �3.3 �0.9 �50.3 �53.0 �2.6
D3 �14.4 �8.0 6.4 �2.4 �4.0 �1.6 �50.3 �54.2 �3.8
D4 �16.8 �7.8 9.0 �2.4 �4.3 �1.9 �50.3 �54.2 �3.8
D5 �15.6 �7.7 7.9 �2.4 �6.3 �3.9 �50.3 �56.0 �5.7
D6 �21.6 �9.3 12.3 �2.4 �8.0 �5.6 �50.3 �57.5 �7.2
D7 �23.5 �8.8 14.7 �2.4 �8.3 �5.9 �50.3 �57.5 �7.2
D8 �26.4 �10.0 16.4 �2.4 �10.8 �8.4 �50.3 �59.5 �9.2
D9 �19.5 �12.0 7.5 �2.4 �4.8 �2.4 �50.3 �54.8 �4.5
D10 �16.8 �9.4 7.4 �2.4 �5.3 �2.9 �50.3 �55.2 �4.9
D11 �21.3 �11.0 10.3 �2.4 �7.5 �5.1 �50.3 �55.4 �5.1
D12 �23.9 �14.1 9.8 �2.4 �12.9 �10.5 �50.3 �61.4 �11.0
D13 �11.0 �1.9 9.1 �2.4 �8.0 �5.6 �50.3 �56.5 �6.2
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the order of the donating strength of donor groups can be
written as D2 o D1 o D3 = D4 o D9 o D10 o D11 o D5 o
D13o D6 = D7o D8o D12. The julolidine based donor system
D8 and the N,N-dialkyl aniline incorporated D12 are the most
efficient among the studied systems.

Absorption spectra of donor and D–p–A systems

The absorption maxima of all the systems (donor and D–p–A)
along with oscillator strength (f) are summarized in Table 2. For
the assessment of the absorptional shift, Dlmax, the absorption
maximum of the D–p–A system was subtracted from the donor
system. For calculatingDlmax, HOMO- LUMO orbital transition
has been considered, except for D1. In D1, lmax is observed for
the HOMO�1 - LUMO transition, while its HOMO - LUMO
transition is nearly forbidden due to very small f values. The data
in Table 2 clearly suggest that the absorption maximum (lmax)
of D–p–A shifts significantly to a higher wavelength region
compared to donor D. Since in all systems we used the same
spacer and anchoring moiety (the p–A unit), their influence on
the absorptional shift (Dlmax) can be considered to be the same.
This implies that the large variation in Dlmax exhibited by the
D–p–A system is due to the variation in the donating strength of
donor moieties. For instance, among all donor moieties, D1 with
Dlmax 81 nm is the least donating while D12 with Dlmax 242 nm is
the most donating (Table 2). Furthermore, DVmA with Dlmax with
a correlation coefficient shows a linear correlation of 0.966
(Fig. 4) which shows the significance of the donating strength
of DVmA on Dlmax. In the linear correlation plot, D1 and D11
based D–p–A systems exhibit a slight deviation, which can be
attributed as their less intense ( f - 0.02–0.03) and nearly
forbidden HOMO - LUMO charge transfer character of the

orbital excitation. From these results the shift in absorption
maxima (Dlmax) follows the order D12 4 D8 4 D7 4 D6 4
D10 4 D5 4 D13 4 D9 4 D4 4 D3 4 D2 4 D11 4 D1,
preferably due to the nature of donor groups. Therefore, to
improve the wavelength of absorption to a preferred region (Vis
to NIR), its donating ability has to be tuned with the introduction
of better electron-donating donor groups (preferably more nitrogen
centres).

The frontier molecular orbital energy levels given in Fig. 5
show the HOMO–LUMO band gap features of D, D–p–A and p–A
systems (butadiene moieties linked with cyano acrylic acid).
The HOMO value (eh) of the D systems is in the range of
�4.66 to �5.70 eV, whereas that of the D–p–A system is in
the range of �4.96 to �5.89 eV. These data indicate the close
resemblance of the HOMO level of the D and D–p–A systems.
On the other hand, the LUMO energy level (el) of D shows a
large deviation from the el of the D–p–A system indicating clear

Table 2 Maximum absorption wavelength (nm), oscillator strength f, absorptional shift Dlmax and the percentage MO contribution of donor and D–p–A
systems at the TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

Donor D–p–A

Systems lmax f MO contribution lmax f MO contribution Dlmax

D1 320 0.52 H - L (93.2%) 401 2.21 H�1 - L (94.2%) 81
376 0.03 H - L (74.6%) 56

D2 306 0.03 H�1 - L (33.6%) 409 2.47 H - L (79.3%) 103
H - L (19.9%)
H - L+1 (39.5%)

300 0.23 H - L (68.5%) 109
D3 408 0.59 H - L (98.7%) 518 1.73 H - L (90.4%) 110
D4 300 0.78 H - L (97.0%) 434 2.21 H - L (88.6%) 134
D5 284 0.03 H - L (90.8%) 453 2.02 H - L (86.7%) 169

279 0.38 H - L+1 (98.8%) 174
D6 256 0.05 H - L (87.8%) 446 2.00 H - L (92.6%) 190

236 0.37 H - L+1 (91.7%) 210
D7 261 0.09 H - L (90.5%) 448 1.86 H - L (93.7%) 187

226 0.18 H - L+1 (90.0%) 222
D8 277 0.08 H - L (92.9%) 480 1.95 H - L (93.2%) 203

243 0.29 H - L+1 (92.9%) 237
D9 286 0.06 H - L (87.6%) 419 2.21 H - L (93.2%) 133

262 0.31 H�1 - L (84.2%) 157
D10 319 0.02 H - L (95.2%) 459 1.67 H - L (84.8%) 140

275 0.18 H - L+2 (84.6%) 184
D11 324 0.38 H - L (90.8%) 448 0.02 H - L (89.2%) 124

411 2.11 H�1 - L (73.6%) 87
D12 278 0.20 H - L (78.0%) 520 1.95 H - L (92.6%) 242
D13 334 0.64 H - L (95.3%) 503 1.99 H - L (89.3%) 169

Fig. 4 Correlation between the donating strength (DVmA) of the D–p–A
system and the change in absorption maxima (Dlmax).
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dissimilarity. In fact, el of D–p–A in the range of �2.52 to
�3.10 eV is very close to el �2.97 eV observed for p–A. Thus,
the data shown in Fig. 5 indicate that the HOMO of D–p–A is
more like the HOMO of the donor and its LUMO is more like that
of p–A. This feature is clearly evident in the frontier molecular
orbital diagram given in the D–p–A system for representative cases
(Fig. 6). HOMOs are more localized towards the donor region with
decreasing orbital contributions from the p–A system, while the
LUMO is mostly localized in the p–A region. D1–p–A is an
exception wherein HOMO�1 to the LUMO is the allowed transi-
tion and its HOMOhas a different p character, localized exclusively
on the pyrene ring. The data shown in Fig. 5 clearly suggest that
linking the donor system to the p–A unit is very effective for
reducing the band gap. For all cases, the HOMO level is tuned
towards the value of the I�/I3

� electrolyte couple while the LUMO
level appears closer to the conduction band (CB) of TiO2. The
HOMO and LUMO distribution and their energy levels suggest a
significant charge separation in the excited state leading to the
strong electron coupling of the dye with the TiO2 semiconductor
which promotes the electron transfer to the conduction band.94

In general, compared to D systems, the absorption maxima
of D–p–A systems show a significant red shift (Table 2) in the
range of 81–242 nm. In D1–p–A and D2–p–A, lmax is observed at

401 and 409 nm, respectively. The major electronic excitation of
pyrene incorporated D1–p–A is assigned to the transition of
HOMO�1 to the LUMO. The forbidden HOMO to LUMO
transition of D1–p–A can be changed to allow one by appropriate
substitution such as a substitution by the methyl group at the
first or second position (Table S2 and Fig. S2, ESI†). The D3–p–A
system showed a broad absorption coverage in the visible region
with lmax 518 nm corresponding to the HOMO–LUMO transition.
Among all, D3–p–A has the lowest HOMO–LUMO band gap of
2.26 eV (Fig. 5). The D4 in D4–p–A is more electron-donating than
a PAH moiety and it shows a smaller band gap of 2.71 eV
compared to D1 to D2 incorporated systems. Furthermore, in
nitrogen-containing D–p–A systems (D5–D13), the band gap
energy decreases to a greater extent by 2.31–2.75 eV for all except
D9–p–A (2.87 eV) than hydrocarbon systems. Among the
nitrogen-containing systems, D12–p–A showed the highest lmax

520 nm with a band gap of 2.39 eV while D11–p–A showed the
lowest band gap of 2.31 eV. The lmax value of D11–p–A observed
at 411 nm is due to the transition of HOMO�1 to LUMO. Among
them all, the HOMO energy level of D12–p–A appeared nearest
to the energy level of the redox electrolyte while its LUMO level
is 1.44 eV higher than the CB of TiO2. The LUMO energy levels of
all systems offer a favourable electron injection from the excited
state to the conduction band of TiO2 while HOMO energies
lower than the oxidation potential of the I�/I3

� electrolyte
(�4.8 eV) indicate effective dye regeneration. These results
support their effective utilization in the DSSC application. The
D3–p–A, D11–p–A and D12–p–A systems are among the lowest
band gap systems, desirable for harvesting more light in the
UV-visible region.

Analysis of photovoltaic parameters

According to Koopman’s theorem,95 the ground state oxidation
potential (Edyeox ) of a dye can be approximated as the negative HOMO
energy (�eh). Furthermore, the excited state dye regeneration

Fig. 5 Frontier molecular energy level diagram of D–p–A systems at the B3LYP/cc-pVDZ level.

Fig. 6 Frontier molecular orbitals of representative D–p–A systems at the
B3LYP/cc-pVDZ level.
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driving force (DGreg) can be approximated as (Edyeox � 4.8) eV or
(�(eh) � 4.8) eV where �4.8 eV stands for the redox potential of
the I�/I3

� electrolyte couple.22,96 The free energy change for
electron injection (DGinject) from the excited state of the dye to
the semiconductor53,97,98 is generally defined as,

DGinject = Edyeox * � 4.0 (2)

where Edyeox * is the excited state oxidation potential and �4.0 eV
stands for the conduction band (CB) edge of the TiO2

semiconductor.22,99 Assuming that the electron injection
occurs from the unrelaxed excited state, Edyeox * can be explained
as the difference between the ground state oxidation potential
of the dye and the vertical transition energy lmax,

96,97,100

Edyeox * = (�eh) � lmax (3)

Furthermore, the difference between the energy of the
LUMO (el) of the dye and the energy of the conduction band
edge of TiO2 is regarded as the open circuit voltage (eqn (4)).100

eVOC = el � (�4.0) (4)

In Table 3, the DGinject values fall in the range of �1.04 to
�1.94 eV, and the D11–p–A system with the most negative value
has the highest electron injection efficiency while D2 to D4
based D–p–A systems show the lowest efficiency. The smallest
DGreg value of 0.16 eV is observed for D12–p–A and suggests its
fastest dye regeneration efficiency. A good linear correlation
between DVmA and eVOC is observed for all the cases (Fig. 7)

suggesting that the electron accepting tendency of the acceptor
part is well reflected at the LUMO levels. Among all the systems,
julolidine based D8–p–A possesses the highest el value resulting
in the highest eVOC value of 1.48 eV. The second highest eVOC
value of 1.44 eV is observed for D12–p–A. The DVmA values suggest
that the electron donating ability of PAH moieties is the lowest
among all the donors and the corresponding D1 to D3 based
D–p–A systems show the lowest range of eVOC 0.90–1.01 eV.

Conclusions

Using MESP topographical analysis, the donating strength of
thirteen known (D1–D13) typically used donor systems in the
DSSC applications has been quantified. The red shift in the
absorption maximum (Dlmax) observed for the D–p–A systems
is rationalized in terms of the amount of electron donation
from the donor D moieties to the p–A system using the MESP
parameter DVmA. The highest electron donating strength DVmA

observed in D12–p–A shows the highest Dlmax and maximum
absorption wavelength lmax with a small band gap energy of
2.39 eV. In poor electron donating D1 and D2 based D–p–A
systems, the smallest Dlmax and lmax values are observed. A
linear correlation obtained between DVmA and Dlmax confirms
that Dlmax increases with an increase in DVmA. The frontier
molecular energy levels showed that the HOMO of the D–p–A
system has a greater resemblance to the HOMO of the donor,
whereas the LUMO has a greater resemblance to the LUMO of
p–A. Thus, the donor tunes the HOMO, while p–A tunes the
LUMO energy of the D–p–A system for efficient dye regeneration
and electron injection. Among all the systems, D12–p–A showed
the highest electron injection efficiency. Since eVOC is directly
proportional to the power conversion efficiency of the solar cell,
D8–p–A and D12–p–A having the highest eVOC can be regarded
as the most efficient sensitizers for DSSCs while the lowest eVOC
values displayed by the PAH based (D1–D3) D–p–A systems offer
poor efficiency. The linear correlation between DVmA and eVOC
shows that eVOC increases with an increase in the negative
character of DVmA and also proves that better sensitizers can
be developed by connecting a powerful electron donor to a p–A
system. One way to do this is by incorporating multiple lone pair

Table 3 Calculated vertical excitation energy, absorption maxima, oscillator strength f, HOMO LUMO energy, HOMO–LUMO energy gap (HLG), ground
and excited-state oxidation potentials (Edyeox and Edyeox *), free energy change for electron injection (DGinject), dye regeneration driving force (DGreg), and the
open circuit voltage (eVOC) of D–p–A systems at the TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

Systems Excitation energy (eV) labsmax (nm) f HOMO (eV) LUMO (eV) HLG (eV) Edyeox (eV) Edyeox * (eV) DGinject (eV) DGreg (eV) (eVOC) (eV)

