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PREFACE 

This thesis is mainly focused on the design and study of β-Cyclodextrin (β-CD) 

mediated Donor-Acceptor (D-A) systems for charge transfer and electron transfer 

applications. CDs are a class of water-soluble macrocyclic oligosaccharides made up of various 

numbers of D-glucopyranose units linked through -1, 4-glycosidic linkages and classified into 

three major CDs namely , β and  with 6, 7, and 8 glucopyranose units, respectively. CDs 

have a hydrophobic cavity that can encapsulate hydrophobic guest molecule of suitable size 

from aqueous medium. The cavity size of β-CD matches well with the molecular dimensions 

of adamantane (AD) and hence the -CD/AD complexation exhibits very high association 

constant. For the past few years, our research group was involved in the study of charge 

transfer (CT) and photoinduced electron transfer (PET) in native as well as functionalized β-

Cyclodextrin (-CD) based D-A systems. A general strategy we employed is to covalently link 

the donor to the CD and assemble the acceptor by inclusion binding with the CD. Since 

adamantane (AD) derivatives exhibit a very high affinity for inclusion binding in -CD cavity, 

we have linked the acceptors to AD for assembling the D-A systems. 

 We have combined our observations and findings into four chapters. Chapter 1 of the 

thesis provide an overview of two important aspects of D-A systems such as charge-transfer 

and photoinduced electron transfer. An elaborate literature review of the CT interaction 

assisted by encapsulation and applications of CT complexes in organic electronics are 

provided in this chapter. In addition, a detailed literature review on PET in β-CD based 

supramolecular D-A systems is also presented in this chapter.   

One important drawback of CT complexes is their low association constants, which 

limit their potential to form organized structures with long range order. Researchers have 
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solved this issue and confirmed the enhancement of association constant by reinforcing the 

CT interaction with other non-covalent forces such as hydrogen bonding, -stacking and 

hydrophobic interactions. Chapter 2 explores the effective utilization of the β-CD/AD host-

guest interaction to enhance the stability of the CT complex. In this chapter, we studied mixed 

stack charge transfer complex formation from pyrene-linked to -CD as a donor (PYCD), and 

naphthalene diimide, linked to AD on one side and a pyridinium group on the other, as an 

acceptor (NDIAD). The pyridinium group is used to impart water solubility to the molecule. 

When dissolved in water, the molecules formed a CT complex where the pyrene-naphthalene 

diimide CT interaction is reinforced several fold by the strong β-CD/AD inclusion binding 

interaction. We were successful in constructing a CT complex that exhibited one of the highest 

association constants (Ka = 3.6 × 107 M-1) reported so far in the literature. We observed that 

the CT complex underwent hierarchical self-assembly to give twisted nanofibers. The 

nanofibers exhibited horizontal conductivity of 1.2 10-3 S/cm, suggesting that the CT 

complex may have potential applications in organic electronics. We have also studied the 

excited state relaxation process in the charge transfer complex by femtosecond time-resolved 

pump-probe spectroscopy.  

 Mimicking the natural photosynthetic process of converting sunlight into useful 

energy has always attracted the researchers to tackle the energy crisis. PET leading to long-

lived charge separated (CS) states is inevitable for solar energy harvesting. Exquisite 

organization of the electron donor-acceptor moiety is an essential factor in achieving long-

lived CS states. For important applications such as solar water splitting, the generation of 

long-lived CS states in aqueous solution is crucial. In the third and fourth chapters we have 



xi 
 

attempted to attain long lived CS states by careful design of D-A systems, which utilized the 

propensity of AD group to undergo inclusion complexation in -CD cavity. 

   In the third chapter, we employed pyrene (PY) linked to two -CD molecules (CD-PY-

CD) as donor and methyl viologen (MV2+) linked to two AD groups (AD-MV2+-AD) as acceptor 

and studied D-A interaction in great detail. The CD-PY-CD/AD-MV2+-AD interaction was 

studied by 1H NMR, 2D ROESY NMR and circular dichroism spectroscopies. We observed that 

the bis-inclusion complex formed undergo hierarchical self-assembly to give closed loop 

structures, which then stack together to give toroids. The self-assembled system did not 

exhibit CT absorption in the longer wavelength region. The fluorescence due to the CD-PY-CD 

was highly quenched in the self-assembled system which was attributed to PET from the PY 

to MV2+. Nanosecond laser flash photolysis experiments confirmed PET taking place in the 

system through observation of product radical ions. Although very facile PET occurred in the 

system, this did not lead to formation of long-lived CS states. 

In the fourth chapter, we employed the same donor (CD-PY-CD) but used an acceptor 

that has AD-linked MV2+ moieties on all three arms of a mesitylene core (Ms-(AD-MV2+)3). The 

D-A system self-assembled in aqueous solution into vesicles, which later coalesced to give 

long fibers. Self-assembly in this case was studied using 1H NMR, 2D NMR, ICD, AFM, SEM and 

TEM. We observed that fluorescence of the pyrene chromophore was quenched within the 

self-assembled system due to efficient PET from PY to MV2+. PET was again confirmed through 

the identification of long lived radical ions in nanosecond flash photolysis experiments. 

Steady-state irradiation of the self-assembled system in an optical bench imparted blue 

colour to the solution, which is indicative of the formation of long-lived methyl viologen 

radical cation (MV). 
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Chapter 1 

 

Cyclodextrin Mediated Donor-Acceptor Self-

Assembly for Charge Transfer and Photoinduced 

Electron Transfer Applications 

1.1. Introduction 

The incredible elegance and precision that exists in biological systems generated by 

the assembly of small building blocks have encouraged researchers to emulate nature in 

designing complex molecular systems.1,2 This interest has led to the creation of diverse 

self-organized materials from abiotic units. In 1987 the Nobel Prize in chemistry was 

awarded to Lehn, Cram and Pedersen for formal developments in this field through their 

initial discoveries of host-guest systems. Lehn coined the term “supramolecular 

chemistry” and defined it as ‘chemistry beyond the molecule’, bearing on the organized 

entities of higher complexity that result from the association of two or more chemical 

species held together by intermolecular forces.1 The intermolecular forces include 

hydrogen bonding, π-π stacking, metal-ligand co-ordination, host-guest interactions, van 

der Waals forces, electrostatic, hydrophilic and hydrophobic interactions. These non-

covalent interactions are weak and dynamic in nature but they enable the construction 

of complex supramolecular materials from simple molecules. Supramolecular chemistry 

has now grown in importance because it goes beyond the molecule promising a fresh 

interface with the biological and material sciences.3
 

 This thesis deals with functional supramolecular systems constructed using host-

guest interaction as the non-covalent assembling motif. We have employed -
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cyclodextrin (-CD) as the host and adamantane (AD) as the guest. We have attached 

different chromophores to -CD as well as AD. Depending on the nature of the 

chromophores attached, host-guest complexation resulted in the formation of 

hierarchical assemblies with desirable properties. In Chapter 2 of the thesis we report 

the synthesis and self-assembly of pyrene-linked -CD (PYCD) and naphthalene diimide-

linked AD (NDIAD). Host-guest complexation in this case is assisted by charge transfer 

(CT) interaction involving pyrene and naphthalene diimide chromophores. The complex 

formed further self-assembled into twisted nanofibers. In Chapters 3 and 4 of the thesis 

we employed pyrene linked to two -CD groups as the host. In the presence of bis- or 

tris-AD linked methyl viologen (MV2+) derivatives, the host-guest complexes generated 

hierarchical assemblies which upon irradiation gave long-lived photoinduced charge 

separation. In order to place our work in the proper context, some fundamental aspects 

of cyclodextrins, CT complexation and photoinduced electron transfer (PET) are 

essential. In this chapter brief descriptions of these topics are presented. 

1.2. Structure and Properties of Cyclodextrins 
 

Cyclodextrin (CD) was first discovered by the French chemist Antoine Villier in early 

1890’s during the enzymatic degradation of carbohydrates.4 CDs are a class of water-

soluble macrocyclic oligosaccharides with hydrophobic cavities made up of α-D-

glucopyranoside units linked through -1,4-glycosidic linkages with a 4C1 chair 

conformation. Based on the number of glucopyranoside units present in the macrocycle, 

CDs are classified as -, - and -CDs. These have six, seven and eight D-glucopyranose 

units, respectively.5 Internal diameter of ,  and -CDs are 5.7, 7.8 and 9.5 Å, 
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respectively, with same height of 7.8 Å. A schematic representation of the cyclodextrins 

along with inner and outer dimensions are presented in Figure 1.1.  

 

Figure 1.1.  Schematic representation of various cyclodextrins with their inner and outer cavity 

dimensions. 

Cyclodextrins have truncated cone structures with a wider rim at one end, 

narrow rim at the other end and hollow inner cavity of specific volume. The primary 

hydroxyl groups attached to the C-6 carbon of the glucose monomers are lined along the 

narrow rim and hence this side is referred to as the primary rim. The secondary 

hydroxyls attached to the C-2 and C-3 carbons of the glucose monomers are assembled 

on the wider rim which is referred to as the secondary rim.5 The inner CD cavity is lined 

up with the hydrogen atoms attached to C-3, C-5 and C-6 carbons of glucose units. The 

OH groups in the wider rim are involved in a H-bonding belt between the C2-OH of one 

glucopyranose unit with C3-OH of the adjacent unit. Compared to - and -CDs, this H-

bonding belt is complete and very rigid in -CD, which explains its lower solubility in 

water, compared to the other two. The inner cavity of CDs is lined with the ethereal 

oxygen with their non-bonding electron pairs directed towards the interior of cavity.6 
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This makes the inner cavity more hydrophobic compared to outside, which is hydrophilic 

due to the presence of hydroxyl groups. An important property of CDs is their 

transparency to UV and visible light, which make them very attractive hosts for 

photochemical reactions.5   

The CD cavity can encapsulate small molecules as guests. Encapsulation of the 

guest molecule inside the CD cavity is promoted by the van der Waals forces and 

hydrophobic interactions.7-11 Native CDs contain few molecules of water encapsulated 

within their cavity. Since the interior of the cavity is hydrophobic, the water molecules 

are considered to be in a ‘high energy’ state. When a guest is encapsulated within the 

cavity, the water molecules present in the cavity are released to the outside water pool 

and this process also constitutes a driving force for guest encapsulation. When a guest is 

encapsulated in the CD cavity, the process is known as inclusion binding and CD-guest 

complexes are known as inclusion complexes. Since the CDs are highly water soluble, the 

inclusion complexes formed from water-insoluble guests are generally water soluble. 

Most of the industrial applications of CDs, particularly in the drugs and pharmaceutical 

industry, arise from their ability to solubilize insoluble molecules through inclusion 

complexation. In general, the guest molecules enter the CD cavity through the wider rim 

as the free rotation of the primary hydroxyl groups at the narrow rim blocks the guest 

entrance to the cavity through it. 

Stability of inclusion complexes depends on the hydrophobicity and space-filling 

nature of the guest. A guest which can occupy all the space available within the cavity 

can displace all the water molecules from the cavity resulting in high stability for the 

inclusion complex. In this thesis we have used only -CD for complexation and the best 

guest molecule for -CD is adamantane. Several AD derivatives are known to bind to -
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CD with Ka > 104 M-1 and G0 values close to -30 kcal mol-1.12-14 The adamantane group 

has a roughly spherical shape with a diameter of ~ 6.5 Å and it perfectly fits the -CD 

cavity which has inner diameter of 6.0-7.8 Å.15, 16 Binding occurs as shown in Figure 1.2.  

2-PrPMDI n-BuPMDI t-BuPMDI

5.6 A 0

7.
8 

A
0

7.8 A 0

Ka
Ha

HaHb

Hc

Hc

 

Figure 1.2. Complexation of β-CD with AD derivative. 

The complexation can be studied by 1H NMR and 2D ROESY NMR spectroscopy. 

Upon inclusion within the CD cavity the AD protons Ha, Hb and Hc undergo significant 

chemical shift changes along with signal broadening (see Figure 1.2 for labelling of H 

atoms of AD and -CD). The -CD protons, H-3, H-5 and H-6, which are placed inside the 

cavity, also undergo significant chemical shift changes. In addition, the 2D ROESY NMR 

will show cross peaks between the CD interior protons and AD protons due to close 

spatial approach within the cavity. The strong association of AD derivatives with -CD 

has been exploited for different purposes by many groups. For example, Harada and co-

workers have successfully demonstrated the phenomenon of molecular recognition at 

macroscopic level using -CD-AD recognition motif.17 The -CD-AD interaction was also 

effectively utilized to design targeted gene delivery systems for cancer treatment.18-26 

Our group has exploited the -CD-AD interaction to construct supramolecular vesicles 

capable of drug encapsulation.27 The encapsulated drug could be released using a 

competitive -CD binder such as adamantane carboxylate. 
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1.3. Charge Transfer Complexes 
 

 CT complexes, also known as electron donor-acceptor (EDA) complexes arise by 

the interaction of a donor (D) molecule with an acceptor (A) molecule, resulting in the 

transfer of a fraction of electronic charge from D to A. The CT interaction can be 

intermolecular or intramolecular. Generally, the CT interactions are very weak and the 

enthalpy changes associated with these interactions are only in the range of 0-4 kcal 

mol-1. A characteristic feature or signature of CT complexes is the presence of CT 

absorption band that usually appear in the visible region of the electromagnetic 

spectrum. Since the absorption is in the visible region, CT complexes are generally 

colored. As the interactions are weak, the color will be observed only at moderately high 

concentrations of D and/or A. The CT band arises due to the transfer of charge from the 

highest occupied molecular orbital (HOMO) of D to the lowest unoccupied molecular 

orbital (LUMO) of A. The degree of charge transfer from D to A can vary from zero to 

complete electron transfer. Over the last 50 years, large numbers of CT systems were 

studied. Structures of donor and acceptor molecules commonly employed in these 

studies are collected in Figure 1.3.28, 29 

a) b)

 

Figure 1.3. Structures of commonly used a) electron donors and b) electron acceptors in CT 

interaction studies.  
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1.3.1. Mulliken’s theory 

Consider the formation of a weak CT complex upon mixing D and A. 

                                D + A  [D A] 

Mulliken has proposed that the wave function N (D,A) for the ground state of this weak 

interaction can be approximately represented by the expression.30  

                                     N (D,A) = a0 (D,A) + b1 (D+-A-)  

where a and b are coefficients, 0 is the wave function for the non-ionic (or no-bond 

state) and 1 is the wave function for the ionic state corresponding to complete transfer 

of electron from D to A. In complexes, where the interactions are weak, the non-ionic 

state will be predominant and hence a >> b. Similarly, the wave function for the excited 

state E(D,A) can be represented by the expression  

                                     E (D,A) = a*1 (D+-A-) – b*0 (D,A)   

Where a  a* and b  b*. The optical absorption of the D-A complex results from the 

transition N E. Substantial overlap of the HOMO of D with LUMO of A is necessary 

to get a significant contribution from the ionic state. In addition, the D and A has to 

orient in such a way to get maximum orbital overlap. Based on quantum mechanical 

treatment, it has been argued that the complex exists as a resonance hybrid between 

the non-ionic state (D,A) and ionic state (D…. A). Energy characteristics of the CT 

state largely depends on the ionization potential of D, electron affinity of A and 

electrostatic reorganisation energy. 
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1.3.2. CT interaction assisted by encapsulation 

Although CT interactions are very weak in nature, it can be amplified by 

synergizing it with other weak interaction such as H-bonding, -stacking, hydrophobic 

interactions, host-guest interactions etc. Using CT interactions in conjunction with other 

non-covalent forces, large numbers of supramolecular architectures such as fibers, 

nanotubes, polymers, foldamers, micelles, vesicles etc. have been constructed.31-40 Since 

the underlining theme of this thesis is inclusion binding, few examples of CT interactions 

synergized by inclusion binding are presented in this section. 

 Cucurbit[n]urils (CB[n]) are widely used macrocyclic host molecules made up of 

‘n’ glycoluril monomers linked by methylene bridges. CB[n]s allow hydrophobic 

interaction due to the cavity and electrostatic interaction due to the polar carbonyl 

groups that line the ends of the cavity. CB[n]s act as ideal hosts for a variety of guest 

molecules and exhibit high selectivity and strong binding affinity towards cationic guest 

molecules.  

Kim and co-workers have carried out pioneering work in the area of host assisted 

inter and intramolecular CT interaction to build supramolecular assemblies like 

molecular necklaces,41 vesicles,42 molecular machines,43rotaxane dendrimers 44 etc. using 

CB[8]. The group has shown that CB[8] has a cavity comparable to that of -CD and 

forms stable 1:1:1 ternary inclusion complexes with methyl viologen (MV2+) and 2,6-

dihydroxynaphthalene (DHNp) as shown in Scheme 1.1.45 When the viologen molecules 

are substituted with long alkyl chains the ternary inclusion complexes spontaneously 

formed giant vesicles that behave like a large supramolecular amphiphile.42 Since both 

DHNp and MV2+ are redox active, these vesicles can be easily disrupted by redox 
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processes. Oxidation of DHNp or reduction of MV2+ would disrupt CT complexation and 

lead to collapse of the vesicle. The authors have used ceric ammonium nitrate to oxidize 

DHNp to naphthaquinone, which led to disappearance of the CT band and collapse of 

the vesicles.    

 

Scheme 1.1. Schematic representation of the formation of the stable ternary complexes. 

In a subsequent work, the authors modified the CT system by covalently linking 

DHNp and MV2+ through a three carbon chain and studied the intramolecular CT 

complex formation induced by inclusion in CB[8].46 The linked system could undergo 

intramolecular or intermolecular complexation as shown in Scheme 1.2. They observed 

that only the intramolecular 1:1 CT complex is formed which involved backfolding of the 

linked system as in Scheme 1.2. 

 

Scheme 1.2. Schematic representation of possible CT interaction inside CB[8]. 
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 Zou et al. have studied the complexation of the molecular triad 

tris(bipyridyl)ruthenium-viologen-naphthol (Ru-MV2+-Np) with CB[8].47 Ru-MV2+-Np and 

CB[8] forms a stable 1:1 inclusion complex in which the Np group is back-folded and 

insert into the cavity together with MV2+ (Scheme 1.3). The authors also studied 

complexation of Ru-MV2+-Np with -CD and found that the molecule binds better with 

CB[8]. Up on irradiating the Ru(II) chromophore, PET occurs to generate the viologen 

radical cation and Ru(III). When the irradiation is performed in the presence of the 

sacrificial electron donor triethanolamine (TEOA), the Ru(III) formed is converted back to 

Ru(II), which prevents charge recombination and stabilizes the viologen radical cation 

which remains inside the cavity along with Np.     

 

Scheme 1.3. Inclusion complexation of Ru2+-MV2+-Np with CB[8]. 

Zhang and co-workers synthesized a dianthracene-diviologen (DADV) molecule 

by linking anthracene groups at the ends of a linked bis-viologen molecule.48 When 

dissolved in water in the presence of CB[8], multiple host-stabilized charge transfer 

(HSCT) interaction between anthracene and viologen take place as shown in Scheme 1.4, 

leading to formation of a supramolecular polymer. They observed formation of a deep 
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purple supramolecular polymer gel upon increasing the DADV concentration to 4 mM 

and CB[8] concentration to 8 mM. 