D1 3.09 401 2.22 �5.88 �2.99 2.89 5.88 2.79 �1.21 1.08 1.01
D2 3.03 409 2.47 �5.89 �3.00 2.89 5.89 2.86 �1.14 1.09 1.00
D3 2.39 518 1.73 �5.35 �3.10 2.26 5.35 2.96 �1.04 0.55 0.90
D4 2.86 434 2.21 �5.70 �2.98 2.71 5.70 2.84 �1.16 0.90 1.02
D5 2.73 453 2.02 �5.37 �2.79 2.58 5.37 2.64 �1.36 0.57 1.21
D6 2.78 446 2.00 �5.42 �2.68 2.74 5.42 2.64 �1.36 0.62 1.32
D7 2.59 448 1.95 �5.40 �2.65 2.75 5.40 2.81 �1.19 0.60 1.35
D8 2.77 480 1.86 �5.12 �2.52 2.60 5.12 2.35 �1.65 0.32 1.48
D9 2.96 419 2.21 �5.78 �2.91 2.87 5.78 2.82 �1.18 0.98 1.09
D10 2.70 459 1.67 �5.28 �2.84 2.44 5.28 2.58 �1.42 0.48 1.16
D11 3.01 411 2.11 �5.07 �2.76 2.31 5.07 2.06 �1.94 0.27 1.24
D12 2.39 520 1.95 �4.96 �2.56 2.39 4.96 2.57 �1.43 0.16 1.44
D13 2.46 503 1.99 �5.35 �2.87 2.49 5.35 2.89 �1.11 0.55 1.13

Fig. 7 Correlation between DVmA (kcal mol�1) and eVOC (eV).
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bearing nitrogen centres in donors. Thus, the MESP approach
offers an easy analysis tool for the quantification of the donating
strength of D–p–A systems in DSSC applications.
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Tuning the donating strength of dye sensitizers
using molecular electrostatic potential analysis†

Velayudhan V. Divyaab and Cherumuttathu H. Suresh *ab

Donor–p–acceptor (D–p–A) systems typically used in dye-sensitized solar cells (DSSC) have been

studied for assessing the donating strength of six donors (D1–D6) under the influence of substituents

such as CH3, C5H11, isopropyl, t-butyl, OH, OCH3, OC2H5, NH2, N(CH3)2, PhCH3, and PhNH2 along with

p-spacer butadiene and acceptor moiety cyanoacrylic acid. The substituent effect enhances electron

donation from D to A through the p-spacer. The enhancement in electron density at A has been quanti-

fied in terms of the difference in the molecular electrostatic potential (MESP) minimum at the cyano

nitrogen (DVmA) between p–A and D–p–A. For unsubstituted D–p–A systems, DVmA is in the range �0.1

to �5.7 kcal mol�1, whereas the substitution enhances the negative character of DVmA in the range �0.8

to �8.0 kcal mol�1. In alkyls and Ph–CH3 substituted D–p–A systems, DVmA lies in the range �0.8 to

�6.7 kcal mol�1, whereas the N(CH3)2 substituted systems exhibit more negative DVmA (more enhanced

donating strength) in the range �5.1 to �8.0 kcal mol�1. The more negative value of DVmA implies the

greater electron-donating ability of the D�p�A system. Optical and photovoltaic parameters (DGreg,

DGinject, eVOC) are analyzed at the TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level of DFT. An

excellent linear correlation is observed in all six sets between DVmA and the absorption maximum (lmax)

showing that lmax increases with enhanced donating strength. The higher absorption maximum obtained

by N(CH3)2 substituted D–p–A systems lies in the range 430 nm to 490 nm, explaining the outstanding

donating ability of N(CH3)2 compared to other substituents. The reduced highest occupied molecular

orbital (HOMO) – lowest unoccupied molecular orbital (LUMO) gap (from 3.14 to 2.17 eV) with enhanced

donating strength confirms the influence of substituent effects in broadening the absorption maximum.

Furthermore, in photovoltaic parameters, a strong influence of the substituent effect is observed.

The N(CH3)2 substituted D1–p–A (D1–N(CH3)2) exhibits the highest eVOC (1.38 eV). The strong linear cor-

relation observed for the ground state property DVmA and open-circuit voltage eVOC provides guidelines

for developing an effective strategy for designing dye sensitizers for desirable photovoltaic applications.

Introduction

Over the past 30 years, dye-sensitized solar cells (DSSCs) and
their structural modification have become an emerging
research area in the field of photovoltaics.1–3 DSSCs are con-
sidered as the most inventive candidate for the next generation
of clean renewable sources due to their easier structure mod-
ification, simple synthetic strategy, large absorption coefficient,
and low production cost.1,4–7 Nonetheless, the performance of
DSSC is still in a bottleneck due to their lower power conversion
efficiency (PCE) than the conventional silicon-based solar cells
due to the inherent voltage loss during the dye regeneration

and poor long term stability.8 In order to improve the PCE over
conventional silicon-based solar cells, extensive research efforts
like modification on electrolytes, semiconductors, and sensiti-
zers have been executed and result in the development of new
and efficient dye sensitizers.3,5,9–21 Among the DSSCs, the Ru
based sensitizers achieved the best PCE of 11%, which attains a
comparable PCE to a silicon-based solar cell.5,22,23 But due to
the scarce resources and highly expensive nature of Ru metal,
its practical application is limited, and more research efforts
have resulted in the development of Ru-free organic
sensitizers.6,11,24 However, the major challenge of organic solar
cells is the enhancement of PCE, durability, and stability to
compete with silicon-based solar cells. One of the key strategies
for the synthesis of Ru free sensitizers is the designing of the
D–p–A architecture, which enables efficient electron transfer
from a donor (D) to the acceptor (A) through a spacer (p).25,26

From the literature, it is understood that for the design of
highly efficient photosensitizers, different kinds of building
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blocks such as donors,27–35 spacers,36–41 and anchoring
units42–46 are required in the D–p–A architecture to tune the
electronic structure of the synthesized product. The fine-tuning
of the HOMO–LUMO (highest occupied molecular orbital –
lowest unoccupied molecular orbital) energy levels of a photo-
sensitizer is often achieved by adjusting the substituent effect
on the donor by the incorporation of electron-donating/with-
drawing groups. In most of the cases, the electron-donating
groups on the donor moiety act as substituents and they have a
profound impact on the electronic structure and efficiency of
the desired dye sensitizer.6,47–49 A priori knowledge on the
donating strength of the donor can become helpful for the
prediction of the PCE of the designed/synthesized system. A
quantitative/mathematical comparison of donating strength of
the typically used donors is lacking in the literature.

Here we have selected six different donor systems (D1–D6),
substituted with electron-donating groups such as CH3, C5H11,
isopropyl, t-butyl, OH, OCH3, O-C2H5, NH2, N(CH3)2, N(C2H5)2,
Ph-CH3, and Ph-NH2 to evaluate the donating strength on a p–A
system made up of a butadiene p-spacer and cyanoacrylic acid
(Fig. 1). According to our previous study, the butadiene spacer
is rated as having the highest substituent effect transmitting
power compared to triple bonded, aromatic, and hetero-
aromatic conjugated systems.50 Hence this moiety is employed
in the study as a p-spacer for effective intramolecular charge
transfer (ICT) and cyanoacrylic acid is used as an acceptor (A).
The molecular electrostatic potential (MESP) topographical
analysis is used as a tool to measure the electronic effect of
the substituted D on the acceptor A. MESP is a well-established
tool for deriving many structure–property relationships for
chemical and biological systems.51–57 According to Scrocco,
Tomasi, and coworkers, theMESP describes the charge distribution
around a molecule and the regions with more negative MESP
indicate the more electron-dense region of that system.58,59

Suresh and coworkers widely used MESP for the quantification

of the substituent effect,60 inductive effect,61 resonance effect,62

trans influence,63 cation p-interaction,64 etc. In a recent study, we
have shown that MESP analysis is very useful for assessing the
donating strength of D in the D–p–A system.65 MESP becomes a
new theoretical tool for predicting the feasibility of organic
electrode materials for lithium-ion batteries,66 explained by
Shang, Chen, and co-workers. The wide range of applications
in various fields supports the validity of MESP based studies for
analyzing the photovoltaic properties of dye-sensitized solar
cells. The present study focuses on the substituent effect in tuning
various ground state electronic and photovoltaic properties of
D–p–A systems for solar cell applications.

Theoretical background and
computational methodology

The three key parameters involved in the calculations of power
conversion efficiency (Z) of a solar cell include open-circuit
voltage (VOC), short-circuit current density ( JSC), and the fill
factor (FF). Thus, as compared to incident solar power on the
cell (Pinc), the Z can be calculated as67

Z ¼ FF
VOCJSC

Pinc
(1)

In the above equation, JSC is related to the interaction
between a sensitizer and semiconductor. In DSSCs, JSC is
calculated as39,40,68–70

JSC ¼
ð
l
LHE lð ÞfinjectZcollect dl (2)

From the above equation, it is clear that JSC is related to the
light-harvesting efficiency (LHE) and electron injection effi-
ciency finject.

i.e., LHE = 1–10�f, where f represents the oscillator strength
of the adsorbed dye molecule.71

Furthermore, the electron injection efficiency finject is related
to electron injection-free energy change (DGinject), and the
enhancement in the JSC can be carried out by the improvement
of DGinject. Since electron injection takes place from the excited
state of the dye to the conduction band of TiO2, DGinject can be
calculated as follows.71–73

DGinject = Edye* � |ECB| (3)

where Edye* is the excited state oxidation potential and ECB is
the energy of the conduction band edge of the TiO2 semi-
conductor. The negative DGinject values indicate that free energy
change is spontaneous. It is well known that the conduction band
(CB) of semiconductors is sensitive to conditions (e.g. pH of the
solution) and it is very difficult to determine experimentally.
Hence in this study, we used a widely accepted value of
�4.00 eV (an experimental value where the semiconductor is in
contact with aqueous redox electrolytes of fixed pH 7.0) for
doing the calculations.74 For calculating Edye*, it is assumed that
electron injection occurs from the unrelaxed excited state and
Edye* can be written as39,72

Fig. 1 Chemdraw diagram of the D–p–A system (top) and the donors
D1–D6. The R substituents are CH3, C5H11, isopropyl, t-butyl, OH, OCH3,
O-C2H5, NH2, N(CH3)2, Ph-CH3, and Ph-NH2. The bond shown in red
colour indicates the connecting position of D with p–A.
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Edye* = Edye � lmax (4)

where Edye is the ground state oxidation potential of the dye and
lmax is the vertical transition energy. According to Koopman’s
theorem, the ground state oxidation potential can be calculated
as negative HOMO energy,75 and this approximation has been
giving good agreement with experimental results.76

The excited state dye regeneration can be predicted from the
ground state oxidation potential as follows.77

DGreg = Edye � 4.8 eV (5)

Thus from eqn (2)–(4), it is clear that JSC will increase with
the enhancement of light-harvesting efficiency and DGinject.

Theoretically, the open-circuit voltage can be approximated
as the difference between the energy of the LUMO of the dye
and the energy of the conduction band edge of TiO2.

78

eVOC = ELUMO � ECB (6)

Thus, the overall efficiency Z of a solar cell can be enhanced
by the improvement in JSC, eVOC and FF values. (Since FF can be
calculated from current–voltage characteristics, it is beyond the
scope of this study).

For the ground state geometry optimization of the D–p–A
systems, the widely utilized B3LYP density functional theory
(DFT) method79 with the cc-pVDZ basis set65,80,81 has been
considered. Vibrational frequency calculation was also carried
out at the same level of theory and basis set, and confirms that
there are no imaginary frequencies. Absorption maxima and
vertical excitation energies for the first seven states are calcu-
lated using time-dependent DFT at the CAM-B3LYP/SMD/
cc-pVDZ//B3LYP/cc-pVDZ level.82,83 Here SMD stands for the
incorporation of the solvation effect of dichloromethane in the
self-consistent reaction field (SCRF) approach84 as implemented
in the Gaussian16 suite of programmes.85 The dependency of
bond localization of single and double bonds in the ground state
on the excited state properties has been analyzed using bond
length alteration index (BLA).86,87 The BLA index for the unsub-
stituted D1 to D6–p–A systems are calculated with B3LYP and
CAM-B3LYP geometries (Table S1 and Fig. S2, ESI†). For all a
positive BLA index has been observed and larger BLA index has
been observed with CAM-B3LYP. This indicates that carbon–
carbon single and double bonds are more localized with
CAM-B3LYP than B3LYP. Also, the BLA index for the S1 state
of a representative set of TPA systems has been calculated with
CAM-B3LYP (Table S2, ESI†). The reduced BLA index for S1 than
the S0 state indicates the delocalized nature of the system and
also supports the ICT transfer involved in D–p–A systems.
Previously, Gonzáles et al. noted that B3LYP fails to predict the
excitation energies due to its intrinsic problems in describing
charge transfer (CT) states whereas the long-range correction on
them using CAM delivers good agreement with the experimental
UV/vis absorption.87 They also observed that excited state properties
are highly dependent on the localization of single and double
bonds in the ground state structure which can be quantified in
terms of the BLA index. Our previous study also showed that the
calculated absorption maximum of known D–p–A systems at the

CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level of theory agrees
well with the experimental absorption maximum.65 The MESP, V(r)
as defined in eqn (1) has been evaluated using the electron density
r(r0) computed at the B3LYP/cc-pVDZ level.

VðrÞ ¼
XN
A

ZA

jr� RAj
�
ð
rðr0Þdr0

jr� r0j

The N in eqn (1) is the total number of nuclei present in the
molecular system, ZA is the charge on the nucleus A at a
distance RA and r0 is a dummy integration variable.52,53 All
calculations have been carried out using the Gaussian 16
program package.85

MESP analysis

The MESP plot of two representative donors (D1 and D4) and
their corresponding D–p–A systems (unsubstituted) are shown
in Fig. 2 along with the respective MESP minimum (Vm) at
various sites.