DADV CB(8)

 

Scheme 1.4. Schematic representation of supramolecular polymer formation from DADV/CB[8] 

system. 

Mulliken’s theory suggests a simple dependence of CT absorption maximum on 

the ionization potential of D, the electron affinity of A, and an electrostatic 

reorganization energy J. Since the ionization potential is related to EHOMO(D) and electron 

affinity is related to ELUMO(D), the Mulliken’s theory can be written as:   

ECT(max) = EHOMO(D) – ELUMO(A) + J 

Where ECT(max) is the energy level of the CT absorption maximum ( to 1/max). Since J 

cannot be directly measured or calculated, it is generally assumed that for a series of 

similar D and similar A molecules, J is constant. Experimental verification of this equation 

is difficult because of the very low binding strength of the CT complex and the very small 

specific absorbance of the CT band. In order to observe the CT band clearly, very high 

concentrations of D and/or A have to be used. At this concentration, D-D and A-A 

interactions may occur and complicate the analysis of the data. Additionally, different D-
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A geometries such as face-to-face or T-shaped stacking can be present which create 

additional drawbacks for theoretical modelling of the data. Biedermann and Scherman 

found that use of CB[8] as a host for CT complex formation can eliminate most of the 

problems.49 They found that 2,6-dihydroxynaphthalene as donor and methyl viologen as 

acceptor (Figure 1.4) form stable CT complexes within CB[8] in aqueous environments. 

The CT complexes are formed at very low concentrations. D-D or A-A interactions are 

not significant at the low concentrations and only face-to-face - stacking takes place 

within CB[8]. The authors observed good proportionality between ECT(max) and EHOMO(D) 

as well as ELUMO(A), in good agreement with the classical CT model of Mulliken. They 

found that the CT interaction energy did not contribute much to G0 for ternary 

complexation. The well defined face-to-face stacking geometry of the D-A pair as well as 

the high binding affinity to each other in the presence of CB[8] are the major 

contributing factors.  

 

Figure 1.4. a) Chemical structures of several derivatives of D and A used and b) Stepwise 

formation of ternary complexes. 

As is evident from the studies mentioned earlier, HSCT complexation inside CB[8] 

is widely used to build supramolecular structures. High stability for HSCT interaction is 

taken for granted in these studies. Recently Ji et al. have shown that HSCT interactions 

can be weakened by external factors.50 They have prepared poly(N-isopropylacrylamide) 

(PNIPAM) having naphthalene (Np) groups at both ends. When the polymer is dissolved 
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in water in the presence of CB[8] and a dimeric viologen, cyclic polymers are formed by 

joining the polymer ends through HSCT interactions involving the Np end groups, 

viologen and CB[8] as shown in Figure 1.5a. The authors found that the cyclic polymer 

can undergo heat induced self-assembly to form aggregates. When the aggregates are 

formed, the interior of the polymeric structure became highly hydrophobic, which 

weakens the HSCT interaction and releases the CB[8] with included dimeric viologen 

(Figure 1.5b). The HSCT dissociation was driven by the incompatibility of the cationic 

HSCT complex within the hydrophobic environment of the PNIPAM aggregate. This study 

showed that the HSCT interaction leading to formation of 1:1:1 ternary complexes, is not 

stable under all conditions. 

 

Figure 1.5. Schematic representation of a) cyclic polymer formation and b) formation of 

aggregates and release of viologen encapsulated CB[8].  

Recently Tang et al. synthesized and studied supramolecular assembly of 

naphthyl (Np) functionalized poly(ionic liquid) [PIL] based nanogels through the HSCT 

interaction.51 The nanogel particles have Np groups on the outside which can undergo 
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HSCT with CB[8] and viologen derivatives. The authors employed the bisviologen 

compound DEDV. Upon addition of DEDV and two equivalents of CB[8], HSCT 

interactions occur as shown in Scheme 1.5, which brings together the particles to form a 

supramolecular gel network. They observed that HSCT complex dissociates and gel 

disintegrates upon addition of the competitive guest amantadine (AdNH2), which has 

better affinity toward CB[8] than Np and form the stable CB[8]-AdNH2 complex. Since 

AdNH2 has better affinity for CB[7] than CB[8], addition of CB[7] leads to dissociation of 

CB[8]-AdNH2 and formation of CB[7]-AdNH2. The CB[8] liberated in this way again 

undergo HSCT with Np and DEDV and regenerates the supramolecular gel network. 

(Scheme 1.5).  

 

Scheme 1.5. Schematic representation of HSCT complex formation and dissociation. 

For the past few years, our research group was involved in the study of CT 

interactions in native as well as functionalized β-CD based D-A systems.52,53 The donor 

chromophore employed is pyrene (PY) and the acceptor is pyromellitic diimide (PI) in 

these studies. The molecules employed are shown in Figure 1.6. The pyridinium groups 

attached to PI in these cases are to make them water soluble. 
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Figure 1.6. Structures of donors (PYCD, PYP) and acceptors (PITB, PIM, PIAD) employed in our 

previous study. 

The CT interaction between PY and PI is augmented by -CD-PI binding 

interactions in these cases. When the alkyl group is AD as in PIAD, a 1:1 complex was 

formed with a very high association constant (Ka = 1.82  106 M-1). In this case the CT 

interaction is reinforced by inclusion binding of the AD group in the -CD cavity leading 

to the formation of 2D sheets, which undergo twisting to give twisted fibres. When the 

alkyl group is tert-butyl, a 1:2 complex was formed with a high association constant (Ka = 

2.91  104 M-1). A detailed analysis showed that the tert-butyl PI undergoes both 

inclusion and rim-binding interactions with the -CD. The charge-transfer complex 

further self- assembled into chiral nanostructures in this case also. In the case of N-

methyl PI, the interaction with -CD-linked PY was only through rim binding, which 

resulted in the formation of a weak charge-transfer complex with Ka = 4.2  103 M-1. 

Formation of a hierarchical assembly was not observed in this case. We have also 

studied the CT complexation of all these PI derivatives with PYP (Figure 1.6) which does 
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not have -CD group. Our studies showed that the CT interactions are weak in these 

cases. 

1.3.3. Charge transfer complexes in organic electronics 
 

CT complexes are expected to be good candidates for electronic applications.54,55 

Studies in this direction were initiated by the discovery of electrical conductivity similar 

to metallic conductors in the crystals of tetracyanoquinodimethane (TCNQ) - 

tetrathiofulvalene (TTF) CT complex by Coleman et al. in 1973.56 Structures of these 

molecules are given in Figure 1.7. In the TCNQ-TTF CT crystal, TCNQ and TTF molecules 

are arranged independently in separate parallel stacks. Electron transfer occurs from TTF 

stack to TCNQ stack. The electrons and holes concentrated in the stacks traverse in a 

one-dimensional direction along the TCNQ and TTF columns, respectively, when an 

electrical potential is applied to the ends of the crystal in the stack direction. Recent 

studies are aimed at developing CT complexes with technologically advanced properties 

useful for ambipolar transport, ferroelectricity, photoconductivity and organic field 

effect transistors applications.57-62 

b)a)

 

Figure 1.7. Structures of a) TCNQ and b) TTF. 

Pan and co-workers reported the CT complex dibenzotetrathiafulvalene -

tetracyanoquinodimethane (DBTTF-TCNQ, see Figure 1.7 for structure) as a potential 

candidate for ambipolar semiconductor applications. The authors prepared co-crystal 

microrods of DBTTF-TCNQ with mixed stack structure via solution processing. The 

prepared microrods were directly used to fabricate prototype devices. The device 
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demonstrated ambipolar charge transporting behavior with electron mobility of 0.13 

cm2V-1s-1 and hole mobility of 0.04 cm2V-1s-1.63 Recently Torrent and co-workers 

developed ambipolar field effect transistor using solution processed thin films of DBTTF-

TCNQ CT complex.64 They blended the CT complex with polystyrene to improve the film 

stability, reproducibility and film processability (Figure 1.8). The fabricated thin film 

device exhibited air stability along with ambipolar OFET behavior with average electron 

mobility 0.6  10-4 cm2V-1s-1 and hole mobility 2.7  10-4 cm2V-1s-1. This work has opened 

a new paradigm for fabrication of high throughput printed OFET devices and work in this 

direction has already appeared in the literature.65,66 

- +

 

Figure 1.8. Ambipolar field effect transistor device fabricated using DBTTF-TCNQ CT complex 

blended with polystyrene.  

Several CT crystals have a mixed stack arrangement in which the D and A 

chromophores are arranged in an alternating fashion. In these crystals a collective 

transfer of electrons from D to A molecules results in the formation of dipoles that can 

be realigned by the application of an external field. Such materials will have applications 

as ferroelectric capacitor, ferroelectric random access memory devices, sensors etc.67 

Tayi and co-workers have developed a supramolecularly self-assembled mixed stack CT 

system for room temperature ferroelectric applications.68 They utilized pyromellitic 

diimide as acceptor and derivatives of naphthalene, pyrene and tetrathiafulvalene as 

donors (see Figure 1.9 for structures). The D and A molecules crystallize in a mixed stack 
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and this arrangement is stabilized by hydrogen bonding, van der Waals forces and π-π 

stacking in addition to CT interaction. The authors refer to this modular design as lock 

arm supramolecular ordering (LASO). These self-assembled mixed stack donor-acceptor 

network exhibit room temperature ferroelectricity with appreciable remnant 

polarization. 

Acceptor Donors
 

Figure 1.9. Structures of D and A that form LASO stacks. 

Govindaraju and co-workers fabricated a solution-processable thin film 

ferroelectric capacitor using multi stimuli responsive chiral mixed stack CT hydrogels 

(Figure 1.10).69 They employed a dipyrene tweezer as donor and alanine methyl ester 

functionalized naphthalenediimide as acceptor. CT complex formed in this case is 

stabilized further by tweezer inclusion sandwich process and H-bonding interactions. 

Ferroelectric device fabricated using the CT complex exhibited appreciable room 

temperature remnant polarization of 4 C/cm2. 
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Figure 1.10. Pictorial representation of the CT self-assembly through tweezer inclusion sandwich 

process supported with hydrogen bonding interactions. 

  

1.4. Natural and Artificial Photosynthesis 

 Most of the energy that we are using comes from fossil fuels. Combustion of 

fossil fuels such as coal and petroleum will lead to the formation of carbon dioxide, 

which is one of the major greenhouse gases causing climate change. Also, the amount of 

fossil fuels on earth is limited. Hence it is important to have clean and renewable 

methods for generating and storing energy. Sun, the primary energy source of our planet 

continuously generates 120,000 TW of electromagnetic energy. Harvesting of 0.1% of 

this energy would be sufficient to meet our everyday needs, and several ideas have been 

floated from time to time to achieve this dream. Solar energy driven chemical processes 

that can lead to the generation of hydrogen is an excellent way of solving the energy and 

pollution issues.70,71 

Natural photosynthesis is an excellent example of harvesting solar energy. 

Researchers are trying to mimic natural photosynthetic processes through artificial 

photosynthetic systems. Artificial photosynthesis, broadly defined, is any attempt to 

mimic aspects of photosynthetic energy conversion by photochemical processes in 
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laboratory-made systems.  The basis of artificial photosynthesis is to learn from the 

natural photosynthetic process to design systems capable of producing energy or fuels.  

 In the photosynthetic reaction center, light is absorbed by a chromophore which 

initiates the series of energy and electron transfer processes between the donor and 

acceptors that are placed at specific distances and orientations relative to one another 

by the surrounding protein matrix. In green or purple bacteria, only one photosynthetic 

unit (PS II) carry out the light-to-chemical products conversion whereas the green plants 

have two photosynthetic units (PS I and PS II).72 The purple bacterial reaction centre (RC) 

remains as the best ‘model system’ for mimicking photosynthesis.73  X-ray structures of 

the purple bacterium Rhodopseudomonas viridis shows four bacteriochlorophyll (BA) 

molecules (two of which make up a “special pair”, D), two bacteriopheophytin () 

molecules, two quinone (QA/B) molecules, and one non-heme iron atom as shown in 

Figure 1.11. These are arranged in pairs with approximate C2 symmetry. Left and right 

side of the C2 axis is denoted as A and B side, respectively. The bacterial RC only utilizes 

the A-side cofactors for electron transfer.74 Among the four BA/B molecules two are 

electronically coupled and held very closely. This is termed as ‘special pair’ and it act as 

the donor. Photosynthetic process in purple bacteria is initiated by excitation transfer 

from antenna to this special pair to get singlet excited special pair. Thereafter a series of 

electron transfer takes place as shown in Scheme 1.6, which also gives the rates of 

forward and back electron transfers at every step. 
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BA

 

  Figure 1.11. Photosynthetic unit of purple bacteria. 

Initially electron is transferred from *(BA)2 to A through BA forming radical cation 

of special pair and radical anion of A within 3 ps. The electron then moves to 

ubiquinone QA in ~200 ps forming (BA)2
-A-QA

. The electron is subsequently 

transferred to QB in ~200 µs. The positive charge remaining on the special pair, is 

quenched by an electron transfer from the iron porphyrin situated on the outer side of 

the membrane. After a two-electron, two-proton reduction, QBH2 is released from the 

RC. The releasing of the quinol protons into the periplasm is followed by the oxidation of 

the free hydroquinone by cytochrome bc1 complex. A transmembrane proton gradient is 

created and that is utilized for ATP synthesis. The net result of the multistep electron 

transfer in bacterial photosynthetic system is the charge separated (CS) state with 

quantum yield of near unity. The high degree of organization of the donors and 

acceptors in the RC leads to the extremely high quantum yield of the PET processes in 

the natural systems. 

 



 
Chapter 1                                                                        D-A Self-Assembly for CT and PET Applications 

 

22 
 

(BA)2.. A..QA..QB

hn

(BA)2..A..QA..QB
*

(BA)2.. A..QA..QB

(BA)2.. A..QA..QB

+
(BA)2.. A..QA..QB

BET
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+ -

-
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+

kEt = 4.3 x 1011 s-1

kf = 108 s-1

kET= 5 x 109 s-1

kBET = 108 s-1

kBET = 10 s-1

kET = 0.5 x 104 s-1

kBET = 1 s-1

 

Scheme 1.6. Schematic representation of PET in bacterial photosynthetic system. 

Several important light-induced processes such as artificial photosynthesis, 

photovoltaics and photocatalysis rely on the generation of long-lived CS state in D-A 

systems. The fundamental process in all these cases is a PET reaction that transfers an 

electron from D to A. In most cases of PET, the transferred electron goes back to D in a 

process known as charge recombination (CR) or back electron transfer (BET), resulting in 

very short-lived CS state. Generation of long-lived CS state has thus become an 

important goal in the study of PET. The reaction center in photosynthetic bacteria 

provided the best example of long-lived photoinduced CS state. Large numbers of 

molecular systems were designed drawing inspiration from the structure and properties 

of the bacterial reaction center. The molecular systems generally featured covalently 

linked D and A suitably placed for sequential electron transfer, but none of them 

exhibited the quantum yield and long-lifetime of the CS state in the bacterial reaction 

center.75-80 A few examples are given in Figure 1.12. 
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Zn-Chlorin/Fullerene dyad 

 

Ferrocene/Zn Porphyrin/C60 triad 
 

 

Ferrocene/Zn Porphyrin/H2 Porphyrin/C60 tetrad 

 

Figure 1.12. Examples of covalently-linked dyad, triad and tetrad. 
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In the bacterial reaction center the donors and acceptors are not covalently 

linked, but are disposed non-covalently at specific locations. In an attempt to emulate 

PET in the bacterial reaction center, large numbers of non-covalently assembled D-A 

systems were studied. Although the systems assembled include dyads, triads and 

tetrads, the non-covalent assembly is invoked only in one step and hence the synthetic 

efforts in preparing these are similar to covalently linked systems. CS state lifetimes 

measured in most of these systems are less than a few ns. A couple of examples are 

presented below.  

Guildi and co-workers assembled a ZnPc/C60 non-covalent dyad through metal-

ligand coordination involving ZnPc and pyridine-linked fulleropyrrolidine as shown in 

Figure 1.13.81 Analysis by Jobs plot established formation of a 1:1 complex. Using 

fluorescence quenching experiments, Ka for complex formation was determined as 1.26 

 106 M-1. Excitation of the complex with 676 nm laser led to formation of the CS state 

with absorptions corresponding to ZnPc+ at 540, 720 and 850 nm and C60
- at 1024 nm. 

The CS state lifetime measured was 9 ± 0.5 ns. 

 

Figure 1.13. Formation of ZnPc/C60 complex through metal-ligand coordination. 
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D’Souza and co-workers assembled a non-covalent D-A system capable of 

undergoing ultrafast energy and electron transfer reactions.82 In this system a covalently 

linked triad consisting of triphenylamine (TPA), boron dipyrrin (BDP) and zinc porphyrin 

(ZnP) was linked to imidazole-functionalized C60, which acts as the electron acceptor, 

through metal-ligand complexation (Figure 1.14). Excitation of TPA leads to ultrafast 

energy transfer as shown to generate ZnP excited state, which then transfers an electron 

to C60. kCS and kCR were evaluated in TPA-BDP-ZnP-C60Im by monitoring the rise and 

decay of the C60Im•- at 1000 nm. The calculated values were kCS = 5  109 s-1 and kCR = 

2.10  108 s-1. CS state lifetime obtained was 4. 1 ns in this case. 

EnT

 

Figure 1.14. Structure of TPA-BDP-ZnP-C60Im. 

Guildi and co-workers documented the use of two complementary 

supramolecular motifs, namely multi-point H-bonding and metal-ligand complexation to 

assemble the non-covalent system in Figure 1.15.83 Time resolved experiments revealed 

that excitation of the perylenediimide chromophore results in energy transfer to the 

metalloporphyrin in 53  3 ps. An electron transfer then occurred from the excited ZnP 

to the C60 in 12  1 ps. The resulting CS state exhibited a lifetime of only 3.8  0.2 ns. All 



 
Chapter 1                                                                        D-A Self-Assembly for CT and PET Applications 

 

26 
 

these studies suggested that ultra-long lifetime for the CS state as observed in the 

bacterial RC cannot be achieved in covalently or non-covalently linked polyads. 

EnT

EThυ

 

Figure 1.15. Supramolecular triad assembled using two non-covalent motifs. 

Few reports have shown that CS state lifetimes of covalently linked D-A systems 

are enhanced when subjected to spatial confinement. Kimoto et al. have shown that the 

CS state lifetime in triphenylamine-naphthalenediimide dyads having 

oligo(phenyleneethynylene) linker got enhanced from a few nanoseconds to few 

milliseconds when dispersed in polymer matrices.84 Imahori and co-workers have shown 

that ferrocene-porphyrin-fullerene triads containing cation moieties undergo 

aggregation in cell-membrane-like lipid bilayers which result in several fold 

enhancement in the CS state lifetime and quantum yield.85 Jin et al. have shown that 

covalent organic frameworks containing ordered D on D and A on A -columnar stacks 

sustained photoinduced CS state for few microseconds.86 Hariharan and co-workers 

have prepared a directly linked naphthalene-napthalimide dyad wherein the D and A 

segments are in near orthogonal conformation as shown in Figure 1.16. In acetonitrile 

the dyad exists as monomer and exhibited CS state lifetime of 110 ps, whereas in 
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chloroform it existed as aggregates in which the CS state exhibited 10,000-fold 

enhancement in lifetime.87 

 

Figure 1.16. Schematic representation showing photoexcitation of non-parallel stacked 

naphthalene-naphthalimide D-A system.  