In donor systems, VmD0 represents Vm of the donor. For
example, VmD0 of benzene (D1) and carbazole (D4) are �16.6
and �19.5 kcal mol�1 (Fig. 2). In D–p–A systems, VmD and VmS

represent the MESP minimum at the donor and spacer (nearer
to D), respectively while Vm(OH), Vm(CO), and VmA represent the
MESP minimum at the lone pair regions of OH, CO and CN of
the acceptor moiety, respectively. Previous studies by Suresh
and Gadre et al. have shown that lone pair regions in molecules
can be characterized using MESP topographical analysis.88 The

Fig. 2 MESP isosurfaces at various sites of the (a) reference system, (b) D1 and
D1–p–A system, and (c) D4 and D4–p–A system. Vm values are in kcal mol�1.
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Table 1 Vm (kcal mol�1) at various sites of D–p–A systems calculated at B3LYP/cc-pVDZ levels

D moiety D–p–A system VmD0 VmD VmS Vm(OH) Vm(CO) VmA DVmD DVmS DVm(OH) DVm(CO) DVmA

(a)
Benzene D1 �16.6 �6.1 �2.6 �31.8 �38.9 �52.8 10.5 �0.2 �2.9 �2.9 �2.5

D1–CH3 �18.1 �6.5 �3.8 �32.7 �39.9 �53.8 11.5 �1.4 �3.9 �3.9 �3.5
D1–C5H11 �18.7 �7.2 �4.3 �33.1 �40.1 �54.2 11.5 �1.9 �4.3 �4.1 �3.8
D1–isopropyl �17.9 �6.7 �3.8 �32.9 �39.9 �53.8 11.2 �1.4 �4.1 �3.9 �3.5
D1-t-but �18.1 �6.9 �4.0 �32.9 �40.0 �53.9 11.2 �1.6 �4.1 �4.0 �3.6
D1–OH �17.9 �5.0 �4.3 �33.8 �40.9 �54.5 12.9 �1.9 �5.0 �4.8 �4.2
D1–OCH3 �18.8 �6.0 �5.0 �34.3 �41.4 �54.8 12.8 �2.6 �5.5 �5.4 �4.5
D1–OC2H5 �19.3 �6.5 �5.3 �34.5 �41.6 �55.3 12.7 �2.9 �5.6 �5.6 �5.0
D1–NH2 �23.1 �8.6 �7.6 �36.4 �43.7 �57.1 14.5 �5.2 �7.6 �7.7 �6.8
D1–N(CH3)2 �24.0 �9.1 �9.0 �37.7 �45.1 �58.4 14.9 �6.7 �8.8 �9.0 �8.0
D1–PhCH3 �16.7 �7.0 �3.7 �32.8 �39.8 �53.5 9.7 �1.3 �4.0 �3.8 �3.2
D1–PhNH2 �19.7 �9.5 �5.9 �34.5 �41.7 �55.0 10.2 �3.5 �5.6 �5.6 �4.7

Pyrene D2 �14.4 �8.2 �3.3 �32.0 �39.3 �53.0 6.2 �0.9 �3.2 �3.3 �2.7
D2–CH3 �15.4 �8.7 �4.0 �32.6 �39.8 �53.7 6.7 �1.6 �3.8 �3.8 �3.3
D2–C5H11 �15.8 �9.2 �4.2 �32.8 �40.0 �53.9 6.7 �1.8 �4.0 �4.0 �3.6
D2–isopropyl �15.3 �8.8 �4.0 �32.4 �39.7 �53.7 6.5 �1.6 �3.6 �3.7 �3.4
D2-t-but �15.5 �8.9 �4.1 �32.4 �39.8 �53.8 6.6 �1.7 �3.6 �3.8 �3.5
D2–OH �15.2 �8.2 �4.0 �32.8 �39.9 �53.7 7.0 �1.6 �4.0 �3.9 �3.4
D2–OCH3 �15.9 �8.8 �4.5 �32.9 �40.2 �54.2 7.1 �2.1 �4.1 �4.1 �3.8
D2–OC2H5 �16.3 �9.2 �4.6 �33.3 �40.5 �54.3 7.1 �2.3 �4.5 �4.5 �4.0
D2–NH2 �18.1 �11.0 �5.8 �34.1 �41.2 �54.7 7.2 �3.4 �5.3 �5.2 �4.4
D2–N(CH3)2 �18.9 �11.5 �6.7 �34.7 �42.1 �55.8 7.3 �4.3 �5.9 �6.1 �5.5
D2–PhCH3 �14.7 �8.6 �3.8 �32.6 �39.7 �53.7 6.1 �1.4 �3.8 �3.7 �3.3
D2–PhNH2 �16.7 �10.7 �5.0 �33.4 �40.6 �54.5 6.0 �2.6 �4.6 �4.6 �4.1

TPA D3 �15.6 �7.7 �6.3 �35.6 �42.5 �56.0 7.9 �3.9 �6.8 �6.5 �5.7
D3–CH3 �16.5 �8.3 �6.9 �36.0 �43.2 �56.7 8.2 �4.5 �7.2 �7.2 �6.3
D3–C5H11 �16.8 �8.7 �7.2 �36.0 �43.3 �57.0 8.2 �4.8 �7.2 �7.3 �6.7
D3-isopropyl �16.4 �8.3 �6.8 �35.8 �43.1 �56.6 8.1 �4.5 �7.0 �7.1 �6.3
D3-t-but �16.4 �8.3 �6.9 �36.1 �43.1 �56.4 8.2 �4.5 �7.3 �7.1 �6.0
D3–OH �17.5 �8.2 �7.5 �36.3 �43.5 �57.2 9.3 �5.1 �7.5 �7.5 �6.8
D3–OCH3 �17.9 �8.7 �7.7 �36.6 �43.7 �57.2 9.2 �5.3 �7.8 �7.7 �6.9
D3–OC2H5 �18.1 �8.9 �7.8 �36.7 �43.9 �57.4 9.2 �5.5 �7.9 �7.9 �7.1
D3–NH2 �19.4 �10.2 �8.7 �37.3 �44.5 �58.1 9.2 �6.3 �8.5 �8.5 �7.8
D3–N(CH3)2 �20.0 �11.0 �9.2 �37.7 �44.8 �58.3 9.0 �6.8 �8.9 �8.8 �8.0
D3–PhCH3 �15.3 �7.8 �6.4 �35.6 �42.7 �56.3 7.5 �4.0 �6.8 �6.7 �6.0
D3–PhNH2 �17.4 �9.7 �7.5 �36.3 �43.5 �57.2 7.7 �5.1 �7.5 �7.5 �6.8

(b)
Carbazole D4 �19.5 �12.0 �4.8 �33.6 �40.6 �54.8 7.5 �2.4 �4.8 �4.6 �4.5

D4–CH3 �20.6 �12.3 �5.6 �34.2 �41.3 �55.3 8.3 �3.2 �5.4 �5.3 �5.0
D4–C5H11 �21.0 �12.7 �5.9 �34.3 �41.4 �55.5 8.3 �3.5 �5.5 �5.3 �5.1
D4–isopropyl �20.3 �12.2 �5.5 �34.0 �41.0 �55.1 8.1 �3.1 �5.2 �5.0 �4.8
D4-t-but �20.4 �12.4 �5.5 �34.1 �41.1 �54.9 8.0 �3.1 �5.3 �5.1 �4.6
D4–OH �21.0 �11.4 �6.0 �34.8 �41.5 �55.7 9.6 �3.6 �6.0 �5.5 �5.4
D4–OCH3 �21.6 �12.0 �6.5 �35.1 �42.0 �56.0 9.5 �4.1 �6.3 �6.0 �5.7
D4–OC2H5 �21.8 �12.4 �6.7 �35.1 �42.1 �55.8 9.4 �4.3 �6.3 �6.1 �5.5
D4–NH2 �23.6 �14.5 �7.9 �36.0 �43.2 �57.0 9.1 �5.5 �7.2 �7.2 �6.7
D4–N(CH3)2 �24.6 �14.7 �8.8 �36.8 �43.7 �57.5 9.9 �6.5 �8.0 �7.7 �7.2
D4–PhCH3 �19.5 �12.2 �5.2 �33.9 �41.0 �55.0 7.2 �2.8 �5.1 �5.0 �4.6
D4–PhNH2 �21.8 �14.6 �6.5 �34.9 �42.0 �55.7 7.2 �4.1 �6.1 �6.0 �5.4

Phenothiazine D5 �16.8 �9.4 �5.3 �34.6 �41.7 �55.2 7.4 �2.9 �5.8 �5.6 �4.9
D5–CH3 �17.6 �9.0 �5.8 �34.7 �42.2 �55.7 8.6 �3.5 �5.9 �6.1 �5.4
D5–C5H11 �17.9 �9.5 �6.1 �35.2 �42.5 �55.8 8.4 �3.8 �6.4 �6.5 �5.5
D5–isopropyl �17.5 �9.0 �5.9 �35.0 �42.3 �55.3 8.5 �3.5 �6.2 �6.3 �5.0
D5-t-but �17.6 �9.0 �6.0 �35.1 �42.4 �55.7 8.6 �3.6 �6.3 �6.3 �5.4
D5–OH �18.1 �7.2 �6.3 �35.4 �42.9 �56.1 10.9 �4.0 �6.6 �6.8 �5.8
D5–OCH3 �18.4 �9.4 �6.7 �35.5 �42.7 �56.2 9.0 �4.3 �6.7 �6.7 �5.9
D5–OC2H5 �18.6 �9.8 �6.7 �35.7 �43.1 �56.5 8.8 �4.3 �6.9 �7.1 �6.1
D5–NH2 �19.5 �11.4 �7.3 �36.1 �43.4 �56.9 8.2 �5.0 �7.3 �7.4 �6.5
D5–N(CH3)2 �20.6 �12.4 �8.2 �36.6 �44.1 �57.5 8.3 �5.8 �7.8 �8.1 �7.2
D5–PhCH3 �16.7 �9.0 �5.5 �34.8 �42.0 �55.5 7.7 �3.1 �6.0 �6.0 �5.1
D5–PhNH2 �18.2 �11.2 �6.6 �35.4 �42.9 �56.2 7.0 �4.2 �6.6 �6.8 �5.9

Coumarin D6 �5.7 �0.1 0.0 �30.1 �37.8 �50.5 5.6 2.4 �1.3 �1.8 �0.2
D6–CH3 �6.5 �0.4 �1.2 �31.0 �38.7 �51.3 6.1 1.2 �2.2 �2.7 �0.9
D6–C5H11 �7.2 �1.1 �1.6 �31.2 �39.0 �51.8 6.1 0.8 �2.4 �3.0 �1.5
D6–isopropyl �6.7 �0.6 �1.2 �30.7 �38.7 �51.1 6.0 1.2 �1.9 �2.7 �0.8
D6-t-but �6.9 �0.9 �1.4 �31.2 �38.9 �51.3 6.0 0.9 �2.4 �2.9 �1.0
D6–OH �6.1 � �1.9 �31.8 �39.5 �52.3 6.1 0.5 �3.0 �3.5 �1.9
D6–OCH3 �7.0 �0.1 �2.6 �32.1 �40.0 �52.6 7.0 �0.2 �3.3 �4.0 �2.3
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MESP minimum observed at the CN unit of p–A is considered
as a reference value, VmA0 (Fig. 2a) (�50.3 kcal mol�1) to
monitor the changes observed at this minimum due to the
incorporation of D to p–A. One could also consider the MESP
minimum Vm(OH)0 or Vm(CO)0 of p–A as a reference point similar
to VmA0 because in general the trends observed for these
quantities show a parallel behavior. Here VmA0 is selected as
the reference point on the basis of its most negative character
compared to all other minima.

In Table 1a and b, Vm of D–p–A systems at various sites viz.
donor (VmD), spacer (VmS) and acceptor (Vm(OH), Vm(CO) and VmA)
are reported along with VmD’. The unsubstituted D–p–A systems
are denoted as D1, D2, D3, D4, D5, and D6, and the substituents
attached at D1–D6 are represented as D1–CH3, D1–C5H11, D2–
CH3, D2–C5H11, etc. The quantities DVmD, DVmS, DVm(OH),
DVm(CO), and DVmA represent the change in Vm at the respective

sites with the attachment of p–A to D. DVmD has been calculated
by subtracting the Vm observed at the donor (VmD’) from the
respective Vm observed at the D site of D–p–A (VmD). Likewise
DVmS, DVm(OH), DVm(CO), and DVmA are estimated by subtracting
the respective Vm at p–A viz. VmS0,Vm(OH0), Vm(CO0) and VmA0 (Fig. 2)
from the corresponding values at D–p–A (VmS, Vm(OH), Vm(CO) and
VmA) (Table 1a and b).