Subsequently the authors have prepared triphenylamine-naphthalimide dyads 

which existed as monomeric species in acetonitrile, but formed spherical/vesicular 

aggregates in THF. The CS state lifetime enhanced from 110 fs in the monomeric state to 

2.67 ns in the vesicular aggregate.88 All these strategies pertain to specific situations and 

cannot be employed as general strategies to enhance CS state lifetime. 

1.4.1. PET in CD based supramolecular systems 

 CDs can be used as a vehicle to carry out PET reactions in aqueous media and 

large number of examples are available in the literature.89-93 The general strategy 

employed in all these studies is to link one of the electron transfer partners to the 

primary or secondary rim of the CD and then assemble the other component through 

encapsulation in the CD cavity. Steady-state and time-resolved fluorescence 

measurements were then carried out to obtain the PET rates in these systems. Laser 

flash photolysis experiments to characterize the radical ions formed in the PET reactions 

and estimate the CS state lifetimes were carried out only in very few cases.  
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 Our own group has reported the self-assembly of a -CD-based supramolecular 

dyad in which the donor anthracene (AN) moiety is covalently linked to the smaller rim 

of the CD and the acceptor pyromellitic diimide (PMDI) is encapsulated within the CD 

cavity (Figure 1.17). We observed that at higher concentrations of PMDI, the equilibrium 

is largely in favour of the supramolecular dyad and intra-ensemble PET occur with kCS = 

2.5  108 s-1 and quantum yield (PET) = 0.72. We observed that about 8% of the CS state 

was long-lived and survived for more than 200 s.94 

 

Figure 1.17. Assembly of ANCD/PMDI complex for PET. 

We have also assembled a tris(bipyridyl)ruthenium–pyrene–methylviologen (Ru-

PY-MV2+) supramolecular triad through inclusion complexation of AD-linked Ru-PY dyad 

in MV
2+

-linked -CD (Figure 1.18).95 Excitation of the tris(bipyridyl)ruthenium 

chromophore populated its 
3
MLCT which transfers its triplet energy to PY. The 

3
PY thus 

generated donates an electron to MV
2+ to give Ru(II)-Py

•+
-MV

+
. A second electron 

transfer then occurs from Ru(II) to Py
•+ to give the supramolecular Ru(III)-Py-MV

•+ 

charge separated state. Laser flash photolysis experiments confirmed formation of MV
•+ 

which exhibited 100 s lifetime. Steady state irradiation of the self-assembled system in 

the presence of sacrificial donor triethanolamine also led to formation of long-lived 

MV
+

.  
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Figure 1.18. Structures of Ru(II)-PY-AD, CD-MV2+ and Ru(II)-PY-AD@CD-MV2+. 

1.5. Origin of the Thesis 

 Study of supramolecular D-A complexes are very important as these systems 

found applications as conducting, dielectric, magnetic and optical materials. CT 

complexes are used in technologically advanced applications such as ambipolar 

transport, ferroelectricity, photoconductivity and organic field effect transistors. One 

important drawback of CT complexes is their low association constants, which limit their 

potential to form organized structures with long range order. The strength of D-A 

interaction depends on factors such as electron donating ability of D, electron accepting 

ability of A, steric crowding imparted by substituents, solvent polarity and proper match 

between the  surfaces of D and A. It has been shown recently that the association 

constant can be increased by reinforcing the CT interaction with other non-covalent 

forces such as hydrogen bonding, -stacking and hydrophobic interactions. 
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 For the last several years our research group was involved in the study of -CD 

assisted D-A interactions. A general strategy we employed is to link one of the partners 

to the CD and assemble the other constituent by inclusion binding or rim-binding with 

the CD. In order to enhance the strength of inclusion binding we have linked one of the 

constituents to AD, which exhibit very high affinity for binding to -CD cavity. We found 

that this strategy can give CT complexes with very high association constants. Recently 

we have extended our work to D linked to two -CD units and A linked to two AD units. 

In this thesis these studies are extended further using new D-A systems. 

  In the second chapter of this thesis we employed pyrene-linked to -CD as donor 

and naphthalene diimide linked to AD on one side and a pyridinium group on the other 

as acceptor. The pyridinium group is used to impart water solubility to the molecule. 

When dissolved in water the molecules formed a CT complex where the CT interaction is 

augmented by inclusion binding of AD in the CD cavity. The CT complexation was studied 

by 1H NMR, isothermal titration calorimetry, and circular dichroism techniques. The 

association constant obtained is among the highest reported ever for CT complexes. We 

observed that the inclusion complex undergoes hierarchical self-assembly to give 

twisted nanofibers. Morphology of the nanostructures were investigated using TEM and 

AFM. We also employed femtosecond pump-probe spectroscopy to study the excited 

state processes in the CT complex. The horizontal conductivity of the nanofibers was 

measured using C-AFM. 

 In the third chapter of the thesis we employed pyrene linked to two -CD 

molecules as donor and methylviologen linked to two adamantane groups as acceptor. 

The interaction between these molecules was studied by 1H NMR, 2D ROESY NMR and 

circular dichroism spectroscopies. We observed that the bis-inclusion complex formed 
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undergo hierarchical self-assembly to give closed loop structures, which then stack 

together to give toroids. And we observed that irradiation of the toroidal system did not 

lead to formation of long-lived charge separated states.   

 In the fourth chapter of the thesis we employed the same donor but used an 

acceptor that has AD-linked MV2+ moieties on all three arms of a mesitylene core. The D-

A system self-assembled in aqueous solution into vesicles which later coalesced to give 

long fibers. Self-assembly in this case was studied using 1H NMR, 2D NMR, circular 

dichroism, AFM, SEM and TEM. We observed that excitation of the D-A system led to 

very long-lived CS state. Up on Irradiation in an optical bench the colour of the solution 

changed to blue indicating the formation of long-lived viologen radical cation.  
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Chapter 2 

Hierarchically Self-Assembled Nanofiber Networks 

of Mixed Stack Charge Transfer Complex for Organic                 

Electronic Applications 

 

2.1. Abstract 
 

In this chapter, we have studied mixed stack charge transfer (CT) complex 

formation, where the charge transfer interaction was augmented by inclusion binding of 

adamantane moiety in -cyclodextrin. Pyrene linked to -cyclodextrin was the donor and 

naphthalene diimide linked to adamantane was the acceptor. Association constant for CT 

complexation was 3.6  107 M-1, which is the highest value reported so far for any CT 

complex. Complex formation was probed using 1H NMR, isothermal titration calorimetry, 

and circular dichroism studies. The results suggested that within the CT complex the 

donor and acceptor exist as alternating units with a dihedral angle > 50between them 

with each donor-acceptor pair rotated slightly with respect to the preceding and 

succeeding pairs. The CT complex underwent hierarchical self-assembly to give twisted 

nanofibers as confirmed by AFM and TEM studies. The excited state relaxation process in 

the charge transfer complex was investigated by femtosecond time-resolved pump-probe 

spectroscopy. The horizontal conductivity of the nanofibers was measured using C-AFM.  
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2.2. Introduction 
 
  Low or moderate association constants (Ka) of Intermolecular CT interactions 

between aromatic donor (D) and acceptor (A) molecules restrict the formation of 

organized assemblies with long-range order. Researchers adopted several methods to 

enhance CT interactions by enforcing it with other non-covalent forces such as hydrogen 

bonding,1-3 -stacking,4-6 metal-ligand coordination,7,8 and hydrophobic interactions.9 

Even after reinforcement with additional non-covalent interactions the currently 

available ‘high’ Ka values for CT complexation is only in the 103–104 M-1 range. Wilson 

and co-workers performed a systematic study on the co-assembly of homopolymers 

containing different pendent D and A groups and concluded that pyrene (PY)-

naphthalene diimide (NDI) system is the best D-A pair for CT complexation.10 Several 

studies determined the association constants for the PY-NDI CT complex by varying 

conditions and the reported values include 6.0  103 M-1 in methylcyclohexane,11 9.0  

102 M-1 in 2:1 water:methanol,12 and 8.9  102 M-1 in 99:1 water:DMF.13 Various research 

groups attempted to reinforce the PY-NDI CT interactions with other non-covalent 

forces.14-19 For example, Khalily et al. constructed supramolecular 1D nanowires of PY-

NDI system exhibiting high Ka value of 5.18 105 M-1 by reinforcing CT with H-bonding 

and electrostatic interactions,20 which was the highest Ka value reported for the PY-NDI 

system so far. Thin films obtained by drop-casting this CT complex solution exhibited 

conductivity of 1.65  10-5 S/cm.  

Herein we report the construction of a highly stable PY-NDI CT complex where 

the CT interaction is augmented by adamantane (AD)/-cyclodextrin (-CD) inclusion 

binding. The -CD moiety is linked to PY to give the donor system designated here as 
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PYCD. One of the N atoms of NDI is connected to AD group through a methylene linker, 

and the other N atom is linked to a pyridinium moiety to increase water solubility. The 

AD-linked NDI is designated as NDIAD in this study. Structures of PYCD and NDIAD are 

given in Figure 2.1. We also used a water-soluble pyrene derivative PYP (Figure 2.1) for 

few control experiments. We observed that PYCD/NDIAD system exhibited Ka > 107 M-1 

and underwent hierarchical self-assembly to give long fibers. 

 

Figure 2.1. Structures of molecules employed in this study. 

 According to Mulliken’s theory, excitation of the CT band should result in the 

direct formation of radical ion pair (D•/A•) states.21,22 Kochi and co-workers studied the 

ultrafast formation and decay of radical ion pairs by exciting the CT band in several D/A 

systems.23,24 However, to the best of our knowledge only one study is available which 

reported formation of ion pairs in self-assembled nanostructures of CT 

complexes.25Herein we report the femtosecond pump-probe spectroscopic study of the 

PYCD/NDIAD CT complex. We observed direct formation of the radical ion pair when the 

CT band is excited. The charge separated state was extremely short lived (6 ps), 

thereby confirming the close proximity of the donor and acceptor in the hierarchically 

self-assembled system. Since CT complexes have electronic applications, we also 

determined the horizontal conductivity of the CT nanostructure. 
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2.3. Results and Discussions 

2.3.1. Synthesis and characterisation of molecules 

NDIAD was synthesized as shown in Scheme 2.1. 1,4,5,8-

naphthalenetetracarboxylic dianhydride 1 was refluxed with 1-adamantylmethylamine 

and 2-Amino-1-ethanol (1:1 molar ratio) in dry DMF under argon for 24 h at 130 0C to 

give the corresponding hydroxy derivative 2 in 40% yield. 2 was then converted to the 

bromo derivative 3 in 50% yield by refluxing with hydrobromic acid and sulphuric acid 

for 3 h at 100 0C. The water soluble pyridinium derivative 4 (NDIAD) was obtained in 75% 

yield by refluxing 3 with pyridine for 24 h at 85 0C. 

 

Scheme 2.1. Scheme for the synthesis of NDIAD. 

 PYCD was synthesized as shown in Scheme 2.2. The synthesis involved the amide 

coupling reaction of 1-pyrene acetic acid with the -CD monoamine derivative 5 in the 

presence of DCC and 1-HOBt. The pure product was obtained in 52% yield by repeated 

column chromatography using methanol/water mixture (1:1) over reverse phase silica 

gel. The intermediates and final products are well characterized using state of the art 

spectroscopic methods.  
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5 6 (PYCD)  (52%)
 

Scheme 2.2. Scheme for the synthesis of PYCD. 

2.3.2. Charge transfer complexation in PYCD-NDIAD 

 When PYCD and NDIAD (1:1) are dissolved in aqueous solution they form a very 

stable CT complex, which we designate as NDIAD@PYCD.  The CT complexation between 

these two molecules in aqueous solution was studied by High resolution mass 

spectroscopy (HRMS), UV-Vis absorption spectroscopy, Isothermal titration calorimetry 

(ITC), circular dichroism (CD) spectroscopy and 1H NMR spectroscopy. In some of these 

studies we have compared the results with corresponding properties of NDIAD/PYP 

complex, which is designated as NDIAD@PYP. The results of these studies are presented 

in the following sections. 

2.3.2.1. HRMS studies  

 ESI-HRMS of NDIAD@PYCD is shown in Figure 2.2. The spectrum shows the m/z 

peak at 1895.66. The calculated molecular weight of 1:1 NDIAD@PYCD complex is 

1895.67, if the Br- counter ion is not considered. In Figure 2.2b the spectral region is 

expanded and shows peaks at 1895.66 and 1896.66, which correspond to 

[NDIAD+PYCD]+ and [NDIAD+PYCD+H]+, respectively. The results confirmed that the 

NDIAD@PYCD complex contained the constituents, NDIAD and PYCD, in 1:1 ratio. 



 
Chapter 2                                                  Mixed Stack CT Complex for Organic Electronic Application  

 

46 
 

 

Figure 2.2. a) HRMS (ESI) spectrum of NDIAD@PYCD complex and b) Enlarged portion of 1895.66 

peak region.  

2.3.2.2. UV-Visible absorption spectroscopy studies 

UV-Visible spectroscopy is a powerful tool to characterize CT complexes. CT 

complexes are characterized by a low energy band in the visible region, known as CT 

band, which correspond to the transfer of a fraction of charge from the HOMO of donor 

to the LUMO of the acceptor. Figure 2.3a and b show the absorption spectra of PYCD 

and NDIAD (each 2.5  10-5 M), respectively. Figure 2.3c shows the absorption spectrum 

of NDIAD@PYCD (2.5  10-5 M). The spectrum is different from the sum of the 

absorptions of the constituents in the 250-400 nm region, suggesting considerable 

interaction in the ground state. The CT band is seen above 500 nm. Even at this low 

concentration the CT band is clearly visible as shown in the zoomed version (Figure 

2.3.d). 
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Figure 2.3. Absorption spectra of 2.5  10-5 M aq. solutions of a) PYCD, b) NDIAD, and c) 

NDIAD@PYCD. The CT absorption region in c is enlarged in d. 

At concentrations higher than 10-4 M, NDIAD@PYCD exhibited dark violet colour. 

Figure 2.4.a shows the CT band of NDIAD@PYCD (2.5 10-3 M) and its temperature 

dependence. For comparison, the CT band of NDIAD@PYP (2.5 10-3 M) and its 

temperature dependence is presented in Figure 2.4.b. Although the spectral profiles of 

the CT bands in NDIAD@PYCD and NDIAD@PYP are similar, several differences exist 

among these CT complexes. 

The NDIAD@PYCD solution appears dark violet with the maximum absorbance of 

1.05 at 568 nm. The NDIAD@PYP solution is pale red in color with the maximum 

absorbance of 0.58 at 495 nm. Up on increasing the temperature from 20 to 90 0C the CT 

absorption decreased only by 17% for NDIAD@PYCD whereas 60% decrease in the 

absorbance was observed for NDIAD@PYP. These results suggest that CT complex 

formed in the NDIAD@PYCD system is highly stable compared to that of the model 

system. 
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 Figure 2.4. CT absorption bands of a) NDIAD@PYCD and b) NDIAD@PYP and their temperature 

dependence. Insets show the solution colors. Concentrations of the constituents were 2.5 10-3 

M each, in both cases. 

2.3.2.3. Isothermal titration calorimetric studies 
 

ITC is the preferred technique to determine the thermodynamic aspects of 

binding interaction between molecules.26 Binding interactions would involve heat 

changes and these changes can be directly observed in the ITC experiment. The 

instrument is equipped with sample and reference cells, maintained exactly at the same 

temperature. The host is taken in the sample cell and small aliquots of guest is added to 

it from a syringe with stirring. Every addition result in an increase or decrease of the 

temperature in the sample cell, depending on whether the host-guest interaction is 

exothermic or endothermic. A feedback system continuously monitors the temperatures 

of the sample and the reference cells and supplies small power to these cells to maintain 

the same temperature in the two cells. The amount of power (cal/sec) required to 

maintain constant temperature in the sample and the reference cells during each 

addition is measured. The data obtained is then fitted using standard protocols to obtain 

binding parameters such as Ka, H, S, G and the binding stoichiometry ‘n’.   
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 For the ITC experiment, NDIAD (2.0 mM in water) was taken in the syringe, and 

PYCD (0.2 mM in water) was taken in the cell. The ITC titration curve obtained is given in 

Figure 2.5. Aqueous NDIAD solution is highly viscous, and hence bubbles are formed 

during stirring. The small distortions in the titration curve are due to bubble formation, 

and fitting of the data gave Ka = 3.64 107 M-1. Other parameters obtained from the ITC 

experiment are H = -29.76 kJ mol-1, S = 44.76 J mol-1 K-1, and binding stoichiometry n = 

1.0. Since NDIAD exists as aggregates in solution, de-aggregation must occur before CT 

complex formation. S for complexation is positive most probably because of the de-

aggregation process. The negative value of Gibbs energy change G) confirms the 

favorable self- assembling process taking place between PYCD and NDIAD in water.  

 

Figure 2.5. ITC titration curve for NDIAD@PYCD. 
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In the NDIAD@PYCD system studied here, the CT interaction is augmented by the 

inclusion binding interaction of adamantane moiety in -CD cavity. If we take Ka(CT)  103 

M-1 for the CT interaction between PY and NDI chromophores and Ka(IN)  104 M-1 for 

inclusion binding of adamantane in -CD, the Ka value for NDIAD@PYCD = Ka(CT) Ka(IN) 

107 M-1, which is the value observed experimentally. This is the highest value reported 

for the PY-NDI donor-acceptor system so far. 

For the NDIAD@PYP model system, ITC titration curve obtained was not 

satisfactory due to the low heat changes. Hence, we attempted to determine the 

association constant for this system using UV-Visible method. For this experiment we 

monitored the intensity of the CT band as a function of concentration. And the 

association constant of the NDIAD@PYP system was calculated using the equation 2.1.27     

 

Where d is the concentration, Ac is the absorbance maximum of CT band and Ka 

is the association constant. According to equation, plot of d/Ac vs. 1/(Ac)1/2 should be a 

straight line and Ka can be calculated from the slope and intercept of this plot. Figure 

2.6a is the concentration dependence of the CT band and the corresponding linear plot 

of d/Ac versus 1/Ac
1/2 is shown in Figure 2.6b. Ka thus obtained was 1.16  103 M-1 which 

agreed very well with literature reports.12, 13  
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Figure 2.6. a) Concentration-dependent absorption spectra for NDIAD@PYP. The arrow 

represents the change in concentration from 1.5 × 10-3 M – 0.95 × 10-3 M. b) Plot of d/AC against 

1/AC
1/2. (Ka = 1.166  103 M-1). 

2.3.2.4. 1H NMR titration studies  

 NMR spectroscopy is a powerful techniques to probe the dynamic processes 

involved in host-guest interactions. D-A stacking usually leads to changes in the chemical 

shift values and also significant broadening for the 1H NMR signals. Depending on the 

magnitude of the proton shift and broadening, the strength of the molecular 

interactions involved in the CT complex could be estimated. The binding constant can be 

estimated using observed chemical shift changes. In the case of the NDIAD@PYCD, 

binding constants in water cannot be estimated using 1H NMR because NDIAD does not 

give a well-resolved 1H NMR in water. This aspect is described in detail in the following 

sections.   

 NDIAD exhibited a well-resolve 1H NMR spectrum with easily identifiable proton 

signals in DMSO-d6 which is shown in the Figure 2.7. The aliphatic and aromatic regions 

are expanded and protons are also labeled in Figure 2.7. The signals, get broadened in 

the presence of D2O as shown in Figure 2.8. Addition of small amounts of D2O leads to 

loss of resolution and splitting pattern along with broadening of the signals (Figure 2.8). 
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In the aliphatic region, the splitting pattern of the AD protons exhibit some changes, but 

compared to the aromatic region the changes in the aliphatic region are less. 

a)

 

Figure 2.7. a) 1H NMR spectrum of NDIAD in DMSO. The aromatic and aliphatic regions of the 

spectrum are enlarged in b and c, respectively.  

 The 1H NMR spectrum of NDIAD in pure D2O is shown in Figure 2.9a. The NDI and 

AD proton signals are highly broadened in the spectrum. The signal broadening is 

attributed to aggregation.28-30 The signals became relatively sharper upon increasing 

temperature (Figure 2.9b-f). The 1H NMR signals are broad even at 80 0C, indicating the 

presence of aggregates at this temperature as well. 
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Figure 2.8. 1H NMR titration of NDIAD in DMSO with the addition of D2O. 

 

Figure 2.9. 1H NMR spectrum of NDIAD in D2O and its temperature dependence. 
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 We observed that aggregation of NDIAD could be prevented by addition of β-CD. 

Figure 2.10 shows 1H NMR of NDIAD in D2O in the absence and presence of -CD.  For 

comparison, the NMR spectrum in D2O at 80 0C is also presented in the figure. As is 

evident from Figure 2.10c, the presence of β-CD, the NDI signals became sharper, but 

the AD protons exhibited broadening (relative to those in DMSO-d6). In the presence of 

-CD, the AD group gets encapsulated in the CD cavity and increases the solubility of the 

molecule. Increased solubility reduces the propensity for aggregation which is evident 

from the sharp signals in the aromatic region. Since the AD group is encapsulated, 

signals due to AD are broadened. In Figure 2.10c we can actually assign the signals due 

to NDI and AD protons without any difficulty. Since inclusion binding in β-CD is observed 

only in water, all studies reported herein were carried out in water.  

 

Figure 2.10. 1H NMR spectra of a) NDIAD at 20 0C, b) NDIAD at 80 0C and c) NDIAD@β-CD at 20 0C      

in D2O. 
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In order to understand the nature and conformation of the NDIAD@PYCD and 

NDIAD@PYP systems, a detailed NMR analysis was carried out. Figure 2.11 shows the 1H 

NMR of NDIAD@PYCD in D2O (panel b) along with those of the components PYCD (panel 

a) and NDIAD (panel d). For comparison purposes NMR of NDIAD@-CD is also shown in 

Figure 2.11 (panel c). 1H NMR of 1-substituted adamantane derivatives generally show 

three signals: A singlet (3 protons) for Hb, singlet (6 protons) for Hc and a doublet of 

doublet (6 protons) for Ha. Sometimes the Ha and Hc proton signals get partially merged 

to give a complex pattern (as in Figure 2.11c).  

 
Figure 2.11. 1H NMR spectra of a) PYCD, b) NDIAD@PYCD, c) NDIAD@-CD and d) NDIAD in D2O. 

Major changes due to complexation are indicated by arrows.  

When encapsulated in -CD with the substituent remaining outside the wider 

rim, the Ha and Hb protons would be deep inside the cavity and NMR signals 

corresponding to these protons would be highly broadened and/or shifted. The Hc 

protons will be less affected. In most cases of AD@-CD, the three sets of protons can 

be easily identified in the NMR. In the case of NDIAD@PYCD (panel b, Figure 2.11), the 
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AD protons exhibited a very complex splitting pattern in the  0.95 – 2.05 ppm range. 

Such complex patterns were not observed previously for any AD@-CD systems, and 

this observation called for additional experiments to confirm the proton assignments. 

The model compound PYP forms CT complex with NDIAD and Figure 2.12. (panel 

b) shows the 1H NMR of NDIAD@PYP. For comparative purposes, NMR spectra of NDIAD 

and PYP are also given in Figure 2.12. In the NMR spectrum of the NDIAD@PYP complex, 

the signals corresponding to the AD protons appear as very sharp, clearly identifiable 

signals suggesting that CT complex formation proceeded with de-aggregation of NDIAD. 

 

Figure 2.12. 1H NMR spectra of a) NDIAD, b) NDIAD@PYP, c) PYP alone in D2O. 

In an attempt to understand the complex NMR pattern exhibited by 

NDIAD@PYCD, we have studied the temperature dependence of the NMR spectrum.  

Figure 2.4 showed that the intensity of the CT absorption decreased as temperature 

increases. We hoped that this will be reflected in the NMR spectrum as well, which in 

turn will give some idea about the observed NMR pattern. Temperature dependence of 
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the 1H NMR spectrum of NDIAD@PYCD is shown in Figure 2.13. It can be seen that the 

complex pattern observed in the  0.95 – 2.05 ppm region at 25 0C got reduced into a 

less complex pattern at 80 0C. Signals in the aromatic region are also considerably 

simplified at 80 0C. For example, chemical shifts due to the pyridinium protons can be 

clearly identified at 80 0C. If the peak at  9.25 ppm is identified as Hk (two protons), 

integration of the signals would show that the broad signals in the alkyl region ( 1.72-

2.55 ppm) correspond to fifteen protons due to the AD moiety. The small signal at  2.46 

ppm corresponds to Hb (three protons), and the broad peak centered around  2.01 and 

1.90 ppm corresponds to Ha and Hc (twelve protons). It may be noted that at 25 0C the 

Hk signal is split into two peaks. If these two peaks are integrated as two protons, then 

the complex pattern in the 0.95 – 2.05 ppm region would correspond to fifteen 

protons which can be sub divided into three groups of protons as shown in Figure 2.13 

(lower panel). Since the Hc protons remain outside the cavity, we expect this proton to 

be less affected by complexation based on which we assign the single peak at  1.24 

ppm to Hc and the multiplet pattern in the  1.36-1.65 ppm to Ha protons. This analysis 

has shown that the three Hb protons are not chemically equivalent. A similar situation 

applies to the six Ha protons. Thus, the temperature dependent NMR study has 

established the non-equivalency of the three Hb and six Ha protons. The non-equivalency 

of the protons could be due to the absence of free rotation for the AD group within the 

-CD cavity and/or formation of secondary structures (vide infra). 
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Figure 2.13. Temperature dependence of 1H NMR of NDIAD@PYCD. 

2.3.2.5. Circular dichroism studies 
 

Achiral molecules do not exhibit any cotton effect. If achiral molecules are 

associated with β-CD, they may show induced circular dichroism (ICD). Kodaka’s rules 

can predict the orientation of the achiral molecule with respect to the β-CD axis using 

the sign and intensity of observed ICD signals.31,32 The rules predict the following: 1) For 

a chromophore placed inside the cavity, the sign of ICD signal will be positive for a 

transition polarized parallel to the axis of the β-CD, and negative for that polarized 

perpendicular to the axis, 2) the sign of ICD is reversed when the chromophore moves 

from the inside of the β-CD cavity to the outside, keeping the direction of the transition 

moment unchanged and 3) the absolute value of ICD is greater when a chromophore is 

placed on the outside of the narrower rim than when it is on the outside of the wider 

rim. 
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In order to have a detailed understanding of the complex splitting pattern in the 

NMR of NDIAD@PYCD complex, we have employed Circular Dichroism (CD) 

spectroscopy. PY and NDIAD are achiral chromophores and do not exhibit any cotton 

effect, but they can exhibit induced circular dichroism (ICD) when associated with -CD. 

We have reported previously that PYCD exhibits weak positive ICD signals which are 

similar to the S0S2 transition of PY.33 NDIAD@-CD exhibited a weak negative ICD 

signal which is shown in Figure 2.14 a . The lowest energy transition in the 300-400 nm 

in NDI is polarized along the N – N axis.34 When the AD moiety of NDIAD is encapsulated 

in -CD, the NDI chromophore is forced to stay outside the wider rim of -CD. As can be 

seen in the inset in Figure 2.14b, the presence of the CH2 group between the NDI and AD 

forces the NDI chromophore to adopt a conformation which is nearly parallel to the -

CD axis. The resulting ICD signal is expected to be very weak with a negative sign as per 

Kodaka’s rule. 

 

Figure 2.14. ICD spectrum of a) PYCD alone and b) NDIAD@β-CD in water. Inset in b shows the 

probable orientation of NDIAD with respect to β-CD axis. 

 Figure 2.15a shows the ICD spectrum of NDIAD@PYCD (2.5  10-5 M). The 

spectrum exhibited a moderately strong signal in the 300-420 nm region and a weak 
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positive signal in the CT absorption region indicating that the CT complex is chiral. The 

intensity of CD signal in the CT region was low at the low concentration employed for 

this study. When the concentration of NDIAD@PYCD was increased to 2.5  10-3 M an 

intense CD signal was observed for CT band which is shown in Figure 2.15b (at this 

concentration the optical density in the region below 400 nm is significantly greater than 

1.0, and hence CD spectrum of this region could not be recorded). Temperature 

dependence of the CD spectrum in the 20-80 0C is also shown in Figure 2.15b, which 

again supports the very high stability of the CT complex. 

A comparison of Figure 2.15a with the absorption spectrum of the CT complex 

(Figure 2.3c) suggests that the observed signal (in the 300-420 nm region) is a bisignated 

CD signal with a first negative cotton effect. Bisignated signal arises due to exciton 

coupling when the chromophores involved are spatially very close and constitute a chiral 

system.20,35In such a system the electronic transition moments would interact spatially 

so that the energy levels of the excited states split which will be reflected in the CD 

spectrum as the bisignated signal. Observation of the bisignated signal suggests that the 

NDIAD@PYCD complex constitute an exciton coupled bichromophoric system where the 

transition moments of the chromophores are rotated by a small angle. 

 The intense CD signal due to the CT band in Figure 2.15b cannot be attributed to 

induced chirality due to -CD and we attribute this to supramolecular chirality resulting 

from twisted or helical structures formed by the hierarchical assembly of the CT complex 

as observed for PMDI@PYCD systems previously.33 
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Figure 2.15. a) CD spectrum of NDIAD@PYCD (2.5 10-5 M) and b) CD spectrum of the CT band 

region (2.5 10-3 M) and its temperature dependence. 

2.3.2.6. DLS and Tyndall effect studies 

We observed the formation of nanoscopic objects in aqueous NDIAD@PYCD 

solutions. Presence of small particles in solution can be detected by Tyndall effect which 

involves the passing of a small laser beam through the sample solution. Small particles 

present in the path of the solution will scatter the light, making the light path visible to 

naked eye. The particle size distribution in the solution can be determined using 

dynamic light scattering (DLS) experiment.36 We carried out DLS and Tyndall effect 

experiments to confirm the presence of supramolecular nanostructures in NDIAD@PYCD 

aqueous solution. The results are presented in Figure 2.16. The Tyndall effect 

experiment clearly showed the laser path and confirmed the presence of small particles 

in the NDIAD@PYCD solution (Figure 2.16a). The DLS experiment (Figure 2.16b) showed 

the presence of nanostructures with a narrow size distribution in the range of 60-100 

nm, with average hydrodynamic size of   ̴ 80 nm even in dilute solutions (10-4 M) of 1:1 

NDIAD@PYCD. In order to get a better understanding of these particles, AFM and TEM 

experiments were carried out. 
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Figure 2.16. a) Size distribution profile of 10-4 M solution of 1:1 NDIAD@PYCD in water. b) 

Tyndall effect of 10-4 M solution of NDIAD@PYCD in water.  

2.3.2.7. Morphological analysis 

The presence of nanostructures in NDIAD@PYCD solution is further confirmed 

with the help of TEM and AFM analysis (Figure 2.17).  

200 nm

400 nm

a) b)

c) d)

 

Figure 2.17. a, b) AFM and c,d) TEM images of nanofiber formation of NDIAD@PYCD in water. 

Inset in b shows the height profile of the nanofibers.  
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AFM and TEM images of NDIAD@PYCD (1  10-4 M, 1:1) showed the presence of 

twisted nanofibers of ~ 1.0 m length, 80-100 nm width and 7-10 nm height. The 

zoomed AFM and TEM images clearly show the twisted nature of the fibers. The CD 

signal due to the CT band can be attributed to the twisted supramolecular fibers seen in 

AFM. Using the AFM, the root mean square (rms) roughness of the film was measured 

and the value obtained was 2.6-3.6 nm, suggesting that film surface is very smooth or 

homogeneous. 

2.3.2.8. Mechanism of self-assembly 
  

 As mentioned earlier, both CT and inclusion binding interactions are involved in 

the formation of NDIAD@PYCD. NMR, ICD and microscopic studies (vide infra) suggested 

that the inclusion/CT complex formed initially underwent hierarchical self-assembly. 

Since Ka(IN) > Ka(CT), we propose Scheme 2.3 for the formation of NDIAD@PYCD and its 

further assembly into hierarchical structures. Further self-assembly occurs through 

cumulative CT interactions as shown in Scheme 2.3. The scheme, however, does not 

explain the complex pattern observed for the adamantyl and pyrene protons in the 1H 

NMR spectrum of NDIAD@PYCD and the bisignated CD signal. In order to explain these 

aspects, we invoke a twisting between the pyrene and NDI moieties of the assembly. 
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+

Hierarchical Self-assembly
 

Scheme 2.3. Formation of NDIAD@PYCD complex and it’s hierarchical self-assembly. 

Several reports dealing with crystal structures of PY/NDI CT complexes are 

available in the literature.17Gujrati et al. reported that in the CT complex, NDI and PY 

exist as alternating units in columnar stacks along the crystallographic a axis with an 

inter planar distance of 3.4 Å and a dihedral angle ) of between the long 

molecular axes of NDI and PY.37 A computational study by Lin predicted values from 50 

– 75 for the PY/NDI complexes.38 Li et al. prepared PY/NDI complexes that exhibited 

reversible color changes in the solid state when treated with different organic solvents. 

The origin of the color changes was shown to be solvent inclusion which leads to 

changes invalue. CT crystals which did not contain any solvent molecules appeared 
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orange in color (max = 500 nm), and values for these were found to be < 50. CT 

crystals with purple or purple-red colors max 530nm) have two solvent molecules 

included in the crystal, and these have  values > 50.17 The above reports provide 

valuable insights regarding the origin of the bisignated CD signal which is a consequence 

of the orientation of chromophores in the NDIAD@PYCD system. 

 The NDIAD@PYCD system exhibited deep violet color with max = 568 nm. 

Applying the information from the crystal structures, we may predict that two water 

molecules are incorporated in the CT stack which increases the dihedral angle to nearly 

700. The CT system exhibited induced chirality because they are associated closely with 

-CD, but since the chromophores exhibited a twist angle between their long molecular 

axes the resulting CD signal is bisignated. The signal intensity is small because the 

chirality is not intrinsic but induced. Thus, the -stacking in NDIAD@PYCD could be as 

shown in Figure 2.18a or b. In the configuration shown in Figure 2.18a, the dihedral 

angle between PY and NDI is > 50, which is similar to the crystal structure reported by 

Gujrati et al.37 In this configuration the orientation of PY and NDI chromophores are 

identical in successive stacks. This means that all PY residues have similar chemical 

environments throughout the assembly. The NDI moieties also have similar 

environments and hence all the AD units linked to NDI and included in PYCD cavities are 

also expected to have similar chemical and magnetic environments. Although Figure 

2.18a explains the bisignated CD signal, it cannot explain the complex NMR pattern of 

NDIAD@PYCD reported in Figure 2.11b. 
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Figure 2.18. Possible π-stacking arrangements in NDIAD@PYCD. 

In order to explain the complex NMR pattern in Figure 2.11b, we invoke the D-A 

stack configuration in Figure 2.18b where the dihedral angle between NDI and PY 

remains the same but each NDI-PY pair is rotated by some angle with respect to the 

preceding and succeeding NDI-PY pairs. Thus, each PY, NDI and AD groups have slightly 

different chemical and magnetic environments compared to their analogues in adjacent 

stacks. The origin of the complex NMR spectrum of NDIAD@PYCD and the bisignated CD 

signal can be explained using Figure 2.18b. 

2.3.2.9. Femtosecond transient absorption studies 

 According to Mulliken’s theory, CT complexes are formed by partial transfer of 

electron from the HOMO of the donor to the LUMO of the acceptor. The CT absorption 

band is due to this charge transfer. For the NDIAD@PYCD system the CT absorption 

occurs in the 400-700 nm region. Irradiation of the complex using 532 nm laser light is 

expected to produce the ion-pair state [PY+ NDI-] as shown in Scheme 2.4. 
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Scheme 2.4. Schematic representation of the formation of excited ion pair state. 

PY+
 stands for the radical cation of the PY donor and NDI stands for the radical 

anion of the NDI acceptor. kBET is the rate constant of back electron transfer which  

regenerates of the CT ground state. We have employed nanosecond and femtosecond 

transient absorption spectroscopy to confirm the formation of radical ion species upon 

excitation of the CT complex. Nanosecond flash photolysis of NDIAD@PYCD employing 

532 nm laser pulses did not yield any transient species indicating that excitation of the  

CT state did not furnish any long-lived species.  

 Femtosecond transient absorption studies, however, resulted in the formation of 

extremely short-lived species absorbing the 400-550 nm region. Since we have used 600 

nm excitation, the region around the pump wavelength could not be probed. Transient 

absorption spectra obtained in the 4.5 ps – 24 ps time window are shown in Figure 2.19 

a. The transient spectra showed maximum around 470 nm and shoulder at 425 nm. 

Using a peak fitting program, we could resolve the broad spectrum into two absorptions, 

as shown in Figure 2.19b, with max at 440 nm and 474 nm. Based on previous reports by 

others39,40  and us,41 the 440 nm absorption was assigned to PY+. NDI is known to 

exhibit a broad absorption extending up to 800 nm with maximum around 470 nm.42-44 

Hence we assign the 474 nm absorption to NDI. Thus, the femtosecond transient 

absorption studies confirmed the generation of the radical ion pair as per Scheme 2.4. 
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Figure 2.19. a) Femtosecond transient absorption spectra of NDIAD@PYCD recorded at different 

time delays (4.5 ps – 24 ps) upon excitation at 600 nm. b) Spectra of constituents generated by 

the peak fitting program. 