The data in Table 1a and b show that the VmD of the D–p–A
system is always less negative than the VmD0 of the donor D.
For various donor systems, DVmD lies in the range 5.6 to
14.9 kcal mol�1 which clearly suggests that the D site of the
D–p–A system becomes electron deficient compared to a nor-
mal D. The electron deficiency at D can be attributed to ICT of
electrons from D to the p–A region which implies that Vm at
the acceptor sites of D–p–A becomes more negative compared
to p–A and as a result always negative values are observed for

Table 1 (continued )

D moiety D–p–A system VmD0 VmD VmS Vm(OH) Vm(CO) VmA DVmD DVmS DVm(OH) DVm(CO) DVmA

D6–OC2H5 �7.5 �0.4 �2.9 �32.3 �40.2 �52.5 7.0 �0.6 �3.5 �4.2 �2.2
D6–NH2 �10.4 �2.1 �5.0 �33.9 �41.8 �54.3 8.3 �2.6 �5.1 �5.8 �4.0
D6–N(CH3)2 �11.3 �2.6 �6.3 �35.0 �43.0 �55.5 8.7 �4.0 �6.2 �7.0 �5.1
D6–PhCH3 �7.2 �1.6 �1.6 �31.2 �38.8 �51.5 5.6 0.8 �2.4 �2.8 �1.2
D6–PhNH2 �10.2 �4.2 �3.6 �32.8 �40.6 �53.2 6.0 �1.2 �4.0 �4.6 �2.8

Fig. 3 Correlation between MESP parameters DVmS, DVm(OH), DVm(CO), and DVmA.
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DVm(OH), DVm(CO), and DVmA. For example, when p–A changes to
D1–p–A, Vm at the cyano region turns out to be more negative
(VmA = �52.8 kcal mol�1) than the respective Vm on the
reference system (p–A), VmA’ (�50.3 kcal mol�1). A similar trend
in VmA is observed for all the remaining systems. Also compared
to p–A, the p-spacer region of D–p–A shows more negative
character for VmS in all cases except some of the coumarin-
based systems. Among the donors, the VmD value is the least
negative for coumarin systems, which can be attributed to the
presence of an electron withdrawing carbonyl group in it. The
quantities DVmS, DVm(OH), DVm(CO) and DVmA show a parallel
trend as shown in the correlation plots given in Fig. 3a–c. This
suggests that any of these quantities can be used as a parameter
to measure the donating strength of donor moieties to a
common acceptor. Here DVmA (for the CN group) is selected
for this purpose. It may be noted that variation in DVmD is not
similar to DVmA (Fig. S3, ESI†) because it accounts for the
property of various donors whereas DVmA accounts for the
accepting ability of a CN unit from various donors.

In Table 1a and b, the lower DVmA in the range �0.2 to
�5.1 kcal mol�1 have been attained by coumarin-based D–p–A

systems which can be attributed to the presence of an electron-
withdrawing CO group in the donor site. In benzene and pyrene
based systems, the strong conjugation feature in donors
increases the negative character of the DVmA values (�2.5 to
�8.0 kcal mol�1) leading to better-donating strength than
coumarin systems.

In carbazole and phenothiazine systems, the charge transfer
to the acceptor is enhanced (DVmA �4.5 to �7.2 kcal mol�1) due
to donation from hetero atoms viz. nitrogen and sulphur.
Among all, the TPA based systems have the highest electron-
donating strength (�5.7 to �8.0 kcal mol�1).

Substituents at the donor region can be utilized for tuning the
electron-donating strength of the donor. For instance, alkyl sub-
stituents viz. CH3, C5H11, isopropyl, and t-butyl at the donor unit
enhance the electron-donating strength of all the corresponding
substituted D–p–A systems by a +I inductive effect. The substitu-
ents bearing lone pairs such as OH, OCH3, NH2, and N(CH3)2
improve the electron density of the donor unit, resulting in better
electron-donating power than alkyl substituents (DVmA in the
range �3.4 to �8.0 kcal mol�1) +R resonance effect. Among all,
N(CH3)2 substituted benzene and TPA based D–p–A systems show

Table 2 HOMO, LUMO and HOMO–LUMO energy gap (HLG) (in eV) observed for the ground state at the B3LYP/cc-pVDZ level and absorption
maximum lmax (nm), and oscillator strength (f) at the CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

D–p–A system HOMO LUMO HLG lmax f D–p–A system HOMO LUMO HLG lmax f

Benzene Pyrene
D1 �6.13 �2.99 3.14 388 1.74 D2 �5.88 �2.99 2.89 401 2.22
D1–CH3 �6.01 �2.92 3.08 396 1.82 D2–CH3 �5.84 �2.95 2.89 404 2.27
D1–C5H11 �5.97 �2.90 3.07 398 1.86 D2–C5H11 �5.81 �2.94 2.87 404 2.32
D1–isopropyl �6.01 �2.92 3.08 396 1.86 D2-isopropyl �5.83 �2.95 2.88 404 2.30
D1-t-but �6.00 �2.92 3.08 397 1.89 D2-t-but �5.82 �2.95 2.87 404 2.33
D1–OH �5.84 �2.85 2.99 408 1.78 D2–OH �5.85 �2.94 2.91 409 2.19
D1–OCH3 �5.79 �2.83 2.97 412 1.81 D2–OCH3 �5.79 �2.92 2.87 410 2.20
D1–OC2H5 �5.77 �2.81 2.96 413 1.84 D2–OC2H5 �5.77 �2.91 2.86 410 2.23
D1–NH2 �5.53 �2.69 2.84 434 1.85 D2–NH2 �5.62 �2.86 2.76 419 2.20
D1–N(CH3)2 �5.34 �2.62 2.72 457 1.94 D2–N(CH3)2 �5.39 �2.81 2.58 430 2.21
D1–PhCH3 �5.89 �2.96 2.93 410 2.15 D2–PhCH3 �5.86 �2.97 2.89 406 2.49
D1–PhNH2 �5.52 �2.86 2.66 428 2.17 D2–PhNH2 �5.53 �2.91 2.62 411 2.53
TPA Carbazole
D3 �5.37 �2.79 2.58 453 2.02 D4 �5.78 �2.91 2.87 419 2.21
D3–CH3 �5.31 �2.76 2.55 457 2.03 D4–CH3 �5.69 �2.87 2.83 424 2.27
D3–C5H11 �5.29 �2.75 2.55 458 2.06 D4–C5H11 �5.67 �2.85 2.82 425 2.31
D3-isopropyl �5.31 �2.76 2.55 457 2.03 D4-isopropyl �5.71 �2.88 2.83 424 2.30
D3-t-but �5.31 �2.76 2.55 457 2.02 D4-t-but �5.70 �2.87 2.83 424 2.31
D3–OH �5.26 �2.73 2.53 460 2.02 D4–OH �5.58 �2.84 2.74 432 2.22
D3–OCH3 �5.24 �2.72 2.52 461 2.03 D4–OCH3 �5.54 �2.82 2.72 433 2.27
D3–OC2H5 �5.23 �2.71 2.51 461 2.03 D4–OC2H5 �5.52 �2.81 2.71 434 2.29
D3–NH2 �5.13 �2.67 2.46 468 2.00 D4–NH2 �5.33 �2.75 2.58 447 2.23
D3–N(CH3)2 �5.03 �2.65 2.38 472 2.00 D4–N(CH3)2 �5.14 �2.71 2.44 461 2.26
D3–PhCH3 �5.31 �2.78 2.52 457 2.12 D4–PhCH3 �5.66 �2.90 2.76 427 2.53
D3–PhNH2 �5.17 �2.73 2.44 460 2.12 D4–PhNH2 �5.37 �2.83 2.53 433 2.57
Phenothiazine Coumarin
D5 �5.28 �2.84 2.44 459 1.67 D6 �6.19 �3.34 2.85 424 1.71
D5–CH3 �5.22 �2.81 2.41 464 1.69 D6–CH3 �6.09 �3.26 2.82 431 1.78
D5–C5H11 �5.20 �2.80 2.40 464 1.72 D6–C5H11 �6.07 �3.25 2.82 431 1.84
D5-isopropyl �5.21 �2.81 2.40 465 1.68 D6-isopropyl �6.09 �3.27 2.82 431 1.83
D5-t-but �5.22 �2.81 2.40 464 1.71 D6-t-but �6.07 �3.25 2.82 432 1.84
D5–OH �5.15 �2.79 2.36 469 1.66 D6–OH �5.98 �3.20 2.78 439 1.77
D5–OCH3 �5.14 �2.78 2.36 469 1.70 D6–OCH3 �5.94 �3.18 2.76 442 1.82
D5–OC2H5 �5.12 �2.77 2.35 470 1.71 D6–OC2H5 �5.92 �3.16 2.76 443 1.85
D5–NH2 �4.99 �2.74 2.25 482 1.62 D6–NH2 �5.71 �3.04 2.67 463 1.86
D5–N(CH3)2 �4.88 �2.70 2.17 490 1.62 D6–N(CH3)2 �5.56 �2.97 2.59 481 1.96
D5–PhCH3 �5.22 �2.81 2.41 464 1.69 D6–PhCH3 �6.00 �3.28 2.72 444 2.10
D5–PhNH2 �5.07 �2.78 2.29 469 1.78 D6–PhNH2 �5.68 �3.17 2.51 461 2.18
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the highest donation from donor to acceptor. The donating
strength of various substituents attached on the D–p–A system

follows the order PhCH3 B alkylso –OH, –OR, PhNH2 o NH2 o
N(CH3)2.

Fig. 4 Correlation between absorption maximum (lmax) and donating strength (DVmA) of various D–p–A systems with different substituents.

Fig. 5 Frontier molecular energy levels of phenothiazine based p–A with various substituents at the B3LYP/cc-pVDZ level.
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Table 3 HOMO, LUMO and HOMO–LUMO energy gap (HLG) (in eV) observed for the ground state at the B3LYP/cc-pVDZ level. Excitation energy,
ground and excited state oxidation potential (Edye, Edye*), free energy of electron injection DGinject, dye regeneration efficiency DGreg, and open-circuit
voltage eVOC at the TD-CAM-B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

D–p–A
Excitation
energy (eV) HOMO (eV) LUMO (eV) HLG (eV) Edye (eV) Edye* (eV) DGinject (eV) DGreg (eV) eVOC (eV)

(a)
Benzene
D1 3.20 �6.13 �2.99 3.14 6.13 2.93 �1.07 1.33 1.01
D1–CH3 3.13 �6.01 �2.92 3.08 6.01 2.88 �1.12 1.21 1.08
D1–C5H11 3.11 �5.97 �2.90 3.07 5.97 2.86 �1.14 1.17 1.10
D1-isopropyl 3.13 �6.01 �2.92 3.08 6.01 2.88 �1.12 1.21 1.08
D1-t-but 3.13 �6.00 �2.92 3.08 6.00 2.87 �1.13 1.20 1.08
D1–OH 3.04 �5.84 �2.85 2.99 5.84 2.80 �1.20 1.04 1.15
D1–OCH3 3.01 �5.79 �2.83 2.97 5.79 2.78 �1.22 0.99 1.17
D1–OC2H5 3.00 �5.77 �2.81 2.96 5.77 2.77 �1.23 0.97 1.19
D1–NH2 2.85 �5.53 �2.69 2.84 5.53 2.68 �1.32 0.73 1.31
D1–N(CH3)2 2.71 �5.34 �2.62 2.72 5.34 2.63 �1.37 0.54 1.38
D1–PhCH3 3.02 �5.89 �2.96 2.93 5.89 2.87 �1.13 1.09 1.04
D1–PhNH2 2.90 �5.52 �2.86 2.66 5.52 2.62 �1.38 0.73 1.14
Pyrene
D2 3.09 �5.88 �2.99 2.89 5.88 2.79 �1.21 1.08 1.01
D2–CH3 3.07 �5.84 �2.95 2.89 5.84 2.77 �1.23 1.04 1.05
D2–C5H11 3.07 �5.81 �2.94 2.87 5.81 2.74 �1.26 1.01 1.06
D2-isopropyl 3.07 �5.83 �2.95 2.88 5.83 2.76 �1.24 1.03 1.05
D2-t-but 3.07 �5.82 �2.95 2.87 5.82 2.75 �1.25 1.02 1.05
D2–OH 3.03 �5.85 �2.94 2.91 5.85 2.82 �1.18 1.05 1.06
D2–OCH3 3.02 �5.79 �2.92 2.87 5.79 2.77 �1.23 0.99 1.08
D2–OC2H5 3.02 �5.77 �2.91 2.86 5.77 2.75 �1.25 0.97 1.09
D2–NH2 2.96 �5.62 �2.86 2.76 5.62 2.66 �1.34 0.82 1.14
D2–N(CH3)2 2.88 �5.39 �2.81 2.58 5.39 2.51 �1.49 0.59 1.19
D2–PhCH3 3.05 �5.86 �2.97 2.89 5.86 2.81 �1.19 1.06 1.03
D2–PhNH2 3.02 �5.53 �2.91 2.62 5.53 2.51 �1.49 0.73 1.09
TPA
D3 2.73 �5.37 �2.79 2.58 5.37 2.64 �1.36 0.57 1.21
D3–CH3 2.71 �5.31 �2.76 2.55 5.31 2.60 �1.40 0.51 1.24
D3–C5H11 2.71 �5.29 �2.75 2.55 5.29 2.58 �1.42 0.49 1.25
D3-isopropyl 2.71 �5.31 �2.76 2.55 5.31 2.60 �1.40 0.51 1.24
D3-t-but 2.71 �5.31 �2.76 2.55 5.31 2.60 �1.40 0.51 1.24
D3–OH 2.69 �5.26 �2.73 2.53 5.26 2.57 �1.43 0.46 1.27
D3–OCH3 2.69 �5.24 �2.72 2.52 5.24 2.55 �1.45 0.44 1.28
D3–OC2H5 2.69 �5.23 �2.71 2.51 5.23 2.54 �1.46 0.43 1.29
D3–NH2 2.65 �5.13 �2.67 2.46 5.13 2.48 �1.52 0.33 1.33
D3–N(CH3)2 2.62 �5.03 �2.65 2.38 5.03 2.41 �1.59 0.23 1.35
D3–PhCH3 2.72 �5.31 �2.78 2.52 5.31 2.60 �1.41 0.51 1.22
D3–PhNH2 2.69 �5.17 �2.73 2.44 5.17 2.48 �1.52 0.37 1.27
(b)
Carbazole
D4 2.96 �5.78 �2.91 2.87 5.78 2.82 �1.18 0.98 1.09
D4–CH3 2.92 �5.69 �2.87 2.83 5.69 2.77 �1.23 0.89 1.13
D4–C5H11 2.92 �5.67 �2.85 2.82 5.67 2.75 �1.25 0.87 1.15
D4-isopropyl 2.93 �5.71 �2.88 2.83 5.71 2.78 �1.22 0.91 1.12
D4-t-but 2.93 �5.70 �2.87 2.83 5.70 2.77 �1.23 0.90 1.13
D4–OH 2.87 �5.58 �2.84 2.74 5.58 2.71 �1.29 0.78 1.16
D4–OCH3 2.86 �5.54 �2.82 2.72 5.54 2.68 �1.32 0.74 1.18
D4–OC2H5 2.86 �5.52 �2.81 2.71 5.52 2.66 �1.34 0.72 1.19
D4–NH2 2.77 �5.33 �2.75 2.58 5.33 2.56 �1.44 0.53 1.25
D4–N(CH3)2 2.69 �5.14 �2.71 2.44 5.14 2.45 �1.55 0.34 1.29
D4–PhCH3 2.91 �5.66 �2.90 2.76 5.66 2.75 �1.25 0.86 1.10
D4–PhNH2 2.86 �5.37 �2.83 2.53 5.37 2.51 �1.49 0.57 1.17
Phenothiazine
D5 2.70 �5.28 �2.84 2.44 5.28 2.58 �1.42 0.48 1.16
D5–CH3 2.67 �5.22 �2.81 2.41 5.22 2.55 �1.45 0.42 1.19
D5–C5H11 2.67 �5.20 �2.80 2.40 5.20 2.53 �1.47 0.40 1.20
D5-isopropyl 2.67 �5.21 �2.81 2.40 5.21 2.54 �1.46 0.41 1.19
D5-t-but 2.67 �5.22 �2.81 2.40 5.22 2.55 �1.45 0.42 1.19
D5–OH 2.64 �5.15 �2.79 2.36 5.15 2.51 �1.49 0.35 1.21
D5–OCH3 2.64 �5.14 �2.78 2.36 5.14 2.50 �1.50 0.34 1.22
D5–OC2H5 2.64 �5.12 �2.77 2.35 5.12 2.48 �1.52 0.32 1.23
D5–NH2 2.57 �4.99 �2.74 2.25 4.99 2.42 �1.58 0.19 1.26
D5–N(CH3)2 2.53 �4.88 �2.70 2.17 4.88 2.35 �1.65 0.08 1.30
D5–PhCH3 2.67 �5.22 �2.81 2.41 5.22 2.55 �1.45 0.42 1.19
D5–PhNH2 2.64 �5.07 �2.78 2.29 5.07 2.43 �1.57 0.27 1.22
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Absorption spectra