 The kinetic traces obtained at wavelengths 440 nm and 474 nm are shown in 

Figure 2.20. Examination of the kinetic profiles suggests that the transient species are 

formed within a very short time (<100 fs) and decay by first order kinetics. Fitting of the 

profiles gave lifetime of 6 ps for both absorptions, which correspond to decay rate of 

1.66  1011 s-1. For several D-A complexes studied by Kochi and co-workers the kBET 

values were in the range of (1.6 – 2.0)  1010 s-1 range.23, 24, 45-47 None of the systems 

studied by Kochi’s group self-assembled into supramolecular systems. For a CT complex 

which formed supramolecular fibers, Aoki et al. reported kBET value of 2.2  1010 s-1.25For 

the NDIAD@PYCD system studied here kBET value obtained is one order of magnitude 

larger. The extremely fast formation and decay of the ion pairs suggest that PY and NDI 

chromophores are very tightly packed in the NDIAD@PYCD nano structures and the inter 

ionic separation in PY+/NDI can be considered as very similar to that in contact ion 

pairs. Rapid formation and decay of this state confirms that the donor and acceptor 

precursors are residing in close proximity and both the forward and back electron 

transfers are static in nature. 
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Figure 2.20.  Kinetic decay obtained at the probe wavelengths a) 440 nm and b) 474 nm. 

2.3.2.10. Conductivity measurements 

Mixed stack CT complexes of aromatic molecules are well known for their 

inherent semiconducting properties. We carried out horizontal conductivity 

measurements of NDIAD@PYCD films. Initially we measured I-V measurement on the 

gold (red trace) and mica (blue trace) surfaces indicating the ohmic and insulator 

behaviour respectively as shown in Figure 2.21. 

 

Figure 2.21. I-V measurements on gold (red trace) and mica (blue trace) surfaces. 
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For measuring the conductivity of NDIAD@PYCD films, gold metal was thermally 

evaporated on to a small unmasked area on a freshly cleaved mica surface. The mask 

was removed and a film of NDIAD@PYCD was deposited on to this region by drop 

casting 10-4 M solution. The NDIAD@PYCD fibers formed on the surface could be located 

by tapping mode AFM using a conductive tip (Figure 2.22).  
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Figure 2.22. a) AFM image showing nanofibers of NDIAD@PYCD in contact with the gold 

metal electrode edge. b) Zoomed version of a. Insets in a and b show the thickness of 

the gold electrode and height of the nanofiber, respectively. 

From the AFM image, we obtained the thickness of the gold electrode as 55 nm 

(inset in Figure 2.22a) and height of the nanofibers as 7 nm (inset in Figure 2.22b). The 

horizontal conductivity of nanofibers was calculated using the equation σ = d/(AtR) 

S/cm,48 where d is the sample thickness ( 7 nm), R is the resistance of the sample and At 

is the area of the C-AFM probe in contact with the surface. ‘At’ was calculated as πr2, 

assuming a contact radius of 35 nm between tip and sample. R is estimated from the 

inverse slope of the I-V curve. In Figure 2.22a the white arrow marks the junction 

between the gold electrode and nanofibers. The yellow, green and blue arrows 

represent locations at 500 nm, 800 nm, and 1.0 m, respectively, from the junction. The 
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current along the nanofiber was measured by bringing the AFM tip in contact with the 

sample surface. I-V data of NDIAD@PYCD film was measured between -5V to 5V with the 

applied bias voltage of 1V. I-V curve obtained by keeping the tip at 500 nm from the 

junction is shown in Figure 2.23a. Nearly identical I-V curves were obtained at 800 nm 

(Figure 2.23b) and 1.0 m (Figure 2.23c) distances also, which confirmed that there are 

no metal deposits on the nanofibers beyond the electrode edge. Nonlinear diode like 

nature of these I-V curves implies semiconducting nature of the nanofibers. The 

horizontal conductivity of the sample was calculated as 1.2  10-3 S/cm for nanofiber 

height of 7 nm and tip contact radius of 35 nm. The conductivity value obtained here is 

higher than that reported previously for a pyrene/NDI self-assembled CT complex.20 This 

enhanced conductivity can be attributed to the high association constant for the 

NDIAD@PYCD CT complex formation. 

 

Figure 2.23. I-V measurement taken at a) 500 nm, b) 800 nm and c) 1 m from the junction. 

2.4. Conclusions 
 

In conclusion, we have designed a highly stable PY-NDI CT complex by exploiting 

the high affinity of adamantane derivatives for inclusion binding in -CD cavity to 

augment the CT interaction between PY and NDI chromophores. The association 

constant for complexation, as measured by ITC, was 3.64 107 M-1, which is the highest 
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value reported for any CT complex. -stacking between PY and NDI, and inclusion 

binding of adamantane moiety in -CD are probed using 1H NMR. Adamantane protons 

within the CD cavity exhibited an extremely complex NMR pattern. Careful analysis with 

the aid of temperature-dependent NMR, supported by circular dichroism spectroscopy, 

suggested that protons of each PY, NDI, and adamantane groups have slightly different 

chemical and magnetic environments compared to their analogues in adjacent stacks. 

Based on these results we proposed that within the complex the PY and NDI exist as 

alternating units with a dihedral angle > 500 between them, but each PY-NDI pair is 

rotated slightly with respect to the preceding and succeeding pairs. The AFM and TEM 

analysis confirm that the CT complex undergo hierarchical self-assembly to give twisted 

fibers which showed horizontal conductivity of 1.2  10-3 S/cm and it may have potential 

applications in organic electronics. Excitation of the CT band in NDIAD@PYCD using 

femtosecond laser gave transients assignable to PY+ and NDI radical ion pairs. 

Ultrafast formation (<100 fs) and decay (6 ps) confirms close packing of the PY and NDI 

moieties in the nano assembly. 

2.5. Experimental Sections 
 

2.5.1. Instrumentation and methods 
 

All solvents and reagents were commercially available and used without further 

purification, unless otherwise specified. All experiments were performed in deionized 

water at 25 °C. Electronic absorption spectra were recorded on a Shimadzu UV-2600 UV-

Vis spectrophotometer. ITC data was obtained using microcal iTC 200. The raw data 

obtained was fitted and analysed using origin 7.0 software provided along with the 

instrument. Circular dichroism experiments were performed on JASCO 810 spectrometer 
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using quartz cuvettes of 1 cm path length, equipped with peltier thermostatic cell 

holders for variable temperature studies. All NMR spectra were recorded in D2O, and 

DMSO-d6 purchased from Aldrich, using a 500 MHz Bruker Avance DPX spectrometer. 

ESI-HRMS mass spectra were recorded using orbitrap mass spectrometer (Thermo 

Exactive). TEM analyses were performed using a FEI-TECNAI T30 G2S-TWIN, 300 kV 

HRTEM microscope with an accelerating voltage of 100 kV and the samples were 

prepared by drop-casting the aqueous solution on a formvar coated copper grid (400 

mesh) and evaporating excess water. AFM images were recorded on Multimode SPM 

(Bruker Nanoscope V) operating with a tapping mode regime. Antimony doped silicon 

cantilever with a resonant frequency of 300 kHz and spring constant of 40 Nm-1 were 

used. The sample solution in water was drop casted directly on top of a mica substrate, 

and water was allowed to evaporate at ambient conditions and used for AFM analysis. 

For C-AFM measurement, the gold electrode deposition was carried out by the thermal 

evaporation in an ultra-high vacuum chamber, and platinum coated conductive probes 

(NTMDT-CSG series) were used in a humidity-controlled atmosphere (<40% relative 

humidity). Femtosecond transient absorption experiments were performed using a Ti: 

sapphire laser light centered around 800 nm (Mai Tai HP, Spectra Physics, USA) having 

pulse width <100 fs and 80 MHz repetition rate. The amplified laser beam was split into 

two in the ratio of 75:25%. The more intense beam was converted into the required 

wavelength (600 nm) for exciting the sample by using TOPAZ (Prime, Light Conversion). 

The white light continuum (340−1000 nm) was generated by focusing the less intense 

beam on to a 1-mm-thick CaF2 plate and was split into two beams (sample and reference 

probe beams). The sample cell (0.4 mm path length) was refreshed by rotating at 

constant speed. Finally, the white light continuum was focused into a 100 μm optical 
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fiber coupled to imaging spectrometer after passing through the sample cell. The pump-

probe spectrophotometer (ExciPro) setup was purchased from CDP Systems Corp, 

Russia. Transient absorption spectra were obtained by averaging about 2000 excitation 

pulses for each spectral delay. All the measurements were carried out at the magic angle 

(54.7°). The time resolution of the pump−probe spectrometer is found to be about 120 

fs. 

2.5.2. Materials 
 

β-Cyclodextrin, 1,4,5,8-naphthalenetetracarboxylic dianhydride, 1-adamantyl 

methylamine and 1-pyreneacetic acid were purchased from Sigma Aldrich and used as 

received. All solvents and reagents were commercially available and used without 

further purification, unless otherwise specified. Procedures for the synthesis of PYCD 

and NDIAD are described below. 

A)  Synthesis of 2:  

1, 4, 5, 8- naphthalenetetracarboxylic dianhydride 1 (6.0 g, 22.37 mmol) was 

dissolved in dry DMF (120 mL) and 1-adamantyl methylamine (3.69 g, 22.37 mmol) was 

added. After 1 h, 2-amino-1-ethanol (1.36 g, 22.37 mmol) was added and refluxed for 24 

h at 130 0C. The reaction mixture after cooling was added to ice-cold water and the 

resulting precipitate was filtered and dried. This was purified by column chromatography 

over silica gel. Elution with methanol/chloroform (2:98) gave the product. Yield: 40%; 

mp > 300 0C; FT-IR (KBr): max = 3545, 3060, 2904, 2846, 1705, 1662, 1582, 1456 cm-1; 1H 

NMR (500 MHz THF d8) δ ppm: 8.71 (dd, 4H), 4.29 (t, 2H), 4 (s, 2H), 3.75 (t, 2H), 1.96 (s, 

3H), 1.64 (m, 12H); ESI-MS: Calculated for C27H26N2O5 (M)+ =458.1842 and found m/z = 

459.19. 
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B)  Synthesis of 3:  

Compound 2 (0.5 g, 1.09 mmol) was added to a mixture of aqueous HBr (4 mL) and 

conc. H2SO4 (1.5 mL). Conc. H2SO4 (1.5 mL) was again added and the solution was 

refluxed for 3h. The mixture was cooled and the product was extracted with 

dichloromethane and recrystallized from dichloromethane-methanol mixture to get the 

pure product. Yield: 50%; mp > 300 0C; FT-IR (KBr): max = 3079, 2900, 2846, 1701, 1666, 

1576, 1450 cm-1; 1H NMR (500 MHz, CDCl3) δ ppm: 8.78 (dd, 4H), 4.65 (t, 2 H), 4.04 (s, 2 

H), 3.70 (t, 2H), 1.96 (s, 3H), 1.64 (m, 12H); ESI-MS: Calculated for C27H25BrN2O4 (M)+ = 

520.099 and found 521.099. 

C) Synthesis of 4 (NDIAD):  

Compound 3 (0.1 g, 0.19 mmol) was refluxed in pyridine (10 mL) for 24 h and cooled. 

The solid separated was filtered and pyridine was removed by washing with hexane and 

chloroform. Yield: 75%; mp 294- 295 0C; FT-IR (KBr): max = 3057, 2908, 2850, 1703, 1665 

cm-1; 1H NMR (500 MHz, DMSO d6) δ ppm: 9.21 (d, 2H), 8.67 (d, 2H), 8.61 (t, 1H), 8.58 (d, 

2H), 8.10 (t, 2H), 4.98 (t, 2H), 4.65 (t, 2H), 3.91 (s, 2H), 1.90(s, 3H), 1.58(m, 12H); 13C 

NMR (125 MHz, DMSO d6) δ ppm: 163.65, 146.44, 146, 131.06, 128.39, 127.09, 126.43, 

60.07, 50.64, 41.23, 36.75, 35.90, 28.24; ESI-MS: calculated for C32H30N3O4
+= 520.22 (M)+ 

Found m/z = 520.22. 

D)  Synthesis of 6 (PYCD):  

5 was prepared by a reported procedure.49 To a cooled solution (-100C) of 1-

pyreneacetic acid (0.21 g, 0.86 mmol) in DMF (4 mL), dicyclohexylcarbodiimide (DCC) 

(0.180 g, 0.80 mmol) and 1-hydroxybenzotriazole (1-HOBt) (0.109 g, 0.80 mmol) were 

added. The reaction mixture was stirred at -10 0C for 30 min. To the stirred solution 5 
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(0.45 g, 0.40 mmol) was added and stirring continued at -10 0C for 30 min. The mixture 

was then refluxed at 60 0C for 24 h. The reaction mixture was cooled and DMF was 

removed under vacuum. The residue obtained was washed with excess acetone and 

dried. The solid obtained was dissolved in DMF and subjected to reverse phase column 

chromatography over silica gel. Elution with methanol/water mixture (1:1) gave 6. Yield: 

52%; FT-IR (KBr): max: 3334, 2933, 1651, 1537, 1153, 1029, 945, 848 cm-1; 1H NMR 

(DMSO d6) ppm: 8.01-8.39 (m, 10 H), 5.66-5.87 (m, 14 H), 4.83-4.97 (m, 7 H), 4.80 (t, 1 

H), 4.24-4.50 (m, 7 H), 3.54- 3.62 (m, 14 H), 3.3-3.4 ppm (m, 32 H); 13C NMR (DMSO d6) 

ppm: 59.84, 72.01, 72.22, 72.40, 72.97, 73.16, 81.39, 81.63, 81.86, 99.49, 101.88, 

101.97, 123.90, 124.04, 124.10, 124.68, 124.88, 125.02, 126.13, 126.76, 127.12, 127.37, 

128.55, 128.99, 129.64, 130.34, 130.80, 131.06, 170.39; (ESI-MS): Calculated for 

C60H81NO35 (M+H)+ 1376.45 and found 1376.47. 
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Chapter 3 

Self-Assembly and Photoinduced Electron Transfer 

in a Bis(β-Cyclodextrin)-Linked Pyrene/ 

Bis(Adamantane)-Linked Methyl Viologen Donor-

Acceptor System in Aqueous Solution 

 

3.1. Abstract 

Pyrene linked to two -CD molecules (CD-PY-CD) and methylviologen linked to two 

adamantane groups (AD-MV2+-AD), self-assembled in water to give toroidal 

nanostructures. The toroids are formed by stacking of closed loop structures which in turn, 

are formed by self-assembly of inclusion complexes. Fluorescence of the pyrene 

chromophore was quenched in the toroid suggesting very efficient photoinduced electron 

transfer taking place in the toroid. The rate constant for electron transfer within the 

assembly was obtained from fluorescence lifetime studies. Evidence for photoinduced 

electron transfer from PY to MV2+ in the assembly was obtained from laser flash photolysis 

studies. Electron transfer leads to formation of radical ion products, PY+ and MV+, 

immediately following laser irradiation. The radical ions react with chromophores or 

similar ions in adjacent stacks to give dimeric products.  Since the dimeric species are not 

very stable, the reactions are reversed at longer time scales to generate the radical ions, 

which then undergo back electron transfer and regenerate the starting materials. Thus, 

irradiation of the toroidal system did not lead to formation of long-lived charge separated 

states.  
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3.2. Introduction 

 It was mentioned in Chapter 1 that generation of long-lived charge separated (CS) 

state is a very important goal in the study of photoinduced electron transfer (PET). Initial 

attempts to generate long-lived CS states were inspired by the architectural features of 

the photosynthetic bacteria which can be viewed as a protein scaffolding that hold light 

absorbers, electron donors (D) and acceptors (A) in appropriate positions for efficient 

sequential electron transfer. Sequential electron transfer increases the distance between 

the separated charges and slows down the rate of charge recombination (CR) reaction, 

leading to enhancement of CS state lifetime. Large numbers of molecular systems have 

been constructed in this way and CS state lifetimes of a few hundred microseconds have 

been achieved for some of these systems.1-4 However, the CS state lifetimes and quantum 

yields of the synthetic systems were considerably lower than that in the bacterial reaction 

center. Several non-covalently bound D-A systems were also constructed and studied, but 

the CS state lifetimes in these systems were found to be very low as well.5-9 Confining D 

and A in restricted environments10-13 and/or periodically arranging them in 

supramolecular systems and mixed crystals5,6,14-16 are other approaches recently put 

forward to enhance CS state lifetimes. None of the above strategies are useful for 

generating long-lived CS states in aqueous media. For important applications such as solar 

water splitting, generation of CS states in aqueous solution is crucial and none of the 

above strategies are useful for this purpose. 

 Recently Huber et al. have suggested that molecular self-assembly can mimic the 

cascade type electron transfer observed in the bacterial reaction center and allow the 

spatial separation of photogenerated charges, leading to long-lived CS state.17 The donor 
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employed in their study is a conjugated polyelectrolyte, poly(fluorene-alt-thiophene) 

(PFT). PFT is a water-soluble, semiconducting polyelectrolyte having a bis-alkylated sp3-

hybridized fluorenyl carbon. The molecule is wedge-shaped and forms rod-like micelles 

when dissolved in water. The acceptors employed in the study are regioisomers of fullero-

bis (pyrrolidininium) iodides (C60 (PI)2). Structures of the pyrrolidinium bis-adducts, namely 

trans-1, trans-2, trans-3 and trans-4, are shown in Figure 3.1. Synthesis gave a mixed bis-

adduct consisting of all four isomers which could be separated into two fractions 

designated as trans-1, 2 (mixture of trans-1 and trans-2) and trans-3, 4 (mixture of trans-

3 and trans-4, predominantly). The authors studied the co-assembly of PFT with trans-1, 

2, trans-3, 4 and mixed bis-adduct systems using small angle X-ray scattering (SAXS). 

Analysis of the SAXS data suggested that trans-3, 4 is assembled on the inside of the PFT 

polymer micelle whereas trans-1, 2 surrounds the outside of the micelle. The relative 

locations of the two isomeric sets in the PFT micelles were further confirmed by 

solvatochromic absorption measurements.  

Fluorescence of the PFT/trans-1, 2 co-assembly was similar to that of PFT 

indicating the absence of PET in the system. In the PFT/trans-3, 4, on the other hand, the 

fluorescence was highly quenched suggesting efficient PET taking place from PFT to trans-

3, 4. Fluorescence of the PFT/mixed bis-adduct also indicated facile PET in this system. 

Excitation of a dilute solution of the PFT/mixed bis-adduct using 470 nm laser showed 

ultrafast formation of C60 radical anion and PFT hole polaron (P+). About 75% of the hole 

polarons decayed within 200 ps and the remaining fraction survived for several 

nanoseconds. In concentrated PFT/mixed bis-adduct solutions, exposure to light resulted 
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in a permanent colour change from yellow to deep green, which is attributed to formation 

of long-lived CS state.  

 

Figure 3.1. Structures of PFT and isomeric fullero-bis(pyrrolidinium) adducts. Cartoon 

representation of PFT micelle and PFT-trans-1,2 and trans-3,4 co-assembly are also shown. 

“Reprinted with permission from (Huber, R. C. et al., Science, 2015, 348, 1340-1343). Copyright © 

2015, American Association for the Advancement of Science.” 