In Table 2, the HOMO and LUMO energies, HOMO–LUMO
energy gap (HLG), absorption maximum (lmax), and oscillator
strength (f) of six different D–p–A systems with various sub-
stituents are reported. In all kinds of D–p–A systems, a sys-
tematic increase in lmax with respect to various substituents
has been observed (388 to 490 nm), which can be correlated
with the electron donating strength of the donors in the D–p–A
system. This is evident in the excellent linear correlations
between DVmA and lmax obtained for all six kinds of D–p–A
systems (Fig. 4). Also with an improved electron-donating
strength of a D–p–A system, lowering of HLG is noted in every
system, which lies in the range 3.14 to 2.17 eV. Among all, the
highest lmax 490 nm has been shown by (NH3)2 substituted
phenothiazine system D5-N(CH3)2. For the six D–p–A systems
and the selected eleven substituents, 102 nm width is available
for tuning lmax to a preferred region. For individual donors, the
substituent effect alone can account for a tuning width of
69 nm for benzene, 29 nm for pyrene, 19 nm for TPA, 42 nm
for carbazole, 31 nm for phenothiazine and 57 nm for cou-
marin, respectively.

The DVmA versus lmax correlations given in Fig. 4 suggest that
the substituent effects tune the HOMO–LUMO energy gap
(HLG). The HLG plot of a representative system D5–p–A

(phenothiazine-based) is given in Fig. 5 which shows that the
introduction of substituents on the core D unit lowers the HLG
from 2.41 to 2.17 eV. Poor electron-donating ability is observed
in alkyls and PhCH3 substituted systems display higher HLG
(2.40 to 2.41 eV), while the lowest HLG has been attained with
N(CH3)2 substituted D5–p–A. A similar trend in HLG is
observed for the remaining systems which confirms the
significance of the substituent effect in tuning lmax (Table 3a
and b). The HOMO and LUMO plots of the representative
systems are shown in Fig. 6. The HOMO has a more delocalized
distribution than the LUMO with more orbital contributions
from the donor site while the LUMO is largely delocalized along
the p-spacer and acceptor moiety.

Photovoltaic performance

In Table 3a and b, electronic excitation energy, ground state
oxidation potential Edye, excited state oxidation potential Edye*,
free energy change of electron injection DGinject, free energy
change of dye regeneration DGreg, and open-circuit voltage eVOC
of D–p–A systems are described. The negative DGinject observed
in the range�0.73 to�1.65 eV lies above the CB of TiO2 (�4.0 eV)
and indicates the possibility of a spontaneous electron injec-
tion process from CB to TiO2. Also a more electron-donating
substituent enhances the electron injection process as DGinject

Table 3 (continued )

D–p–A
Excitation
energy (eV) HOMO (eV) LUMO (eV) HLG (eV) Edye (eV) Edye* (eV) DGinject (eV) DGreg (eV) eVOC (eV)

Coumarin
D6 2.93 �6.19 �3.34 2.85 6.19 3.27 �0.73 1.39 0.66
D6–CH3 2.88 �6.09 �3.26 2.82 6.09 3.21 �0.79 1.29 0.74
D6–C5H11 2.87 �6.07 �3.25 2.82 6.07 3.19 �0.81 1.27 0.75
D6-isopropyl 2.88 �6.09 �3.27 2.82 6.09 3.21 �0.79 1.29 0.73
D6-t-but 2.87 �6.07 �3.25 2.82 6.07 3.20 �0.80 1.27 0.75
D6–OH 2.82 �5.98 �3.20 2.78 5.98 3.15 �0.85 1.18 0.80
D6–OCH3 2.81 �5.94 �3.18 2.76 5.94 3.13 �0.87 1.14 0.82
D6–OC2H5 2.80 �5.92 �3.16 2.76 5.92 3.11 �0.89 1.12 0.84
D6–NH2 2.68 �5.71 �3.04 2.67 5.71 3.04 �0.96 0.91 0.96
D6–N(CH3)2 2.58 �5.56 �2.97 2.59 5.56 2.98 �1.02 0.76 1.03
D6–PhCH3 2.80 �6.00 �3.28 2.72 6.00 3.21 �0.79 1.20 0.72
D6–PhNH2 2.69 �5.68 �3.17 2.51 5.68 2.99 �1.01 0.88 0.83

Fig. 6 Frontier molecular orbitals of representative N(CH3)2 substituted D–p–A systems at the B3LYP/cc-pVDZ level.
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becomes more negative with such substituents. Alkyls, and
PhCH3 substituted D–p–A systems are less efficient for electron
injection than the OH, OCH3, OC2H5, NH2 and N(CH3)2 sub-
stituted systems. Among all, the most negative DGinject �1.65 eV
is observed for phenothiazine system D5–N(CH3)2. The smaller
electron injection efficiency (�0.79 to �0.81 eV) observed for
alkyls and PhCH3 substituted coumarin systems can be attrib-
uted to their lower electron-donating strength than others.

From the previous studies, it is understood that the PCE of
DSSCs depends on the free energy change for dye
regeneration.89,90 The lower the DGreg, the faster the dye regenera-
tion will be, leading to higher efficiency for the electron injection
from the dye to the TiO2 semiconductor. In the studied systems,
the fastest dye regeneration force 0.08 eV has been attained by the
N(CH3)2 substituted phenothiazine system (D5–N(CH3)2), whereas
the least dye regeneration (1.27–1.29 eV) has been possessed by
alkyls, and PhCH3 substituted coumarin systems. The unsubsti-
tuted systems always possess higher DGreg values (0.48–1.39 eV)
than substituted ones (0.08–1.29 eV) and this suggests that the
introduction of electron-donating substituents on the donor
moiety gives better DGreg values and improves electron regenera-
tion efficiency. Similarly, a positive effect of substituents on eVOC
is always observed confirming that by tuning the donating
strength of the substituents, significant improvement in the
performance of DSSCs can be achieved. In all the six sets,
N(CH3)2 substituted systems possess the best eVOC and among
them, the highest is observed for D1–N(CH3)2 (1.38 eV) whereas
the lowest eVOC (0.72 eV) is observed for D4-PhCH3.

By considering the above-mentioned results, we analyzed
the relation between electron donating strength DVmA and
open-circuit voltage eVOC (Fig. 7 and Fig. S1, ESI†). The excel-
lent linear correlation observed in all six series of different
D–p–A systems shows that eVOC increases with enhancement in
the donating strength of the substituents. Overall the study
suggests that by selecting the appropriate donor and substitu-
ent, precise tuning of the optical and photovoltaic properties of
the D–p–A systems can be achieved. Also these results point out
that the theoretical examination of the donating strength of the
substituents using MESP analysis is promising for dye design-
ing and efficiency prediction of D–p–A systems.

Conclusions

The electron-donating strength of the donors in the D–p–A
system affects the optical and photovoltaic performance of
DSSCs, leading to better PCE in the solar cell. In the study
using MESP analysis, we have characterized the donating
strength (DVmA) of six different sets of D–p–A systems, wherein
the p and A systems are butadiene and cyanoacrylic acid,
respectively. The significance of eleven electron releasing
groups at the donors is also examined for a total of seventy-
two D–p–A systems and achieved the fine-tuning of the electron
donation from the donor to the acceptor. In all the six different
sets of D–p–A systems, the N(CH3)2 substituted D–p–A systems
show the highest donating strength which can be attributed to
the highest electron releasing nature of the N(CH3)2 group.
Also, the electron releasing groups at the donors tune the
HOMO and LUMO energies of all the corresponding D–p–A
systems for better optical properties than unsubstituted sys-
tems. The optical and photovoltaic performance of the D–p–A
system is described at the CAM-B3LYP/cc-pVDZ/SMD//B3LYP/
cc-pVDZ level. The enhanced performance of these properties
achieved with enhanced donating strength conveys the role of
tuning the donating strength for better PCE. Among all, the
N(CH3)2 substituted D1 system (benzene) possesses the highest
eVOC which can be attributed to its highest donating strength.
These findings suggest that we can improve the photovoltaic
performance of DSSCs by tuning the ground state property,
DVmA at the acceptor site. All the findings imply that incorpora-
tion of more electron-releasing substituents on an electron-rich
donor moiety improves/tunes the photovoltaic performance
by facilitating efficient intramolecular charge transfer in the
D–p–A system. The correlation plot of DVmA with eVOC will
provide an efficient guideline for developing an effective dye
designing strategy for desirable photovoltaic properties.
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Design and DFT study of nitrogen-rich donor
systems for improved photovoltaic performance
in dye-sensitized solar cells†

Velayudhan V. Divyaab and Cherumuttathu H. Suresh *ab

Eighteen electron-rich nitrogen incorporated donors with a butadiene p-spacer and a cyanoacrylic acid

acceptor (A) as photosensitizers (D1–p–A to D18–p–A) for dye-sensitized solar cell (DSSC) applications

have been designed for improving the photovoltaic performance. The significance of the nitrogen

centres for revamping the donating strength (DVmA) of D–p–A is scrutinized using molecular electro-

static potential (MESP) analysis at the B3LYP/cc-pVDZ level of density functional theory (DFT). During the

transformation of a donor (D) to D–p–A, a certain delocalization of electron density from D to p–A has

occurred, and the change in the MESP minimum (DVmA) observed at the cyano region of D–p–A is

related to the donating strength of D. Optical and photovoltaic properties are analyzed at the TD/CAM-

B3LYP/cc-pVDZ/SMD//B3LYP/cc-pVDZ level. In D1–p–A to D18–p–A, DVmA is in the range �7.0 to

�19.0 kcal mol�1 and the increase in donating strength is found to be proportional to the number of

planar nitrogens in the donors. D12–p–A exhibited the most negative DVmA (�19.0 kcal mol�1), indicat-

ing the highest electron-donating strength of D12, whereas the least negative DVmA (�7.0 kcal mol�1)

displayed by D7–p–A is correlated to the weak donating character of D7. By increasing the electron-

donating strength of D in D–p–A, a red-shift in the absorption maximum (Dlmax) by 162 to 294 nm is

observed. Further, the open-circuit voltage (eVoc) calculated for the D–p–A systems showed a strong

linear relationship with DVmA. The LUMO (lowest unoccupied molecular orbital) energy of all the D–p–A

systems (�1.79 to �2.79 eV) is observed above the conduction band (CB) energy of TiO2 (�4.0 eV),

which ensured a desirable electron injection efficiency (DGinject) for them. The analysis of the adsorption

energy (Eads) of the D–p–A systems on the TiO2 semiconductor (D–p–A/TiO2) showed that D12–p–A

has the highest adsorption stability. Improving the adsorption stability is better for improving eVoc and

the power conversion efficiency (PCE). The maximum absorption wavelength (lmax) of the D–p–A/TiO2

systems ranges from 513 to 703 nm and all of them display a red-shift with respect to the bare D–p–A

systems. The study suggests D12 as the most efficient photosensitizer for DSSC applications. Further,

it deepens the understanding of the structure–performance relationship of D–p–A systems as

photosensitizers.

Introduction

The utilization of a renewable source of energy, preferably solar
energy, for the ever-growing energy demand could diminish
global climate change, which leads to sustainable livelihood on
earth.1–4 Since solar energy is the most abundant green energy
alternative for the future energy crisis, more research efforts
have to invest in the development of photovoltaic strategies

based on solar power.1,3–5 Over the past three decades, the third
generation photovoltaic technology employed in dye-sensitized
solar cells (DSSCs) has acquired a notable position over conven-
tional silicon-based solar cells due to the simple synthetic strategy,
easier structure modification, large absorption coefficient, and
low production cost.3,5–11 The major components employed in a
DSSC device include photosensitizers, electrolytes, and electrode
materials; modifications in those components lead to the enhance-
ment of the power conversion efficiency (PCE) of the solar cell.12

Generally in DSSCs, Ru-based sensitizers have greater PCEs than
organic dye sensitizers, which show a comparable PCE to silicon-
based solar cells.3 Whereas, the highly expensive nature and rare
chance of occurrence of Ru-metal mean that its practical applica-
tion in DSSCs is limited.3,13
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After the invention of the DSSC device by O’Regan and
Grätzel in 1991,6 extensive research efforts have been invested
in the synthesis and device modelling of metal-free organic
sensitizers, which leads to the improvement of the PCE.13–21

Usually, organic sensitizers comprise a D–p–A framework where
D, p, and A denote the donor, p-spacer and acceptor, respectively.
So far large varieties of structural modifications in the D–p–A
structural framework have been performed, reveal that tuning
the donating strength of the donor could significantly influence
the absorption range and photovoltaic parameters.12,22–29 In our
previous study, we quantified the electron-donating strength
of eight typically used donor systems, viz pyrene, perylene,
chrysene, triphenylamine, carbazole, phenothiazine, julolidine,
N,N-dialkylaniline, ullazine and coumarin, in the D–p–A system
and revealed that julolidine and N,N-dialkylaniline based p–A
systems are the most efficient sensitizers for DSSCs.22 For
improved optical and photovoltaic properties of D–p–A systems
the particular analysis recommends the incorporation of
electron-rich heteroatoms (preferably nitrogen) in donors. The
literature shows that non-planar donors, especially triphenyl-
amine, carbazole and indoline, reduce the electron transfer
ability and overall conjugation in the donor group with the
p–A system leading to lower light-harvesting efficiency of the dye
sensitizer.30,31 The mentioned reducing factors are rectified
through the introduction of planarized nitrogen incorporated
donors viz. ullazine and indolizine as photosensitizers.30–33

Further, the rational design of photosensitizers with nitrogen
annulation at the bay region of a polycyclic aromatic hydrocar-
bon (PAH) system provides a remarkable PCE in DSSCs.34 For
example, perylene based PAH systems as donors in DSSCs have
disappointing PCEs,35–37 whereas an N-annulated perylene (NP)
core as a donor with phenyl functional groups results in an
improved PCE of about 10.5%.38 Later, Wang et al. modified the
NP core with bulky substituents to obtain PCEs up to 10.4%.39

This re-engineered chromophore was again modified with an
N-annulated indenoperylene unit as the donor and reached a
PCE of 12.5%.40 The aforementioned studies reveal that struc-
tural modifications with N-annulation in PAH systems enhance
the intramolecular charge transfer (ICT) due to the planar
structure. Also, the multiple substitution sites involved in PAHs
increase the possibility of molecular engineering. Recently
Subramanian et al. described that a more N-doped polyaromatic
hydrocarbon analogue of ullazine contributes a large dipole
moment and more planarization to the dye-sensitizers, thus
resulting in higher light-harvesting efficiency (LHE) than the
donors with a single N-doping site.25

In this context, the most significant approach for an efficient
photosensitizer is the engineering of electron-rich planar
donors. Correspondingly, it is worthwhile to evaluate the role
of nitrogen centres in donors for enhancing the donating
strength. To tackle the failings of the electron transfer ability
and overall conjugation in the donor group with the p–A
system, we designed eighteen electron-rich nitrogen incorpo-
rated donors (D1–D18) as dye sensitizers for DSSC application
(Fig. 1). For the p–A framework, butadiene and cyanoacrylic
acid have been considered. In our previous study,41 we proved

that butadiene exhibits better electronic effect transmitting
power than thiophene, furan and benzylic spacers. Hence, for
better electronic charge transfer from D to A, a butadiene p-spacer
and cyanoacrylic acid as an acceptor have been considered.

In the analysis, the D1–D5 donors are designed from known
donor julolidine (Fig. S1a, ESI†), where the possibility of
N-annulation in the julolidine core has been attempted (D1 to
D5) to enhance the electron-donating strength of the designed
systems compared to julolidine (the calculated electron-
donating strength, DVmA, of julolidine by MESP analysis is
�9.2 kcal mol�1 22). Julolidine is an N-heterocyclic aromatic
compound which comprises alkyl bridges between amino
nitrogen and ring ortho carbon atoms.42,43 Because of the high
efficiency in energy conversion and fluorescent properties,
julolidine derivatives have been used in the construction of
dye-sensitized solar cells and photoconductive materials, as
fluorescent sensors for bio-imaging, etc.44 The conjugation of
the aromatic part of the molecule with its amino substituent is
an indicator of the ability of the nitrogen atom to possess
sp2-hybridization, which enhances the donating strength of
this class of compounds.45 In D6–D10, five-membered rings at
the aromatic ring system have been considered for N-annulation;
those systems are derived from 1,2,4,5-tetrahydropyrrolo[3,2,1-hi]
indole (Fig. S1b, ESI†).43 Among the designed N-heterocyclic
systems (D1–D10), some of the derivatives are known and
they are the best candidates for intramolecular cyclization and
for generating diboryne nanowires.46,47 Donors D11–D14 are

Fig. 1 Designed donor systems. The MESP minimum over the phenyl ring
(VmD) is given in kcal mol�1.
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designed from the electron-rich nature of the phenyl/p-system.
According to various experimental and theoretical studies, the
electron-rich nature of the phenyl/p-system could be fine-tuned
by electron-donating substituents and hence the aromatic ring of
1,3,5-N,N-dimethyltriaminobenzene could be considered as
the most electron-rich neutral six-membered ring.48 Previously,
Suresh and Sayyed described that the electron density at the
phenyl ring could be significantly improved by the treatment of
N-heterocyclic ring substitution and they proposed two highly
electron rich systems viz.D11 and D12 as shown in Fig. 1.48 Since
those systems are considered as electron rich (involving six
nitrogen lone pairs), we could test the suitability of those
systems as photosensitizers for DSSC application. Finally, two,
and four nitrogens have been integrated in D15–D18, where the
likelihood of N-annulation has been attained through N-hetero-
cyclic five and six membered rings.49,50

For evaluating the donating strength of the donors in D–p–A,
the intramolecular charge transfer (ICT) from D to A has to be
assessed. Here it has been quantified in terms of the change in
the molecular electrostatic potential (MESP) minimum, DVm, at
the cyano group of A. Very recently we proved that the MESP is
an excellent tool to quantify the electron-donating strength
(DVm) of D–p–A systems.22,26 It is a real physical property which
is experimentally observable from X-ray diffraction studies.
To understand the reactivity of molecular systems, theoretically
derived MESPs have been extensively used in the work of
Tomasi,51 Pullman,52,53 Politzer54–57 and Gadre,58–60 and the
wide range of applications in chemical and biological pheno-
mena shows the acceptability of this area of research. Further,
our group has contributed to several applications of the MESP
parameter in organic and inorganic chemistry and described
that the MESP is an excellent tool for the prediction of structure–
property relationships.61–71 In the present study the significance
of N-annulation for improved optical and photovoltaic properties
has been evaluated using density functional theory (DFT) and
time-dependent DFT (TDDFT) calculations. Currently, quantum
chemical calculations have emerged as an elementary tactic to
identify potential sensitizers before long-running expensive
synthesis.72–78 Thus our computationally engineered dye sensiti-
zers could open up new synthetic strategies for the development
of photosensitizers for DSSC application.

Computational details

Density functional theory (DFT) calculations at the B3LYP/
cc-pVDZ level have been conducted for the optimization of
the ground state geometries of the D–p–A systems.79,80 It is
substantiated that the B3LYP level is adequate for the explana-
tion of the electronic structure of dye molecules in DSSC
applications.26,81,82 The ground state geometries of all D–p–A
systems after binding to the (TiO2)9 cluster are optimized at the
same level of DFT with the LANL2DZ basis set for the Ti atom
and cc-pVDZ for non-metal atoms.83 Vibrational frequencies
are calculated at the same level and it is confirmed that there
are no imaginary frequencies. Studies show that the (TiO2)9

cluster size is sufficient to model the dye–TiO2 interfaces for
simulating the electronic structure, optical properties, and
binding modes of TiO2.

84 Frontier molecular orbital energies
of all D–p–A and D–p–A adsorbed on (TiO2)9 cluster systems
(D–p–A/TiO2) are reported for the ground-state geometries.
The optical properties of the D–p–A systems before and after
binding to the (TiO2)9 cluster are simulated using time-
dependent DFT (TD DFT) at the CAM-B3LYP level85 on the
ground state geometry with mixed basis sets. To account for the
solvent effect (dichloromethane as the solvent), SCRF-SMD
(self-consistent reaction field-density simulation model) incor-
porated in the Gaussian 16 suite of programs has been con-
sidered. The CAM-B3LYP exchange–correlation functional is
widely used in theoretical calculations for the excited state
properties and provides results that are close to experimental
results.86–88 In our previous study, the absorption properties of
experimentally known dye sensitizers have been benchmarked
including julolidine based dye-sensitizers and it is found
that the TD-CAM B3LYP/cc-pVDZ/SMD//B3LYP/cc-pVDZ level
is adequate to describe the electronic, optical and photovoltaic
properties.22 The higher excitation energy associated with the
CAM-B3LYP exchange functional than the B3LYP functional
can be attributed to the higher bond length alteration index
(BLA) of D–p–A systems.26 Moreover, for the examination of the
intramolecular charge transfer characteristics of D–p–A systems,
molecular electrostatic potential based topographical analysis has
been performed on the ground state geometry at the B3LYP/
cc-pVDZ level. All the calculations are performed with the
Gaussian 16 program package.89

The molecular electrostatic potential (MESP), V(r), is an
important property of a molecule that its nuclei and electrons
create at every point r in the surrounding space, which is
defined in eqn (1) as

VðrÞ ¼
XN
A

ZA

jr� RAj
�
ð
rðr0Þdr0
jr� r0j (1)

where N is the total number of nuclei, ZA is the charge on
nucleus A located at distance RA, r(r0) is the electron density of
the molecule, and r0 is a dummy integration variable. In the
equation, the sign of V(r) at any r depends upon whether the
positive contribution of the nuclei or the negative one of
the electrons is dominant there.

Results and discussion
MESP analysis of the donors

The MESP minimum Vm gives a clear idea regarding the most
electron-rich region in a molecular system. In all the donor
systems (D1–D18), an aromatic phenyl ring (shown in a red
colour, Fig. 1) has been observed and Vm observed at that
phenyl ring, VmD, has been considered as the donor strength
of each system. The most negative Vm depicts the most electron-
rich nature of the molecular system. From D1 to D5, a systematic
increase in the N-centers (up to 5 nitrogens) is introduced and
VmD reached �35.5 kcal mol�1 from �26.4 kcal mol�1. The more
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negative VmD in D5 (�35.5 kcal mol�1) than those of D1–D4
characterizes the more electron-rich nature, which can be attri-
buted to the occurrence of five nitrogen centers. In the D6–D10
donors, an increase in the negative character of VmD (from
�22.6 to �24.3 kcal mol�1) has been attained by a systematic
increase of the nitrogen atoms (up to 5 nitrogens). Meanwhile,
due to the presence of more pyramidalized nitrogens, the D6–D10
donors provide less negative VmD than those of D1–D5.

In the D11–D12 donors, imidazolidine and imidazole ring
systems have been introduced at the 1, 3, and 5 positions of the
benzene ring. In D11, the electron-rich aminal functional
groups increase the electron density over the phenyl ring,
resulting in a comparable VmD of �35.1 kcal mol�1 to D5
(�35.5 kcal mol�1). In D12 the conjugation in the CC bond
enhances the electron density over the phenyl ring, leading to a
more negative VmD (�41.9 kcal mol�1) than D11. Due to the
reduced number of aminal functional groups at the phenyl
ring, D13 shows a less negative VmD (�32.3 kcal mol�1) than
those of D11 and D12. In D14, conjugation increases the
electron density of the donor system, resulting in a more
negative VmD (�36.2 kcal mol�1) than D13. It is noted that
the imidazolidine and imidazole substituted donor systems viz.
D12 and D14 exhibit more negative VmD than D5, which can be
considered as their better donor strength. Finally, for verifying
the effectiveness of the introduced strategy, the D15–D18
donors are examined. In D16 the increased number of N-alkyl
substitutions at the phenyl ring resulted in a more negative
VmD (�31.2 kcal mol�1) than D15 (VmD = �26.7 kcal mol�1).
Compared to D15, a more negative VmD is observed for D17, which
can be attributed to the presence of an additional two nitrogen
centres. Finally, in D18 the additional two methyl groups
at nitrogen atoms promote pyramidalization of the N-centres,
resulting in a less negative VmD (�28.1 kcal mol�1) than D17.

Donating strength of the D–p–A systems

The influence of the electron-rich nitrogen lone pairs in the
donors (D) for enhancing the electron-donating strength of the
D–p–A system (DVmA) has been elucidated with MESP analysis.
In D–p–A systems, the p–A linkage with the donor involves
intramolecular charge transfer (ICT) from D to A, and the
transferred electron density accumulated at A depends on
the donor strength of each system.22,26 The electron density
distribution via ICT at various regions of a representative D–p–A
system (D1–p–A), viz. D, the p-spacer and A, has been shown in
Fig. 2b as the MESP minima at the donor VmD0, spacer VmS0 and
acceptor VmA0. Since the p–A part (butadiene) involved in the
study is the same for all D–p–A systems, the MESP minimum
observed at the CN group of A has been considered as
the reference VmA to evaluate the changes observed at that
minimum with the attachment of D (Fig. 2a). Also, it is proved
that one could take other Vm regions at A as the reference
Vm viz. Vm(OH) and Vm(CO) for monitoring the changes at the
respective sites due to the parallel behavior exhibited by those
parameters.26 In the study, VmA0 (observed at the CN region) has
been selected as the reference point due to the most negative
Vm character.