In the C60-bis (pyrrolidinium) adducts, the positively charged pyrrolidinium groups 

are hydrophilic and C60 is hydrophobic.  In the trans-1, 2 adduct, the positive charges are 

on nearly opposite sides of C60 and these molecules cannot easily insert into the 

hydrophobic interior of the PFT micelle. That is why trans-1, 2 assemble on the outside of 

the PFT micelle. In contrast, the angle between charges in trans-3 and trans-4 are 145 and 

103, respectively. These molecules have more amphiphilic character and hence can 

insert into the PFT micelle. In the PFT/mixed bis-adduct co-assembly, the PFT rod-like 

micelle has a layer of trans-3, 4 molecules tightly bound to it and an outer layer of loosely 

bound trans-1, 2 molecules as shown in Figure 3.1. Up on excitation, an electron is 

transferred from 1PFT* to the tightly bound trans-3, 4 adduct. The loosely bound trans-1, 

2 adduct then pulls away the transferred electron immediately, reducing the rate of CR 

aq. solution

rod-like micelles

40 nm

CryoEM image of PFTstructure of PFT

trans-1 trans-2 trans-3 trans-4

trans-1,2 isomer

trans-3,4 isomer

Co-assembly of PFT with trans-1,2 and trans-3,4 
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reaction. The PFT polaron remains inside the micelle and the transferred electron hops 

around within the outer C60 layer, thereby enhancing the CS state lifetime. This report by 

Huber et al. is the only published work on D-A self-assembly that could sustain long-lived 

photoinduced charge separation in aqueous solution. 

Unpublished work from our laboratory also support the contention that molecular 

self-assembly of D-A systems can prolong CS state lifetimes. In one of the studies, Nagaraj 

N. synthesised a bis-adamantane-linked anthracene (AD-AN-AD) as donor and a bis-

pyromellitic diimide derivative (PI-PI) as acceptor.18 Structures of these molecules are 

shown in Figure 3.2. Earlier studies from our laboratory has shown that PI derivatives bind 

to the narrow rim of -CD and we have designated this type of interaction as rim-

binding.19 We also showed that a -CD molecule can simultaneously encapsulate an AD 

moiety through inclusion binding and a PI moiety through rim-binding.20,21 Upon mixing 

equimolar amounts of -CD, AD-AN-AD and PI-PI in aqueous solution, we observed 

formation of nanofiber assemblies as shown in Figure 3.2. We proposed that the 

propensity of AD to undergo inclusion binding and PI to undergo rim-binding with -CD 

resulted in the formation of long fibers which can bundle together to give the observed 

nanofibers. Fluorescence of AN is thoroughly quenched in the assembly suggesting very 

facile PET from AN to PI. Nanosecond laser flash photolysis using 355 nm laser gave 

transient spectra which exhibited absorptions corresponding to AN+ at 430 and 720 nm 

and PI- at 720 nm. A fraction of the charge separated state survived for nearly 60 s. The 

center to center distance between AN and PI in the linear fiber assembly is about 10 Å. In 

addition, hole-hopping through the adjacent AN moieties in the fiber bundles can increase 
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the AN+- PI- separation further. We believe that both these factors contribute in 

enhancing the CS state lifetime in this case. 

 

Figure 3.2.  Structures of AD-AN-CD, PI-PI and various stages involved in the self-assembly of AD-

AN-AD/-CD/PI-PI system into nanofibers. 

In another study from our lab, Sumesh Babu K. synthesised AN linked to two -CD 

molecules through their narrow rims (designated as CD-AN-CD) as donor and MV2+ linked 

to two AD moieties through alkyl chains (designated as AD-MV2+-AD) as acceptor.22 

Structures of these molecules are given in Figure 3.3. In aqueous solutions containing 

equimolar amounts of CD-AN-CD and AD-MV2+-AD, self-assembly occurs through inclusion 

binding of AD in the -CD cavity. The inclusion complex further undergoes hierarchical 

self-assembly to give toroidal nanostructures shown in Figure 3.3. Morphological analyses 

of these structures were performed using SEM, TEM and AFM. Formation of the 

nanostructure results in strong quenching of the fluorescence of AN suggesting that very 

facile PET occurs in the assembly. Nanosecond flash photolysis of dilute solutions showed 

formation of MV+ which survived for more than 200 s. Concentrated solutions of CD-
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AN-CD/AD-MV2+-AD (1:1) when irradiated by a laser turned blue, indicating the formation 

of long-lived MV+.  

 

Figure 3.3. Structures of CD-AN-CD, AD-MV2+-AD and the AFM image of toroidal nanostructure 

formed in CD-AN-CD/AD-MV2+-AD (1:1) solution.  

 Work presented in this chapter is an extension of the above work. In this study we 

employed a pyrene linked to two -CD molecules through their narrow rim as donor. This 

molecule is designated as CD-PY-CD. Structure of CD-PY-CD is shown in Figure 3.4. AD-

MV2+-AD was used as the acceptor in this study also. 

 
Figure 3.4. Structure of CD-PY-CD. 
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 In aqueous solution containing equimolar amounts of CD-PY-CD and AD-MV2+-AD, 

self-assembly occurred through inclusion complexation and the inclusion complex 

underwent hierarchical self-assembly to give toroidal nanostructures. Fluorescence of PY 

is quenched in the assembly indicating very facile PET from PY to MV2+. Irradiation of CD-

PY-CD/AD-MV2+-AD (1:1) aqueous solution using 355 nm laser resulted in ultrafast 

formation of PY+ and MV+. The MV+ formed was found to undergo dimer formation. The 

results of these investigations are presented below. 

3.3. Results and Discussions 

3.3.1. Synthesis and characterization of molecules 

 The acceptor AD-MV2+-AD was reported previously from our laboratory.22 

Synthesis of this molecule involved the steps shown in Scheme 3.1.  

 

Scheme 3.1. Scheme for the synthesis of AD-MV2+-AD. 

 1-bromoadamantane 1 was converted to the hydroxyethyl ether derivative 2 by 

refluxing in ethylene glycol in the presence of triethylamine. 2 was subjected to Appel’s 
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reaction to get the bromo derivative 3. The acceptor AD-MV2+-AD was obtained by 

refluxing 3 with the commercially available 4,4’-dipyridyl (0.5 equiv.) in dry acetonitrile 

(ACN) for 24 h.  

The donor molecule CD-PY-CD was prepared by the coupling of pyrene-1,6-diacetic 

acid with -CD monoamine. Pyrene-1,6-diacetic acid required for the synthesis was 

prepared by a recently reported procedure which employed the steps in Scheme 3.2.23,24 

 

Scheme 3.2. Scheme for synthesis of pyrene-1,6-diacetic acid. 

Pyrene was brominated using bromine in carbon tetrachloride to give a mixture of 

1,6- and 1,8-dibromopyrenes. The 1,6- isomer 5 was separated and purified by 

recrystallization from toluene. This was then reacted with diethyl oxalate and n-

butyllithium at -95 0C to give the pyrene-1,6-diketoester 6. 6 was hydrolysed and reduced 

to give the diacetic acid 8 as shown in Scheme 3.2. 

The -CD monoamine 9 was also prepared by a reported procedure.25 The amine 

9 was then treated with one equivalent of 8 in the presence of DCC and HOBt, first at -10 

0C for 1 h and then refluxed at 60 0C for 24 h (Scheme 3.3). CD-PY-CD was purified by 
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repeated reverse phase column chromatography over silica gel and elution with 

methanol/ water mixture (2:8) gave product with 82 % yield. 

 

 

Scheme 3.3. Synthesis of CD-PY-CD. 

Structures of AD-MV2+-AD and CD-PY-CD were confirmed by spectroscopic 

techniques (see experimental section). 1H NMR spectra of these molecules are presented 

below along with proton assignments. 

 

Figure 3.5. 1H NMR spectrum of AD-MV2+-AD in D2O. 

9 8 CD-PY-CD (82 %)

DCC, HOBt, -10 C, 1h

Reflux at 60 C, 24 h
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Figure 3.6. 1H NMR spectrum of CD-PY-CD in D2O. 

3.3.2. 1H NMR titration studies 

 1H NMR spectroscopy is an excellent tool to probe the inclusion of guest molecules 

in CD cavities. We have carried out 1H NMR titration of CD-PY-CD against AD-MV2+-AD in 

D2O and the results are presented in Figure 3.7. Panel a shows the 1H NMR spectrum of 

CD-PY-CD (5 × 10-3 M) and panels b, c and d shows the effect of adding varying amounts 

(0.3, 0.6 and 1.0 equiv.) of AD-MV2+-AD on the 1H NMR of CD-PY-CD. Panel e on the top 

shows the 1H NMR of AD-MV2+-AD. When AD group gets encapsulated in -CD cavity, the 

AD proton signals undergo chemical shift changes and/or broadening. A comparison of d 

and e panels shows that the AD signals in the 1.25 – 2.0 region undergo signal 

broadening and change in splitting pattern, which can be taken as the signature for the 

encapsulation of the AD groups of AD-MV2+-AD in the CD cavities of CD-PY-CD. 
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Figure 3.7. Panel a-d) 1H NMR spectra of CD-PY-CD (5 × 10-3 M) with varying equivalents (0.3 – 1.0 

equiv.) of AD-MV2+-AD. Panel e) 1H NMR of pure AD-MV2+-AD (5 × 10-3 M). Changes in the AD and 

MV2+ proton signals are indicated by red dotted lines. 

Additional proof for the encapsulation of AD protons within the -CD cavity was 

obtained from 2D ROESY NMR experiments. When AD gets encapsulated in the cavity, the 

Ha and Hb protons of AD will come near to the -CD interior protons H-3 and H-5. When 

protons are within a distance of ~ 4 Å, through-space interactions will occur between 

them and this will be seen as cross-peaks in the 2D ROESY NMR spectrum. Figure 3.8 

shows the 2D ROESY NMR spectrum of CD-PY-CD/AD-MV2+-AD (1:1) system in D2O. Cross 

peaks observed in the  1.2 – 2.0 region are shown in the red dotted line boxes. These 

cross-peaks, which correspond to through-space interactions between AD protons and H-

3 and H-5 protons of -CD, undoubtedly confirm the encapsulation of AD groups of AD-

MV2+-AD within the CD cavities of CD-PY-CD. 
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Figure 3.8. 2D ROESY NMR spectrum of CD-PY-CD/AD-MV2+-AD (5 × 10-3 M) in D2O. The cross peaks 

referred to through space interactions among the protons are marked with boxes. 

Apart from confirming inclusion of AD in -CD cavities, the 1H NMR titration in 

Figure 3.7 reveals few interesting aspects about the CD-PY-CD/AD-MV2+-AD interaction. 

The MV2+ protons which appeared as doublets at  8.5 and 9.0 ppm became broad singlets 

and shifted upfield in the presence of CD-PY-CD. These protons are away from the site of 

inclusion and are expected to be unaffected by AD/-CD interaction. Previously we 

observed that protons away from the site of inclusion also show broadening and chemical 

shift changes, and these were attributed to secondary interactions and/or hierarchical 

assembly of the inclusion complex into complex structures.26,27 

 Another very important observation in Figure 3.7 is the severe damping of the 1H 

NMR signals of PY and -CD in the CD-PY-CD/AD-MV2+-AD (1:1) solution. This is clearly 

seen in Figure 3.9, which shows the PY and -CD NMR signals expanded. Up on addition 

of AD-MV2+-AD, the 1H NMR signals due to PY gets increasingly dampened and when one 

equiv. of AD-MV2+-AD was added, the PY signals are barely noticeable. The -CD signals 
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also get dampened, but these could be seen in the 1:1 mixture. The reason for damping 

of NMR signals is not clearly understood at this time. We propose that the damping occurs 

due to stacking of PY over PY and -CD over -CD. Addition of AD-MV2+-AD to CD-PY-CD 

leads to inclusion complex formation as the first step. Since both CD-PY-CD and AD-MV2+-

AD have two binding sites for each other, complexation can occur at both ends again and 

again, leading to formation of long supramolecular fibers. The ends of the fibers can join 

together to give ring-like structures as well. These secondary structures formed may 

undergo stacking which involve very compact PY-PY and CD- CD packing. The damping of 

NMR signals can be explained in this way. 

 

Figure 3.9. Expanded version of NMR titration, showing clearly the damping of signals due to PY 

and -CD. 

3.3.3. Photophysical properties of CD-PY-CD/AD-MV2+-AD 

The absorption and fluorescence spectra of CD-PY-CD are identical to those of PY 

in aqueous solution, indicating that -CD moiety has no effect on the photophysical 

properties of PY. In the presence of AD-MV2+-AD, the absorption spectrum of CD-PY-CD 
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exhibit a bathochromic shift of the absorption maximum along with dampening of signal 

intensity. This is shown in Figure 3.10. The changes observed are significant during 

addition of 0.2 – 0.4 equiv. of AD-MV2+-AD and thereafter only negligible changes were 

noted. Most probably, these changes can be attributed to aggregation of the PY 

chromophores. No bands assignable to CT complexation could be seen in the long 

wavelength region, suggesting that face to face stacking of PY and MV2+ did not occur in 

the self-assembled system.    

 

Figure 3.10. Absorption spectra of CD-PY-CD in the absence and presence (0.2-1 equiv.) of AD-

MV2+-AD. 

 The emission spectrum of CD-PY-CD exhibited significant quenching in the 

presence of micromolar amounts of AD-MV2+-AD (Figure 3.11a). The fluorescence is 

almost completely quenched in the presence of one equiv. of AD-MV2+-AD. Figure 3.11b 

shows fluorescence spectrum of CD-PY-CD in the presence of one equiv. AD-MV2+-AD 

normalized with that of CD-PY-CD. The two spectra overlap completely, suggesting that 

emission from CT state is not observed in this case. 
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Figure 3.11. a) Emission spectra of CD-PY-CD in the presence of AD-MV2+-AD (0 – 1.0 equiv.) and 

b) Normalized fluorescence spectra of CD-PY-CD and CD-PY-CD/AD-MV2+-AD (1:1) aqueous 

solutions. 

Achiral molecules complexed with β-CD often exhibit induced circular dichroism 

(ICD), the intensity and sign of which can be used to predict the orientation of the achiral 

molecule with respect to the β-CD, using Kodaka’s rules.28,29 Both PY and MV2+ are achiral 

molecules and do not exhibit any Cotton effect. Since β-CD is chiral, these molecules may 

exhibit ICD if they are associated with β-CD. Figure 3.12a shows the ICD spectra of CD-PY-

CD in the presence and absence of AD-MV2+-AD. The ICD signal due to PY in CD-PY-CD is 

negative in the 300 – 370 nm region and positive in the 250-300 nm region. For PY, the 

transition moment of the 300-370 nm absorption is polarized along the long axis and that 

of the 250-300 nm absorption is polarized along the short axis. In CD-PY-CD, the PY moiety 

is present outside the cavity as the molecular size is larger than the -CD cavity. Hence 

the negative sign of ICD in the 300-370 nm and positive sign of ICD in the 250-300 nm 

region suggest that PY is present outside the narrow rim of -CD with its long axis nearly 

parallel to the CD axis. When AD-MV2+-AD is added, the signal intensities increase 

suggesting that the orientation of PY became more parallel to the CD axis. Alternately, 

inclusion of AD (of AD-MV2+-AD) in the -CD cavity of CD-PY-CD rigidifies the assembly, 

a) b)
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leading to an enhancement of the ICD intensity. There is also  a negative signal appears 

around 260 nm and this can be attributed to MV2+, which is expected to remain outside 

the cavity with its transition moment parallel to the CD axis as shown in Figure 3.12b. 

 

Figure 3.12. a) ICD spectra of CD-PY-CD in the presence of AD-MV2+-AD (0 – 1.0 equiv.) and b) The 

orientation of PY and MV2+ in CD-PY-CD/AD-MV2+-AD. 

3.3.4. DLS and Tyndall effect studies 

 Recent studies from our laboratory have shown that AD/-CD bis-inclusion 

complexes undergo self-assembly to give various secondary structures such as nanofibers, 

vesicles, toroids etc.22,26,27 Formation of nano-assemblies in solution can be checked using 

tyndall effect and estimate of the size of the nano objects can be obtained using dynamic 

light scattering (DLS) experiments. For the CD-PY-CD/AD-MV2+-AD system these 

experiments were carried out and the results are shown in Figure 3.13. In the Tyndall 

effect experiment the path of the laser beam through the solution can be clearly seen 

(Figure 3.13a), suggesting that particles capable of scattering the light are present in the 

solution. The DLS result is shown in Figure 3.13b, which confirmed the presence of 
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particles in solution with average hydrodynamic radius of 250 nm and particle size 

distribution in the 150-450 nm range. 

 

 Figure 3.13. a) Tyndall effect showing the path of light through CD-PY-CD/AD-MV2+-AD (1:1, 1 x 

10-4 M) in water and b) DLS spectrum of the same solution. 

3.3.5. Morphological analysis 

Results of the DLS and Tyndall effect studies suggested the presence of nanoscopic 

particles in aqueous 1:1 solution of CD-PY-CD/AD-MV2+-AD. In order to understand the 

morphological aspects of these nanomaterials we employed TEM, SEM and AFM imaging. 

Samples for AFM and SEM were prepared by drop-casting aqueous solution of 1:1 mixture 

of CD-PY-CD/AD-MV2+-AD (1 × 10-5 M and 1 × 10-4 M respectively) on silicon wafer. Same 

solution (10-5 M) was drop-casted on copper coated carbon grid for TEM analysis.  

Figure 3.14 shows few TEM (a, b) and SEM (c, d) images of CD-PY-CD/AD-MV2+-AD 

(1:1) self-assembled system. These images show small spherical or oval shaped particles 

with a hollow central part. These images, however, does not give any insight into the 

constitution of these structures or how these structures are formed. 
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Figure 3.14. a, b) TEM images and c, d) SEM images of CD-PY-CD/AD-MV2+-AD (1:1) self-assembly 

on aluminium foil. 

Figure 3.15 shows the AFM image of the CD-PY-CD/AD-MV2+-AD (1:1) self-

assembled nanosystem. The AFM images in 3.15 a, c also shows toroidal objects with 

height and width of 10 and 500 nm, respectively. Figure 3.14 a gives us some insights 

regarding the formation of the toroidal nano-structures. The expanded regions of this 

figure show stacked ring-like structures. Most probably, the larger toroid structures are 

formed by the side by side stacking of ring-like structures to give hollow cylinders. The 

toroids are most probably the end-coalesced product of the cylindrical precursors. The 

smaller ring-like structures may be formed most probably from the bis-inclusion 

complexes. 
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Figure 3.15. a) AFM images of nanostructures formed in the self-assembly of CD-PY-CD/AD-MV2+-

AD (1:1) in aqueous solution. b) The expansion of the selected region in a. c) The height image and 

d) the height profile of marked nanostructure in c.  

3.3.6. Mechanism for self-assembly in CD-PY-CD/AD-MV2+-AD (1:1) 

 Since both CD-PY-CD and AD-MV2+-AD have two binding sites for each other, 

binding can occur at both ends leading to formation of long supramolecular fibers as 

shown in Figure 3.16A. However, long fibrous structures were not observed. In the TEM, 

SEM and AFM images, only toroidal structures are observed. We propose that instead of 

forming long-fibers, closed-loop structures are formed by end-coalescence of the long 

fibers as shown in Figure 3.16B. The closed-loop structures then stack together to give the 

ring-like structures seen in Figure 3.15b. The ring-like structures continue to stack 

together to give hollow cylindrical structures as shown in Figure 3.16C. The hollow 

cylinders can undergo ring-coalescence to give the toroids as shown in Figure 3.16C.  

a) b)

c) d)
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B 

 

C 

 

 
Figure 3.16. Formation of different hierarchical structures by self-assembly of CD-PY-CD/AD-MV2+-

AD bis-inclusion complex: A) linear structures, B) closed-loop structure and C) hollow cylinder and 

ring-coalesced cylinders. 