In Table 1, Vm values at D, the p-spacer and A of the D–p–A
systems are reported along with the change in Vm at those
regions with the attachment of p–A to D. The change in Vm
occurring at the D site (DVmD) has been calculated by subtrac-
ting Vm observed at the donor (VmD) from the corresponding Vm
observed at D of D–p–A (VmD0). Likewise, DVmS and DVmA have
been calculated by subtracting Vm observed at the respective
sites of the reference system (VmS and VmA) from the corres-
ponding values of the D–p–A systems (VmS0 and VmA0). In the
table DVmD ranges from 12.2 to 17.9 kcal mol�1; the positive
DVmD value shows electron deficiency at D.

In all, the less negative Vm observed at the D site of D–p–A
(VmD0) than Vm of the donor (VmD) confirms the ICT from D to A.
Further, the ICT from D to A enhances the electron density at
the spacer; the gained electron density at the spacer has been
denoted as negative DVmS, which ranges from �6.0 to
�16.3 kcal mol�1. As per DVmS, the highest electron-donating
strength has been attained by the D5–p–A system while the least
is possessed by the D8–p–A system. VmA0 ranges from �7.0 to
�13.5 kcal mol�1. The donors having greater electron-donating
strength exhibit a more negative VmA0. As a result, the change
in the MESP appearing on the acceptor (DVmA) with the

Fig. 2 (a) MESP isosurface at various sites of (a) the reference system, and
(b) a representative D–p–A system, where the MESP minimum is shown
in kcal mol�1.

Table 1 Vm (kcal mol�1) of the D–p–A systems calculated at the B3LYP/
cc-pVDZ level

Systems VmD VmD0 DVmD VmS0 VmS DVmS VmA0 VmA DVmA

D1 �26.4 �10.5 15.9 �10.3 �2.4 �7.9 �59.5 �50.3 �9.2
D2 �28.7 �13.0 15.7 �11.7 �2.4 �9.3 �60.3 �50.3 �10.0
D3 �30.5 �14.1 16.4 �12.3 �2.4 �9.9 �60.8 �50.3 �10.5
D4 �32.3 �14.9 17.4 �13.2 �2.4 �10.9 �61.3 �50.3 �11.0
D5 �35.5 �17.6 17.9 �18.6 �2.4 �16.3 �63.8 �50.3 �13.5
D6 �22.6 �9.0 13.6 �9.3 �2.4 �7.0 �58.2 �50.3 �7.8
D7 �22.6 �9.7 12.9 �8.8 �2.4 �6.4 �57.4 �50.3 �7.0
D8 �22.8 �10.6 12.2 �8.3 �2.4 �6.0 �56.2 �50.3 �5.9
D9 �23.0 �10.5 12.5 �9.5 �2.4 �7.1 �57.9 �50.3 �7.5
D10 �24.3 �12.0 12.4 �10.4 �2.4 �8.0 �58.7 �50.3 �8.4
D11 �35.1 �22.8 12.3 �18.4 �2.4 �16.1 �64.0 �50.3 �13.7
D12 �41.9 �28.7 13.2 �18.4 �2.4 �16.1 �69.3 �50.3 �19.0
D13 �32.3 �20.7 11.6 �11.1 �2.4 �8.7 �58.2 �50.3 �7.9
D14 �36.2 �24.1 12.1 �14.6 �2.4 �12.2 �60.0 �50.3 �9.7
D15 �26.7 �11.6 15.1 �10.4 �2.4 �8.0 �58.5 �50.3 �8.2
D16 �31.2 �13.9 17.3 �13.1 �2.4 �10.7 �62.0 �50.3 �11.7
D17 �30.4 �16.2 14.2 �11.6 �2.4 �9.2 �58.9 �50.3 �8.5
D18 �28.1 �13.5 14.6 �9.9 �2.4 �7.5 �58.4 �50.3 �8.1
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attachment of D to p–A has been regarded as the donating
strength of the D–p–A system.22

In the D1–D5 based p–A systems, the least negative DVmA

(�9.2 kcal mol�1) has been attained by the one nitrogen system
D1–p–A, which shows its poor electron-donating strength. Also,
from D1–p–A to D5–p–A, a systematic enhancement in the
donating strength has been observed for an increased number
of nitrogen centres (n = 1–5) and the most negative DVmA

(�13.5 kcal mol�1) has been shown by D5–p–A (incorporating
5 nitrogen lone pairs). In D6 to D10–p–A the more pyramida-
lized nitrogen centres in the donors impart less negative DVmA

in the range �5.9 to �8.4 kcal mol�1 than the D1–p–A–D5–p–A
systems. In D11–p–A, the incorporation of six nitrogen lone
pairs through imidazolidine rings at the phenyl ring enhances
the electron density at the donor site, resulting in a DVmA of
�13.7 kcal mol�1. Whereas, in D12–p–A, the conjugation in the
CC bond (imidazole ring) enhances the electron density at the
donor more than in D11–p–A, which leads to a more negative
DVmA of �19.0 kcal mol�1. In the D13–p–A and D14–p–A
systems, a relatively lower donating strength is observed in
terms of DVmA (�7.9 kcal mol�1 and �9.7 kcal mol�1) than that
of the D11 and D12–p–A systems. This can be attributed to their
reduced number of nitrogen centres (4 nitrogens). Since the
nitrogens involved in the D1 to D4–p–A systems are more
planarized than those of D13 and D14–p–A, the former systems
show greater electron-donating strength. The integration of
four nitrogens at the donor enhances the donating strength
of the D16–p–A system (�11.7 kcal mol�1) over D15–p–A
(�8.2 kcal mol�1). Further, the nearly planar nitrogens involved
in D16–p–A provide a similar donating strength �11.0 kcal mol�1

to D4–p–A (�11.7 kcal mol�1). D17–p–A with four nitrogen atoms
incorporated through two fused six-membered rings at the phenyl
ring attains a less negative DVmA (�8.5 kcal mol�1) than D16–p–A.

The additional two methyl groups in D18–p–A at the nitrogen
atoms are pyramidalized and lead to a less negative DVmA

(8.1 kcal mol�1) than D17. Finally, from the elucidated exam-
ples it is clear that donors having more planarized nitrogen
centres enhance the donating strength of the D–p–A systems.
Among all, the D12, D11 and D5 based p–A systems are the best
candidates for DSSC application.

Absorption spectra

In Table 2, the optical properties of the donor and D–p–A
systems are given. Since we have used the same –p– and A
units in all the designed D–p–A systems, the influence of p–A on
the absorption maximum (lmax) can be considered the same for
all donors, and the shift in the absorption maximum (Dlmax)
occurring during the transformation of D to D–p–A can be
recognized as due to the influence of the donating strength of
the donor units. Dlmax is calculated by subtracting lmax of D
from the analogous D–p–A system. For the analysis the HOMO
- LUMO transition has been considered. The influence of the
donor strength (VmD) on the lmax of donors is observed in
the range 280 to 329 nm. In Table 2, when a donor changes to
D–p–A, the absorption shifts to higher wavelengths in the range
454 to 619 nm. According to our previous study, Dlmax in the
range of 162 to 294 nm can be recognized as due to the
influence of the donating strength (DVmA) of the D–p–A
systems.22 The significant correlation observed between DVmA

and Dlmax with a correlation coefficient of 0.940 confirms the
significance of DVmA to Dlmax (Fig. 3, deviations are neglected
for the R calculation). It shows that Dlmax increases with
enhanced donating strength of the D–p–A systems. In the table,
the D1–D5 based p–A systems display a systematic increase in
Dlmax (from 203 to 257 nm) which can be recognized as due to
the enhanced donating strength of those systems with an

Table 2 Maximum absorption wavelength lmax (nm), oscillator strength f, MO contribution, percentage of MO contribution (MO%), and shift in
absorption maximum Dlmax (nm) of the donor and D–p–A systems at the TD-CAM-B3LYP/cc-pVDZ/SMD//B3LYP/cc-pVDZ level

Systems

Donor D–p–A system

lmax (nm) f MO contribution lmax (nm) f MO contribution MO (%) Dlmax (nm)

D1 272 0.08 H - L 476 1.77 H - L 92 203
D2 286 0.11 H - L 513 1.53 H - L 92 227
D3 280 0.02 H - L 520 1.54 H - L 92 240
D4 285 0.03 H - L 542 1.31 H - L 89 257
D5 285 0.04 H - L 527 1.58 H - L 91 241
D6 285 0.04 H - L 471 1.74 H - L 94 187
D7 301 0.05 H - L 481 1.42 H - L 92 180
D8 304 0.03 H - L 475 1.46 H - L 91 171
D9 329 0.06 H - L 531 0.97 H - L 92 202
D10 341 0.07 H - L 522 0.04 H - L 87 181
D11 304 0.11 H - L 549 1.30 H - L 88 245
D12 325 0.60 H - L 619 0.27 H - L 79 294

600 1.41 H-1 - L 49 275
D13 292 1.17 H - L 454 0.03 H - L 91 162

423 1.19 H-1 - L 68 131
D14 324 1.14 H - L 583 0.03 H - L 93 259

512 0.14 H-1 - L 93 188
D15 272 0.18 H - L 481 1.62 H - L 92 209
D16 282 0.06 H - L 509 0.99 H - L 93 227
D17 282 0.09 H - L 500 0.83 H - L 92 218
D18 288 0.07 H - L 487 0.97 H - L 90 199

NJC Paper

Pu
bl

is
he

d 
on

 2
4 

M
ay

 2
02

1.
 D

ow
nl

oa
de

d 
by

 R
eg

io
na

l R
es

ea
rc

h 
L

ab
or

at
or

y 
(R

R
L

_T
vm

) 
on

 6
/2

9/
20

21
 7

:1
1:

21
 P

M
. 

View Article Online

https://doi.org/10.1039/d1nj00881a


New J. Chem. This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

increased number of nitrogen centres (n = 1–5). Among those
systems, the D4 based p–A system shows greater Dlmax than
D5–p–A, which displays a slight deviation in the correlation
(marked in a green colour, Fig. 3). The lower Dlmax values
exhibited by the D6–p–A to D10–p–A systems in the range of
171–202 nm are recognized as due to the lower donating
strength of those systems. Compared to the D6–p–A to
D10–p–A systems, the greater Dlmax in D11–p–A (245 nm) can be
recognized as due to its larger donating strength. The presence
of conjugation in CC bonds enhances the donating strength of
D12–p–A, resulting in the highest Dlmax of 294 nm. The highest
Dlmax (294 nm) can be attributed to the utmost DVmA and lmax

of D12–p–A (619 nm). In the D13–p–A and D14–p–A systems,
Dlmax values of 162 and 259 nm are observed with a lmax of 454
and 583 nm, respectively. In those systems a slight deviation in
the correlation has been observed, which may be due to the
poor oscillator strength (f - 0.03). The higher Dlmax of 227 nm
in D16–p–A than D15–p–A (209 nm) can be spotted as due to the
better electron-donating strength (because of the increased
number of nitrogens (four)) of D16–p–A. In D17–p–A, lmax

and Dlmax are 500 nm and 218 nm, respectively. Even though
there is an equal number of nitrogens (four) in the donor site,
the higher Dlmax in D17–p–A than D18–p–A (199 nm) can be
recognized as due to the influence of more planar NH centres.

Finally, for the dye sensitizers, the HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular
orbital) energies are crucial for determining the efficiency of the
sensitizers (Table 5). For the effective regeneration of the
oxidized dye, it is important to have a HOMO energy (eh) lower
than the redox potential of the I�/I3

� electrolyte (�4.8 eV). The
eh values of the D3–D5, D11–D14, and D16 based p–A systems
are in the range of �4.68 to �4.74 eV, lying above the redox
potential of the I�/I3

� electrolyte. It is therefore suggesting that
the oxidized dye might not efficiently regenerate in those
systems from the I�/I3

� electrolyte. Whereas, for the rest of
the D–p–A systems, eh (�4.82 to �5.29 eV) lying below the redox
potential of the electrolyte facilitates effective dye regeneration.
For the D1–p–A to D18–p–A systems, the LUMO energies (el) are
in the range of �1.79 to �2.79 eV, lying above the conduction
band (CB) energy of the TiO2 semiconductor (�4.0 eV), which

ensures effective electron injection into the TiO2 conduction
band. The HOMO–LUMO gap (HLG) energy of the designed
D–p–A systems ranges from 1.64 to 2.65 eV and it shows a
decreasing trend with increasing electron donating strength. In
DSSCs, HLG values give a clear idea regarding the PCE of the
dye-sensitizer. As per various theoretical studies, a lower HLG
ensures better optical and photovoltaic properties, thereby
improving the PCE of DSSC devices.90–92 Herein, we could
recognize that the lower HLG energy obtained with D12–p–A
(2.17 eV) is accompanied by the highest absorption maximum
(619 nm), good adsorption stability (�28.6 kcal mol�1), and
highest eVoc (2.21 eV). Consequently, among all, the D12–p–A
system having the lowest LUMO energy (�1.79 eV) may provide
a better PCE in DSSC devices.