In the linear or ring-like structures shown in Figure 3.16A-B, the distance between 

two PY units would be > 3 nm and hence coupling between two PY units within a chain or 

ring is difficult to conceive. We observed significant damping of the NMR signals of PY and 

-CD in the complex. We attribute this to the stacking of the ring loops shown in Figure 

3.15c. When stacking of rings occurs, there will be regions of PY over PY and MV2+ over 

MV2+ stacks. Since no CT bands are observed in the absorption spectrum of CD-PY-CD/AD-

MV2+-AD, we infer that there are no regions of PY stacked over MV2+. In such stacks we 

can have regular or slipped stacks, as shown in Figure 3.17.  



 
Chapter 3                                                   Self-Assembly and PET in a D-A System in Aqueous Solution 

 

104 
 

 

Figure 3.17. Schematic of A) regular and B) slipped stacks of the ring loops. 

In the regular stacks, the center to center distance between the PY in two adjacent 

stacks will be the same as the outer diameter of the wider rim of -CD, which is 15.3 Å. 

At this distance the PY units of adjacent stacks can hardly interact and dampening of the 

NMR signals cannot occur. In the slipped stacks in Figure 3.17B, the distance between the 

PY units are much less and the PY moieties of adjacent stacks may interact with each 

other. Since dampening of NMR signals is very severe and the -CD proton signals are also 

dampened, we believe that very strong - stacking occurs between PY moieties in 

adjacent stacks which led to partial deformation of the -CD structure. When molecules 

stack one over another, free rotation of molecules is prevented and every proton in the 

molecules experience a different chemical and magnetic environment. This leads to 

different chemical shifts for every proton in the aggregate leading to significant 

broadening of the NMR signals.  
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3.3.7. Photoinduced electron transfer in CD-PY-CD/AD-MV2+-AD  

3.3.7.1. Steady-state fluorescence quenching  

 Electron transfer from the excited states of PY to MV2+ is well documented in the 

literature30-33 and hence the fluorescence quenching seen in the CD-PY-CD/AD-MV2+-AD 

system (Figure 3.11) can be attributed to PET according to Scheme 3.4. 

 

Scheme 3.4. Scheme showing PET between PY and MV2+. 

The reported oxidation potential of PY is +1.18 V vs. SCE.34,35 MV2+ is a frequently 

used electron acceptor in PET reactions and its reported reduction potential is -0.45 V vs. 

SCE.36 The singlet and triplet energies of PY are 3.3 and 2.2 eV,37 respectively. The free 

energy change (G0) for PET from excited states of PY to MV2+ can be calculated using the 

Weller equation.38 

 G0 = Eox – Ered – E0,0 – e2/dcc   (3.1) 

where Eox is the oxidation potential of the donor (i.e., PY) and Ered is the reduction 

potentials of the acceptor (MV2+), E0,0 is the excitation energy,  is the solvent dielectric 

constant and dcc is the center to center distance between D and A in the transition state. 

The last term can be neglected in the present case as the PET takes place in aqueous 

medium for which  is very high. Using the values given above we obtained G0 values of 
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-1.67 and -0.57 eV for PET from singlet and triplet excited states of PY to MV2+, suggesting 

that these reactions are highly facile. 

 We observed that the fluorescence of CD-PY-CD was quenched by sub-millimolar 

amounts of AD-MV2+-AD (Figure 3.11). The Stern-Völmer plot for the quenching is given 

in Figure 3.18, where Q refer to the quencher AD-MV2+-AD, I0 refer to the fluorescence 

intensity in the absence of quencher and I refer to the intensity in the presence of 

different quencher concentrations. The I0/I curve exhibited three clear quenching regions, 

as shown by the lines in Figure 3.18. The quenching rate is very low in the initial and final 

stages of quenching. In fact, the slopes of the initial and final stages of quenching are 

nearly the same.  

 

Figure 3.18. Stern-Völmer plot for the quenching of CD-PY-CD fluorescence quenching by AD-

MV2+-AD.  

 Concentration of CD-PY-CD employed for the quenching experiment is 10-5 M. The 

quenching is very slow until the quencher concentration reaches 1  10-5 M. Thereafter 

the quenching became extremely fast until the quencher concentration is 2.5  10-5 M. 

The quenching became slow with further increase in the concentration of the quencher. 

1

2

3
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The curve is similar to the micellization curve for amphiphilic molecules where the region 

of higher slope corresponds to micelle formation.39 Using this analogy, we propose that 

the region where [Q] = (1.0 – 2.5)  10-5 M corresponds to the formation of the 

nanostructures shown in Figures 3.14 and 3.15. In these structures, every PY molecules 

will have MV2+ moieties on either side of it with -CD as spacer. Quenching will be very 

fast in this regime. When [Q] < 1.0  10-5 M, quenching will be mostly diffusion controlled. 

Since both CD-PY-CD and AD-MV2+-AD are relatively large molecules, their diffusion 

coefficients in water will be very low and rate of diffusion mediated quenching rate will 

also be low. In the higher concentration range of [Q] > 2.5  10-5 M, most of the CD-PY-CD 

molecules will be engaged in the nanostructure formation and only a very small fraction 

of molecules will be free to undergo diffusion. In this regime also, quenching will be 

limited by diffusion rate and hence very slow. Behavior similar to this is also seen in the 

time-resolved fluorescence quenching experiments. 

3.3.7.2. Time resolved fluorescence quenching studies  

Fluorescence quenching in the CD-PY-CD/AD-MV2+-AD system was also studied 

using fluorescence lifetime quenching method. We observed that the fluorescence of CD-

PY-CD was mono-exponential with a lifetime 0 = 136 ns (curve ‘a’ in Figure 3.19). This 

value is very similar to the fluorescence lifetime of pyrene in aqueous solution.34,35 In the 

presence of AD-MV2+-AD, fluorescence decays became bi-exponential as shown in Figure 

3.19 b-j as observed previously for several non-covalently bound donor-acceptor 

systems.34,40,41  
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Figure 3.19. Fluorescence decay profiles of CD-PY-CD (2.5 × 10-5 M) a) in the absence and b-j) 

presence of various concentrations of AD-MV2+-AD (0 – 1.8 equiv.).  

The bi-exponential fluorescence decay was attributed to diffusion mediated and 

unimolecular quenching processes as shown below in Scheme 3.5. In aqueous solution of 

CD-PY-CD/AD-MV2+-AD, a fraction of the molecules exist in the complexed form and the 

remaining fraction moves around as free molecules. When excited, the fluorescence 

quenching in the free fraction will be diffusion controlled and quenching in the complexed 

fraction will be static as shown in Scheme 3.5. 

 

Scheme 3.5.  Scheme showing diffusion mediated and intramolecular quenching. 

In accordance with the previous reports, the observed fluorescence decays were 

fitted to the following bi-exponential function.40 

It = (complex) exp(-t/1) + (free) exp(-t/2)  (3.2) 
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where 1 and 2 are the two lifetime components and (complex) and (free) are their 

respective contributions. This observation supports Scheme 3.5 which shows that a D-A 

complex is formed within which electron transfer takes place and 1 corresponds to the 

fluorescence lifetime of the D-A complex and 2 corresponds to the fluorescence of the 

un-complexed CD-PY-CD. Compared to the fluorescence lifetime of CD-PY-CD (0 = 136 ns) 

value of 1 will be low because of the static quenching of fluorescence within the D-A 

complex by PET. It has been shown that40,41 

1 = (k0 + ket)-1       (3.3)  

where ket is the rate constant for the unimolecular electron transfer within the complex 

and k0 = 1/0. The equation can be rearranged to  

ket = 1/1 – 1/0      (3.4) 

Lifetime 2 results from the intrinsic fluorescence decay of CD-PY-CD and its diffusion 

mediated quenching by AD-MV2+-AD. Under this condition, the lifetime 2 is defined by 

equation 3.5.40,41 

2 = (k0 + kq[Q])-1                       (3.5) 

Equation 3.5 above can be rearranged to 

0/2 = 1 + kq 0 [Q]                      (3.6) 

All decay profiles shown in Figure 3.19 were fitted with equation 3.2 and the fit 

parameters obtained including 1 and 2 are presented in Table 3.1. As per equations 3.3 

and 3.5, 1 should be independent of AD-MV2+-AD concentration and plot of 0/2 vs [Q] 

should be linear. We can see from Table 3.1 that the value of 1 does not depend on 

quencher concentration as dictated by equation 3.3. The average value of 1 = 6.85 ns. 
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Substituting the average value of 1 in equation 3.4 we get ket = 1.39  108 s-1, suggesting 

that the rate of PET within the nanostructure is very high.  

Table 3.1.  Table showing the fluorescence lifetime values (1 and 2), fractional contributions 

((complex) and (free)) and 2 values obtained for fluorescence lifetime quenching of CD-PY-CD with 

AD-MV2+-AD.  

 

An inspection of Figure 3.18 and Table 3.1 show that the contribution due to intra-

ensemble quenching (complex) increases drastically as the quencher concentration goes 

from 0.015 to 0.030 mM. This corresponds to the high quenching domain in Figure 3.18 

and as suggested earlier, may mark the formation of nanostructures in the solution.  
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3.3.7.3. Nanosecond laser flash photolysis studies 

The CD-PY-CD/AD-MV2+-AD system was subjected to nanosecond laser flash 

photolysis using the third harmonic of a Nd-YAG laser. The transient absorption spectra 

obtained at different times following the laser flash are shown in Figure 3.20a. The 

transient absorption spectrum obtained at short times exhibited sharp peaks at 400 and 

460 nm and a broad peak around 610 nm. Based on literature,36,42  the 400 and 610 nm 

absorptions can be assigned to MV+ and the 460 nm peak can be assigned to PY+, both 

formed following PET from PY to MV2+ as per Scheme 3.4. 

 

Figure3.20. a) The transient absorption spectra obtained at 2 and 5.2 s in the flash photolysis of 

CD-PY-CD/AD-MV2+-AD (5  10-5 M). b-d) Kinetic races at the various peak maxima.  

Kinetic profiles of the various transients are shown in Figure 3.20 b-d. The 390 nm 

transient shows an initial fast decay followed by a slow decay at longer times. The 460 nm 
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transient assigned to PY+ undergo very fast decay within few s. The 610 nm transient 

showed about 50% decay within the 100 s time window. 

 At very long times the peak intensity at 390 nm decreases and the maximum shifts 

to < 380 nm. The changes that occur to the MV+ absorption at 390 nm is consistent with 

the dimerization of the radical cation into a di-cation as shown in equation 3.7.  

 

The dimer exhibits absorption at 360 and 560 nm.36,43,44 In Figure 3.20a, we can 

see that the peak at 390 nm decreases in intensity and leads to formation of a new peak 

with maximum <380 nm. The 610 nm peak, however, differs somewhat from the reported 

absorption spectrum of the dimer, as it does not show maximum at 560 nm.  

 The MV+ dimer was studied in great detail.43-50 The spatial orientation postulated 

for MV+ dimer is one in which the two radical cations lie face to face in a sandwich type 

structure linked by the two -clouds overlapping to form a  bond as shown in Figure 

3.21a.36 Such a dimer would be unstable with respect to coulombic repulsion due to the 

close proximity of the two positive charges. It has been reported that the radical cation is 

in equilibrium with its dimer and the fraction of dimer increases as temperature 

decreases. This suggests that the spin-pairing energy of dimer formation is greater than 

the instability caused by coulombic repulsion.  

 In the present case, however, a face to face dimer as shown in Figure 3.21a cannot 

be formed. In Figure 3.17 we proposed a slipped-stack arrangement for the ring loops, 

which suggest that the MV+ in adjacent stacks will also be arranged in a slipped-stack 

manner. The dimer formed in this case will have slightly different structure and we 
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propose that the absorption spectrum obtained at 5.2 s in Figure 3.20 correspond to the 

slipped-stack dimer (Figure 3.21b). We propose that the <380 nm and 610 nm absorptions 

are due to the species shown in Figure 3.21b. This is supported by the kinetic profile at 

370 nm (Figure 3.21c), which is very similar to the decay of the 610 nm species in Figure 

3.20d. A fit of the slow decay at 370 nm and 610 nm gave lifetime of 45 s. 

a) 

 

b) 

 

c) 

 
 

Figure 3.21. a, b) Probable -dimers of MV+ and c) decay profile of the 370 nm species. 

Figure 3.20c shows that the PY+ absorption at 460 nm showed a very fast decay. 

We attribute this to the reaction of PY+ with PY in adjacent stack as shown in equation 

3.8. 

 

Reaction of PY+ with PY to give (PY-PY)+ is well investigated in the literature.51-53 

The dimer radical ion absorption is around 800 nm and > 1300 nm, and hence is not seen 

in the transient spectra. This species is unstable and decomposes to PY and PY+ at longer 

timescales.  In the discussion above we have not considered formation of (MV+
 MV2+) 

and dimerization of PY+, as both these species are not reported, to the best of our 

knowledge.  
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PET as shown in Scheme 3.4 generates PY+ and MV+ in equimolar amounts. 

Equation 3.7 needs two MV+ which requires absorption of two photons. Equation 3.8 has 

only one radical species and require only one photon for its generation. The reactions 

most probably occur in a step-wise manner. Absorption of the first photon leads to 

generation of PY+ and MV+ as shown in Scheme 3.4. The PY+ formed immediately reacts 

with a PY moiety in adjacent stack. A second photon is then absorbed from the pulse, 

which produces the two radicals and the PY+ formed will react again leaving the MV+ 

aside. This process leaves two MV+ in the stacks, which will not be able to undergo BET 

as PY+ is not available. The MV+ will most probably undergo charge hopping or hole-

transfer with MV2+ in adjacent stacks until two MV+ moieties come closer and lead to 

dimer formation. 

We have recorded the absorption spectrum of CD-PY-CD/AD-MV2+-AD after flash 

photolysis. The spectrum was identical to the absorption spectrum before irradiation. This 

suggest that complete back electron transfer occurs and both PY and MV2+ are 

regenerated fully after the irradiation. The (PYPY)+ and (MVMV)2+ formed decay to 

the constituents in the long time scale. The radical ions then undergo BET and regenerate 

the starting donor-acceptor system. Contrary to the CD-AN-CD/AD-MV2+-AD system 

reported earlier,22 the CD-PY-CD/AD-MV2+-AD system did not give long-lived charge 

separation upon steady-state irradiation.  

3.4. Conclusions  

In this chapter we report assembly of a supramolecular dyad, which undergo 

hierarchical assembly to form higher order structures. We observed that pyrene linked to 

two -CD molecules (CD-PY-CD) and methylviologen linked to two adamantane groups 
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(AD-MV2+-AD), when dissolved in water, form an inclusion complex. Since both the 

molecules have two binding sites for each other, repeated binding occurs to give closed 

loop structures, which then stack together to give toroids. Fluorescence of the pyrene 

chromophore was quenched in the toroid suggesting very efficient photoinduced electron 

transfer taking place in the toroid. The rate constant for electron transfer within the 

assembly was obtained from fluorescence lifetime studies. Evidence for photoinduced 

electron transfer from PY to MV2+ in the assembly was obtained from laser flash photolysis 

studies. Electron transfer leads to formation of radical ion products, PY+ and MV+, 

immediately following laser irradiation. The PY+ formed undergo a fast reaction with PY 

in adjacent stacks. The MV+ formed also reacts with MV+ in adjacent stacks to give a 

dimeric species. Since products of radical ion reactions are not very stable, the reactions 

are reversed at longer time scales to generate the radical ions, which then undergo back 

electron transfer and regenerate the starting materials. Thus, irradiation of the toroidal 

system did not lead to formation of long-lived charge separated states.  

3.5. Experimental Sections 

3.5.1. Instrumentation and methods 

All solvents and reagents were commercially available and used without further 

purification, unless otherwise specified. All experiments were performed in deionized 

water at 25 °C. Electronic absorption spectra were recorded on a Shimadzu UV-2600 UV- 

Vis spectrophotometer and the emission spectra were recorded on a SPEX Fluorolog 3 

Spectrofluorimeter. Circular dichroism experiments were performed on JASCO 810 

spectrometer using quartz cuvettes of 1 cm path length, equipped with peltier 

thermostatic cell holders for variable temperature studies. All NMR spectra were recorded 
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in D2O and DMSO-d6 purchased from Aldrich, using a 500 MHz Bruker Avance DPX 

spectrometer. ESI-HRMS mass spectra were recorded using orbitrap mass spectrometer 

(Thermo Exactive). TEM analyses were performed using a FEI-TECNAI T30 G2S-TWIN, 300 

kV HRTEM microscope with an accelerating voltage of 100 kV and the samples were 

prepared by drop-casting  the aqueous solution on a formvar coated copper grid (400 

mesh) and evaporating excess water. Atomic Force Microscopy (AFM) images were 

recorded on Multimode SPM (Bruker Nanoscope V) operating with a tapping mode 

regime. Antimony doped silicon cantilever with a resonant frequency of 300 kHz and 

spring constant of 40 Nm-1 were used. The SEM images were recorded by using JEOL JSM-

5600 LV scanning electron microscope. The operating range was between 5-30 kV at 50-

60 Hz single phase. The sample solution in water was drop-casted directly on the top of 

the silicon wafer and water was allowed to evaporate at ambient conditions and analysed 

for SEM and AFM. Nanosecond laser flash photolysis experiments were performed by 

using an Applied Photophysics Model LKS-20 laser kinetic spectrometer by using the third 

harmonic (355 nm) from a GCR-12 series Quanta Ray Nd: YAG laser. The analysing and 

laser beams were fixed at right angles to each other. Solutions for laser flash photolysis 

studies were de-aerated by purging with argon for 20 min before experiments. 

3.5.2. Materials 

β- Cyclodextrin, pyrene, 4, 4’-bipyridine and 1-bromoadamantane were purchased 

from Sigma Aldrich and used as received. All solvents and reagents were commercially 

available and used without further purification, unless otherwise specified. The procedure 

for the synthesis of AD- MV2+-AD and CD-PY-CD are described below. 
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A) Synthesis of 2: 

A solution of 1-bromoadamantane (1) (1.5 g, 6.972 mmol) and triethylamine (2.17 mL, 

(1.52 g), 15.54 mmol) in ethylene glycol (30 mL) was heated at 110 C for 12 h. The mixture 

was allowed to cool to room temperature, CH2Cl2 (50 mL) was added, and the solution 

was washed with dil. HCl (1 M, 3 × 20 mL) and water (2 × 20 mL). The organic layer was 

dried over Na2SO4, and the solvent was evaporated under reduced pressure. 2 was 

obtained as a pale-yellow liquid. Yield: 67%; 1H NMR (500 MHz, CDCl3) δ ppm: 3.68 (t, 2 

H), 3.52 (t, 2 H), 2.15 (br.s, 1 H), 1.96 (br.s, 3 H), 1.72 (br.s, 6 H), 1.57 (m, 6 H); 13C NMR 

(125 MHz, CDCl3) δ ppm: 74.59, 63.41, 61.95, 41.37, 36.23, 30.48. 