According to the basic principle of DSSCs, when the dye
molecule gets adsorbed on the TiO2 semiconductor, the inter-
action between the dye and semiconductor can shift their
energy levels and prompt electron injection into the semi-
conductor, which is desirable for a better PCE.73 To determine
the energy levels of the adsorbed D–p–A systems on TiO2,
we have designed a bidentate bridging mode for binding the
D–p–A systems on TiO2 (Fig. 4a). It has been reported that the
bidentate bridging mode is the most stable adsorption mode
for anchoring groups.93,94 Further, the LUMO energy levels
(�3.50 to �3.79 eV) of the adsorbed D–p–A systems are deeper
than the bare D–p–A systems (�1.79 to �2.79 eV) and ensure
that the LUMO is above the CB energy of TiO2, which could
promote efficient electron injection from the excited dye mole-
cule into the CB of TiO2. The absorption properties of the
D1–p–A to D18–p–A systems adsorbed on TiO2 are reported in
Table 3. We denote D–p–A adsorbed on TiO2 as D–p–A/TiO2.
The observed lmax in the range 513 to 703 nm is favourable for
an improved PCE, and shows a red shift with respect to the pure
D–p–A system. Among all, D12–p–A/TiO2 shows the highest
lmax (703 nm), whereas D13–p–A/TiO2 displays the lowest lmax

(513 nm). The HLG of the D–p–A/TiO2 systems ranges from 0.61
to 1.89 eV, indicating that the adsorption of the dye with the
semiconductor significantly reduces the HLG related to the
bare D–p–A systems. The electron density shifts in the D–p–A/
TiO2 systems between the HOMO and LUMO are given in the
representative example (D12–p–A/TiO2) shown in Fig. 4b. In all
the D–p–A/TiO2 systems, the HOMO is localized on the donor
region whereas the LUMO is distributed on TiO2. This kind of
charge delocalization is anticipated for a better PCE of dye
sensitizers.

Quantitatively, the adsorption stability of the D–p–A systems
on the (TiO2)9 cluster has been evaluated using the adsorption
energy (Eads), which is listed in Table 4. It is defined as Eads =
Edye/TiO2

� (Edye + ETiO2
), where Edye/TiO2

, Edye, and ETiO2
denote

the energies of dye/TiO2, the isolated dye and the TiO2 cluster,
respectively.95 It is clear that a more negative adsorption energy
could reveal higher adsorption stability between the dye mole-
cule and TiO2. In Table 4, we observed that all the adsorbed
systems that have a more negative adsorption energy contain
greater N-annulation. Among all, the most negative adsorption
energy (�28.6 kcal mol�1) is attained with D12–p–A/TiO2, which

Fig. 3 Correlation between DVmA and Dlmax of the D–p–A systems (the R
value has been calculated by excluding the deviations shown in a green
colour).

Paper NJC

Pu
bl

is
he

d 
on

 2
4 

M
ay

 2
02

1.
 D

ow
nl

oa
de

d 
by

 R
eg

io
na

l R
es

ea
rc

h 
L

ab
or

at
or

y 
(R

R
L

_T
vm

) 
on

 6
/2

9/
20

21
 7

:1
1:

21
 P

M
. 

View Article Online

https://doi.org/10.1039/d1nj00881a


This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021 New J. Chem.

indicates the most stable adsorption. Apart from N-annulation, the
adsorption stability increases with enhanced electron-donating
strength of D–p–A. The excellent linear correlation between DVmA

and Eads with a correlation coefficient of 0.947 confirms that
the donating strength of the donor systems of D–p–A assessed in
terms of DVmA is useful to assess the Eads values of the dye on the
semiconductor (Fig. 5a). Since stronger adsorption leads to deeper

LUMO energy levels, a more donating dye is expected to give higher
adsorption stability and higher eVoc (Table 4 and Fig. 5b). In the
D12–p–A/TiO2 system, the highest adsorption stability and eVoc
(2.21 eV) have been observed, which predicts superior photovoltaic
performance of the adsorbed dye.

Photovoltaic performance

The photovoltaic parameters of the D–p–A systems are listed in
Table 5. The electron injection-free energy change (DGinject) is

Fig. 4 (a) Optimized geometry of a representative D–p–A system on the (TiO2)9 cluster (D12–p–A/TiO2). (b) Electron density shift in the frontier
molecular orbitals.

Table 3 HOMO (eV), LUMO (eV), and HOMO–LUMO energy gap, HLG
(eV), for the D–p–A/TiO2 systems at the B3LYP/GenECP level. The max-
imum absorption wavelength lmax (nm), and oscillator strength (f)
adsorbed on TiO2 are simulated at the TD CAM-B3LYP/GenECP/SMD//
B3LYP/GenECP level

D–p–A/TiO2 systems HOMO (eV) LUMO (eV) HLG (eV) lmax (nm) f

D1 �5.43 �3.68 1.75 538 2.36
D2 �5.17 �3.66 1.52 583 2.03
D3 �5.10 �3.64 1.46 593 2.07
D4 �5.07 �3.62 1.45 611 1.73
D5 �5.09 �3.55 1.54 592 0.60
D6 �5.63 �3.74 1.89 526 2.24
D7 �5.53 �3.76 1.77 538 1.85
D8 �5.57 �3.79 1.77 531 1.87
D9 �5.37 �3.74 1.64 611 1.73
D10 �5.39 �3.71 1.69 574 0.05
D11 �4.85 �3.50 1.34 630 1.79
D12 �4.38 �3.25 1.13 703 0.29
D13 �4.99 �3.78 1.21 513 0.03
D14 �4.32 �3.71 0.61 697 0.02
D15 �5.44 �3.74 1.71 545 2.01
D16 �5.08 �3.60 1.48 610 1.91
D17 �5.25 �3.72 1.53 573 1.02
D18 �5.31 �3.72 1.59 558 1.22

Table 4 The adsorption energies (Eads) of all the D–p–A/(TiO2)9 systems
where the Eads values are given in kcal mol�1

D–p–A/(TiO2)9 systems Eads (kcal mol�1)

D1–p–A/(TiO2)9 �23.6
D2–p–A/(TiO2)9 �23.8
D3–p–A/(TiO2)9 �23.9
D4–p–A/(TiO2)9 �24.3
D5–p–A/(TiO2)9 �25.0
D6–p–A/(TiO2)9 �23.3
D7–p–A/(TiO2)9 �23.0
D8–p–A/(TiO2)9 �22.8
D9–p–A/(TiO2)9 �23.4
D10–p–A/(TiO2)9 �23.8
D11–p–A/(TiO2)9 �25.4
D12–p–A/(TiO2)9 �28.6
D13–p–A/(TiO2)9 �22.2
D14–p–A/(TiO2)9 �23.3
D15–p–A/(TiO2)9 �22.6
D16–p–A/(TiO2)9 �24.5
D17–p–A/(TiO2)9 �23.2
D18–p–A/(TiO2)9 �23.3

NJC Paper

Pu
bl

is
he

d 
on

 2
4 

M
ay

 2
02

1.
 D

ow
nl

oa
de

d 
by

 R
eg

io
na

l R
es

ea
rc

h 
L

ab
or

at
or

y 
(R

R
L

_T
vm

) 
on

 6
/2

9/
20

21
 7

:1
1:

21
 P

M
. 

View Article Online

https://doi.org/10.1039/d1nj00881a


New J. Chem. This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

in the range �1.28 to �2.10 eV. It is defined as DGinject = Edye* �
|ECB|,

96–98 where Edye* is the excited state oxidation potential
and ECB is the energy of the conduction band edge of the
TiO2 semiconductor (�4.0 eV). Edye* can be calculated as (�eh –
vertical excitation energy).96,99 The more negative DGinject will
have more ability to inject electrons from the excited state of
D–p–A to the CB of TiO2. Since DGinject is related to short-circuit
current density Jsc, by improving the electron injection ability,
an enhancement in the PCE can occur.6,22,26,98 Among all,

DGinject is more negative in D14–p–A (�2.10 eV) while it is the
least negative in D9–p–A (�1.28 eV). Further, it is noted that the
donating strength improves the electron injection efficiency. The
DGreg valuemeasures the dye regeneration efficiency of the systems,
which can be written as (Edye � 4.8) eV or (�(eh) � 4.8) eV.100,101

The smallest DGreg (�0.84 eV) observed in D12–p–A shows
the highest dye regeneration efficiency, while the highest value
0.49 observed in D6–p–A indicates the lowest dye regeneration
efficiency. Finally, the open-circuit voltage (eVoc = el � (�4.0))102

lies in the range 1.21 eV to 2.21 eV, which shows an excellent
correlation with DVmA (Fig. 6), and suggests that eVoc increases
with enhanced strength of the D–p–A systems. The correlation
in Fig. 6 also suggests that the MESP approach offers an easy
analysis tool for the quantification of the donating strength of
D–p–A systems in DSSC applications, and the correlation plot
provides a guideline for designing dye sensitizers for desirable
photovoltaic applications.

Fig. 5 (a) Correlation between DVmA and Eads and (b) Eads and eVoc.

Table 5 HOMO (eV), LUMO (eV), and HOMO–LUMO energy gap (eV) at the B3LYP/cc-pVDZ level. Ground and excited state oxidation potential (Edye,
Edye*), excitation energy, free energy of electron injection DGinject, dye regeneration efficiency DGreg, and open-circuit voltage eVoc at the TD-CAM-
B3LYP/SMD/cc-pVDZ//B3LYP/cc-pVDZ level

Systems Excitation energy (eV) HOMO (eV) LUMO (eV) HLG (eV) Edye (eV) Edye* (eV) DGinject (eV) DGreg (eV) eVoc (eV)

D1 2.61 �5.09 �2.48 2.61 5.09 2.48 �1.52 0.29 1.52
D2 2.42 �4.82 �2.46 2.36 4.82 2.40 �1.60 0.02 1.54
D3 2.38 �4.74 �2.43 2.31 4.74 2.36 �1.64 �0.06 1.57
D4 2.29 �4.69 �2.40 2.29 4.69 2.40 �1.60 �0.11 1.60
D5 2.35 �4.68 �2.26 2.42 4.68 2.33 �1.67 �0.12 1.74
D6 2.63 �5.29 �2.64 2.65 5.29 2.66 �1.34 0.49 1.36
D7 2.58 �5.22 �2.72 2.50 5.22 2.64 �1.36 0.42 1.28
D8 2.61 �5.27 �2.79 2.48 5.27 2.66 �1.34 0.47 1.21
D9 2.33 �5.05 �2.72 2.33 5.05 2.72 �1.28 0.25 1.28
D10 2.38 �5.04 �2.64 2.40 5.04 2.66 �1.34 0.24 1.36
D11 2.26 �4.50 �2.21 2.29 4.50 2.24 �1.76 �0.30 1.79
D12 2.00 �3.96 �1.79 2.17 3.96 1.96 �2.04 �0.84 2.21
D13 2.73 �4.77 �2.58 2.19 4.77 2.04 �1.96 �0.03 1.42
D14 2.21 �4.11 �2.47 1.64 4.11 1.90 �2.10 �0.69 1.53
D15 2.58 �5.11 �2.59 2.52 5.11 2.53 �1.47 0.31 1.41
D16 2.29 �4.72 �2.39 2.33 4.72 2.43 �1.57 �0.08 1.61
D17 2.48 �4.96 �2.57 2.39 4.96 2.48 �1.52 0.16 1.43
D18 2.55 �5.04 �2.58 2.46 5.04 2.49 �1.51 0.24 1.42

Fig. 6 Correlation between the donating strength (DVmA) of the D–p–A
system and the open-circuit voltage (eVoc).
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In the analysis, the highest donating strength observed in
D12–p–A correlates to the highest eVoc (2.21 eV). The pyrami-
dalized nitrogen centres observed in D8–p–A retard the efficient
electron injection to p–A, and it shows the lowest eVoc (1.21 eV)
due to inferior donating strength.

Conclusions

Donor modifications, especially through the integration of
electron-rich nitrogen atoms (N-annulation), significantly affect
the structure–performance relationship of D–p–A systems for
dye-sensitized solar cell applications. For tuning the electron-
donating ability of D–p–A systems, eighteen electron-rich nitro-
gen incorporated donors are designed with butadiene and
cyanoacrylic acid as a p-spacer and an acceptor, respectively.
The implication of planarized nitrogens for improving the
electron-donating strength (DVmA) of D–p–A systems is investi-
gated using MESP topographical analysis, which states that the
magnitude of DVmA increases with an increased number of
planar nitrogens. The lmax values of the D–p–A systems are fine-
tuned by the extent of p-conjugation and N-annulation in the
donors. The significance of DVmA in shifting the absorption
maximum (Dlmax) is confirmed by the linear correlation
observed between DVmA and Dlmax. Regarding the frontier
molecular orbitals of the D–p–A systems, the HOMO and LUMO
energies are affected by the electron-rich nature of the donors
in D–p–A. The sufficiently more negative LUMO energy of the
D–p–A systems than the CB energy of TiO2 provides high
electron injection efficiency. The open-circuit voltage (eVoc),
and free energy of electron injection (DGinject) have been
analysed for the D–p–A systems and reveal that eVoc is increased
with enhanced DVmA. Also, the adsorption stability of the
D–p–A systems on TiO2 has been evaluated and indicates that
the adsorption stability (Eads) increased with enhanced
electron-donating strength of the D–p–A system. Since adsorp-
tion of the D–p–A system on TiO2 shifts the LUMO energy, the
stability of the D–p–A/TiO2 system affects eVoc and thus the
efficiency of the solar cell. The strong linear correlation observed
between Eads and eVoc proves this conclusion. Among all the cases
studied, D12–p–A/TiO2 shows the highest adsorption stability;
furthermore, D12–p–A displays the highest Dlmax, the best eVoc
and the highest magnitude for DVmA. Consequently, from the
aforementioned fundamental parameters, it can be concluded
that the D12 based photosensitizer is very effective for improving the
PCE. Also, the N-annulation design strategy will pave the way for
attaining high efficiency in the field of dye-sensitized solar cells.
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