B) Synthesis of 3: 

Compound 2 (0.81 g, 4.15 mmol) and tetrabromomethane (1.72 g, 5.18 mmol) were 

dissolved in dry THF under an inert atmosphere. Triphenylphosphine (1.35 g, 5.18 mmol) 

was added to this at 0 C and stirred at room temperature for 0.5 h. The reaction was 

quenched with a few drops of water, and was partitioned between CH2Cl2 (150 mL) and 

H2O (100 mL). The organic layer was washed with water (3 × 50 mL) and brine (50 mL). 

The organic layer was dried over Na2SO4, and the solvent was evaporated under reduced 

pressure. The compound was purified by column chromatography over silica gel. Elution 

with chloroform gave compound 3 as a light brown liquid. Yield: 72%; 1H NMR (500 MHz, 

CDCl3) δ ppm: 3.71 (t, 2 H), 3.40 (t, 2 H), 1.94 (br.s, 3 H), 1.67 (br.s, 6 H), 1.57 ppm (m, 6 

H); 13C NMR (125 MHz, CDCl3) δ ppm: 72.51, 60.14, 41.33, 36.27, 33.54, and 31.42. 
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C) Synthesis of AD- MV2+-AD: 

Compound 3 (0.5 g, 1.93 mmol) and 4,4’-bipyridine 4 (0.15 g, 0.96 mmol) were 

dissolved in acetonitrile in a sealed tube and refluxed for 24 h. The light-yellow precipitate 

formed was filtered and washed repeatedly with dry acetonitrile to yield the product in 

61% yield. mp= >300 C; 1H NMR (500 MHz, D2O) δ ppm: 9.02 (d, 4 H), 8.50(t, 4 H), 4.74(t, 

4 H), 3.97(t, 4 H), 1.96 (br.s, 6 H), 1.48 (br.s, 18 H), 1.41 (m, 6 H); 13C NMR (125 MHz, CDCl3) 

δ ppm: 156.86, 144.42, 123.40, 74.89, 67.52, 56.50, 35.72, 33.08, 30.26; (ESI-MS): 

Calculated for C34H46Br2N2O2 514.3548 (= M-2Br)+ and found 514.3618. 

D)  Synthesis of 5: 

Twenty grams of pyrene and 500 mL of carbon tetrachloride were placed into a 2 L two 

necked flask. A solution of 10 mL of bromine in 500 mL of carbon tetrachloride was added 

dropwise with vigorous stirring at ambient temperature for 5 h. The mixture was stirred 

under the same conditions for 12 h. The precipitate was separated by filtration and 

recrystallized from toluene. Yield: 61%; mp = 220– 222 °C (lit.: 221–222°C). 

E) Synthesis of 6: 

A 2.5 M solution of butyllithium in hexane (35 mL, 87.5 mmol) was added dropwise to 

a stirred suspension of 1,6-dibromopyrene (5) (8.0 g, 22.2 mmol) in dry THF (250 mL) 

under argon, at -75 C, and the mixture was stirred for 1 h at -75 C. The cooling bath was 

removed and stirring was continued for 2 h at room temperature. The mixture was cooled 

again to -75 C, and diethyl oxalate (30 mL, 220 mmol) was quickly added, and the mixture 

was stirred for 1 h. Then, the cooling bath was removed and stirring was continued for 1 

h at room temperature. The mixture was poured into 2 M aqueous hydrochloric acid (200 

mL), extracted with CH2Cl2 (3 x 100 mL), and the combined organic phases were dried over 
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sodium sulfate and concentrated. The product was purified by recrystallization in ethanol. 

Yield: 80%; mp = 162–165 C; 1H NMR (500 MHz, CDCl3)  ppm9.34 (d, 9 Hz, 2H), 8.40 (d, 

8 Hz, 2H), 8.30 (d, 8 Hz, 2H), 8.26 (d, 9 Hz, 2H), 4.55 (q, 7 Hz, 4H), 1.49 ppm (t, 7 Hz, 6H); 

13C NMR (125 MHz, CDCl3) ppm189.0, 164.7, 134.2, 131.0, 130.6, 130.3, 127.4, 126.3, 

125.8, 123.8, 62.9, 14.4. 

F) Synthesis of 7: 

A solution of sodium bicarbonate (17 g, 0.2 mol) in water (200 mL) was added to a 

stirred solution of 6 (3.0 g, 7.5 mmol) in ethanol (80 mL) heated to reflux, and the mixture 

was stirred at reflux for 16 h. The homogenous solution was cooled to room temperature 

and poured cautiously into 2 M aqueous hydrochloric acid (200 mL), the precipitate was 

filtered off and washed with water on a glass frit. The crude product was dissolved in 

acetone, the acetone-insoluble salts were filtered off and discarded, and the acetone was 

evaporated. The solid obtained was used without further purification. Yield: 90% ; 1H NMR 

(500 MHz, DMSO d6,) ppm: 9.22 (d, 9 Hz, 2H), 8.57 (d, 8 Hz, 2H), 8.53 (d, 8 Hz, 2H), 8.50 

ppm (d, 9 Hz, 2H); 13C NMR (125 MHz, DMSO d6) ppm 191.2, 166.3, 133.6, 130.53, 

130.46, 130.0, 126.6, 126.3, 123.3. 

G)  Synthesis of 8: 

Hypophosphorous acid (1.7mL, 16 mmol), was added to a mixture of 7 (2.0 g, 5.8 mmol) 

and sodium iodide (0.8 g, 5 mmol) in acetic acid (20 mL) under argon. The mixture was 

heated at reflux for 16 h. The yellow solution was cooled to room temperature, THF (100 

mL) was added, and the mixture was filtered. The solid obtained was washed with THF 

and used without further purification. Yield: 90%; 1H NMR (500MHz, DMSO d6) δ ppm: 

12.50 (br s, 2H), 8.25 (d, 8Hz, 2H), 8.24 (d, 9Hz, 2H), 8.21 (d, 9Hz, 2H), 8.00 (d, 8Hz, 2H), 
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4.35 (s, 4H); 13C NMR (125MHz, DMSO d6) δ ppm: 172.8, 129.8, 129.6, 129.2, 128.9, 127.5, 

124.8, 124.2, 123.3; mp: 295-296 C; ESI-MS: m/z calcd for C20H14O4: 318.0892 [M +]; 

found: 318.0880. 

H)  Synthesis of CD-PY-CD: 

To a cooled (-10 C) solution of 8 (0.056 g, 0.176 mmol) in DMF (6 mL), 

dicyclohexylcarbodiimide (DCC) (0.145 g, 0.704 mmol) and 1-hydroxybenzotriazole (1-

HOBt) (0.095 g, 0.704 mmol) were added. The reaction mixture was stirred at -10 C for 

30 min. 9 (0.4 g, 0.3524 mmol) was then added and stirring continued at -10 C for 30 min. 

The mixture was then refluxed at 60 C for 24 h. The reaction mixture was cooled and DMF 

was removed under vacuum. The residue obtained was washed with excess acetone and 

dried. The solid obtained was dissolved in DMF and subjected to reverse phase column 

chromatography over silica gel. Elution with methanol/water mixture (2:8) gave CD-PY-

CD. Yield: 82%; mp= >300 C; 1H NMR (500 MHz, D2O) δ ppm: 8.11-7.68 (m, 8H), 4.92-4.76 

(m, 11H), 4.37(m, 2H), 4.16 (m, 2H), 3.73-2.57 (m, 101 H); (ESI-MS): Calculated for 

C104H152N2O70 is 2548.8396 (M+H)+ and found 2549.8518. 
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Chapter 4 

Generation of Long-Lived Charge Separated State in 

a Supramolecular Donor-Acceptor System Self-

Assembled into Vesicles and Fibers 

 

4.1. Abstract 

In this chapter, we employed the donor CD-PY-CD (same as that employed in 

chapter 3) and used the acceptor Ms-(AD-MV2+)3, that has AD-linked MV2+ moieties on all 

three arms of a mesitylene core. In aqueous solution the donor-acceptor system initially 

self-assembled into vesicles which later coalesced to give long fibers.  The Self-assembly 

was studied using 1H NMR, 2D NMR, ICD, TEM, SEM and AFM analysis. Fluorescence of 

the pyrene chromophore was quenched within the self-assembled system due to efficient 

photoinduced electron transfer from PY to MV2+. PET is confirmed through identification 

of product radical ions in flash photolysis experiments. The transients observed in the 

flash photolysis were long-lived.  Steady-state irradiation of the self-assembled system in 

an optical bench led to the formation of methyl viologen radical cation (MV), which was 

stable for a few hours. Longevity of the radical cation was attributed to the fast reaction 

of PY+ with adjacent PY to give an unstable adduct, which slows down the BET process. 
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4.2. Introduction 

Tolbert and co-workers have reported that molecular self-assembly can mimic 

the cascade type electron transfer observed in the bacterial reaction center and allow 

the spatial separation of photogenerated charges, leading to long-lived charge separated 

(CS) state.1 They reported that micelle-forming cationic poly(fluorine-alt-thiophene) co-

assembled in water with cationic fullerene derivatives to produce single micellar 

aggregates that could sustain photoinduced charge separation for days in aqueous 

solution (see introduction section of Chapter 3). Although the generation of long-lived 

CS state in aqueous solution through irradiation of self-assembled donor-acceptor 

system appears very attractive, this strategy has not been exploited further. Recently, 

long-lived charge separation in a self-assembled donor-acceptor system was reported 

from our laboratory.2 Anthracene (AN) linked to two β-cyclodextrin (-CD) molecules 

(CD-AN-CD) and methyl viologen (MV2+) linked to two adamantane (AD) units (AD-MV2+-

AD) formed an inclusion complex in water, which further self-assembled into well-

defined toroidal nanostructures. Irradiation of the aqueous toroidal solution led to 

formation of a CS state which was stable for few hours. In Chapter 3 of the thesis, this 

work was followed up by employing pyrene (PY) in place of anthracene. The donor CD-

PY-CD and acceptor AD-MV2+-AD self-assembled in water to generate ring-like structures 

which then stacked together to give toroidal nanostructures. Irradiation of the solution 

containing the nanostructure led to generation of PY+ and MV+ radical ions. The PY+ 

formed undergo a fast reaction with PY in adjacent stacks. The MV+ formed also reacts 

with MV+ in adjacent stacks to give a dimeric species. Since products of the radical ion 

reactions are not very stable, the reactions are reversed at longer time scales to 
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generate the radical ions, which then undergo back electron transfer to regenerate the 

starting materials. Thus, irradiation of the toroidal system did not lead to formation of 

long-lived CS states. Absence of long-lived CS state in this case can be attributed to the 

extremely close packing of PY on PY and MV2+ on MV2+ within the toroidal assembly.  

This chapter also deals with self-assembly of a donor- acceptor system capable of 

undergoing photoinduced electron transfer (PET). We have selected the same donor CD-

PY-CD, studied in Chapter 3. The structure of the acceptor used in this study, Ms-(AD-

MV2+)3 is shown in Figure 4.1. Ms-(AD-MV2+)3 has three AD-linked MV2+ moieties 

attached to a central mesitylene unit as shown in Figure 4.1. Because of the branched 

structure, the inclusion complex formed will not be able to stack tightly to form toroidal 

structures. Self-assembly may lead to formation of different types of structures and we 

hoped that PET in this system may lead to long-lived CS states. 

 

Figure 4.1. Structure of Ms-(AD-MV2+)3. 
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4.3. Results and Discussions 

4.3.1. Synthesis and characterization of molecules 

 Synthesis and 1H NMR spectrum of CD-PY-CD was discussed in chapter 3. The 

acceptor Ms-(AD-MV2+)3 was synthesized by adaptation of a reported procedure.3 The 

synthetic route is shown in Scheme 4.1. 

 

Scheme 4.1. Scheme for the synthesis of Ms-(AD-MV2+)3. 

Preparation of the bromo derivative 2 was discussed in Chapter 3. Compound 2 

was converted to 3 by stirring with 4,4’-bipyridine in DMF at 80 0C under argon 

atmosphere. The acceptor Ms-(AD-MV2+)3 was obtained by refluxing 3 with commercially 

available 1,3,5-tris(bromomethyl)benzene in DMF under argon for 3 days. Structure of 
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Ms-(AD-MV2+)3 was confirmed by spectroscopic techniques (see experimental section). 

1H NMR specrum of Ms-(AD-MV2+)3 in DMSO is presented in Figure 4.2.  

 

 (ppm) 

Figure 4.2. 1H NMR spectrum of Ms-(AD-MV2+)3 in DMSO.  

4.3.2. 1H NMR titration studies 

 Inclusion complex formation between the acceptor Ms-(AD-MV2+)3 and CD-PY-CD 

was studied by 1H NMR titration. The NMR titration experiments were performed in D2O 

and the results are presented in Figure 4.3. Panel a shows the 1H NMR spectrum of CD-

PY-CD (5  10-3 M) and panel e shows that of Ms-(AD-MV2+)3 in D2O. The 1H NMR of Ms-

(AD-MV2+)3 in D2O is slightly different from that in DMSO shown in Figure 4.2. The major 

differences are the coalescence of the two peaks around  8.8 ppm into one peak and 

merger of the peak at  3.9 ppm with the HOD peak. Panels b, c and d shows the effect 

of adding 0.5, 1.0 and 1.5 equiv., respectively, of Ms-(AD-MV2+)3 on the 1H NMR of CD-
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PY-CD. Encapsulation of the AD in β-CD cavity will lead to chemical shift changes and 

broadening of the AD proton signals.4-7 A comparison of d and e panels shows that the 

AD protons in the  1.36 – 2.0 ppm has undergone signal broadening and change in 

splitting pattern, which can be taken as the signature for the encapsulation of the AD 

groups of Ms-(AD-MV2+)3 in the CD cavities of CD-PY-CD.  

 

Figure 4.3. Panel a-d) 1H NMR spectra of CD-PY-CD (5 × 10-3 M) with varying equivalents (0.5 – 

1.5 equiv.) of Ms-(AD-MV2+)3. Panel e) 1H NMR of pure Ms-(AD-MV2+)3. Changes in the AD and 

MV2+ proton signals are indicated by red dotted lines. 

The encapsulation of AD protons within the -CD cavity was further confirmed 

from 2D ROESY NMR experiments. When AD gets encapsulated in the cavity, the AD 

protons and -CD interior protons H-3 and H-5 will interact spatially and this will be 

observed as cross-peaks in the 2D ROESY NMR spectrum. Figure 4.4 shows the 2D ROESY 

NMR spectrum of CD-PY-CD/Ms-(AD-MV2+)3 (1:1.5) system in D2O. Cross peaks observed 
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in the  1.36 – 2.0 ppm region are shown in the red dotted line box. These cross-peaks, 

which correspond to through-space interactions between AD protons and H-3 and H-5 

protons of -CD, confirm the encapsulation of AD groups of Ms-(AD-MV2+)3 within the 

CD cavities of CD-PY-CD. 

 

Figure 4.4. 2D ROESY NMR spectrum of CD-PY-CD/Ms-(AD-MV2+)3 (1:1.5) in D2O. The cross peaks 

referred to through space interactions among the protons are marked with boxes.  

1H NMR titration of CD-PY-CD/Ms-(AD-MV2+)3 shown in Figure 4.3 is similar to the 

1H NMR titration of CD-PY-CD/AD-MV2+-AD system reported in chapter 3. Signals due to 

the viologen protons which are away from the site of inclusion also undergo changes. 

For example, the doublets at  9 ppm and multiplet at  8.5 ppm became broad singlets 

and shifted upfield in the presence of CD-PY-CD. We attribute these to secondary 

interactions and/or hierarchical assembly of the inclusion complex into complex 

structures based on previous observations4 and results of chapter 3. 

  The 1H NMR titration in Figure 4.3 also shows that the signals due to PY and -

CD are highly dampened and this is clearly seen in the expanded spectra in Figure 4.5. 
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We observed a similar phenomenon for the CD-PY-CD/AD-MV2+-AD system described in 

Chapter 3, where we have attributed the signal dampening to the stacking of PY over PY 

and β-CD over β-CD, leading to formation of toroidal nanostructures. For the present 

system also, we attribute the signal dampening to formation of nanostructures which 

may involve stacking of PY over PY and -CD over -CD. 

 

Figure 4.5. Expanded version of NMR titration, showing clearly the damping of signals due to PY 

and -CD.  

4.3.3. Photophysical properties of CD-PY-CD/Ms-(AD-MV2+)3 

 In the presence of Ms-(AD-MV2+)3, the absorption spectrum of CD-PY-CD 

exhibited dampening of signal intensity and shift of the absorption onset to longer 

wavelengths as shown in Figure 4.6 a, b. The changes observed are significant during 

addition of 0.25 – 0.5 equiv. of Ms-(AD-MV2+)3 and thereafter only negligible changes 

were noted. Upon addition of 0.25 equiv. of Ms-(AD-MV2+)3, the absorbance of CD-PY-CD 

at 350 nm got reduced by 25%. No bands assignable to CT formation could be seen in 
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the long wavelength region, suggesting that face to face stacking of PY and MV2+ did not 

occur in the self-assembled system. 

a) b)

 

Figure 4.6. a) Absorption spectra of CD-PY-CD in the absence and presence (0.25-2.0 equiv.) of 

Ms-(AD-MV2+)3 and b) Absorption spectra of CD-PY-CD with 1.5 equiv. Ms-(AD-MV2+)3, CD-PY-CD 

and Ms-(AD-MV2+)3  

 The emission spectrum of CD-PY-CD exhibited significant quenching in the 

presence of micromolar amounts of Ms-(AD-MV2+)3 (Figure 4.7a). The fluorescence is 

almost completely quenched in the presence of one equiv. of Ms-(AD-MV2+)3. Figure 

4.7b shows fluorescence spectrum of CD-PY-CD in the presence of one equiv. Ms-(AD-

MV2+)3 normalized with that of CD-PY-CD. The two spectra overlap completely, 

suggesting that emission from CT state is not observed in this case. 

a) b)

 

Figure 4.7. a) Emission spectra of CD-PY-CD in the presence of Ms-(AD-MV2+)3 (0 – 1.0 equiv.) 

and b) Normalized fluorescence spectra of CD-PY-CD and CD-PY-CD/Ms-(AD-MV2+)3 (1:1) 

aqueous solutions.  
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As described in detail in chapter 3, the intensity and sign of ICD signals can be 

used to predict the orientation of achiral molecules associated with -CD. Figure 4.8 

shows the ICD spectra of CD-PY-CD in the presence and absence of Ms-(AD-MV2+)3. The 

ICD signal due to PY in CD-PY-CD is described in Chapter 3. When Ms-(AD-MV2+)3 is 

added, intensities of signals in the 300-370 nm and 250-300 nm regions increase 

suggesting that the orientation of PY became more parallel to the CD axis. In the case of 

the CD-PY-CD/AD-MV2+-AD system studied in Chapter 3, a negative signal due to MV2+ 

was observed at higher concentrations of AD-MV2+-AD (Figure 3.12a), suggesting that 

MV2+ is also placed outside the CD cavity and aligned parallel to the CD axis. In the case 

of CD-PY-CD/Ms-(AD-MV2+)3 system studied here, the negative peak due to MV2+ is 

absent. In this case also, MV2+ most probably is aligned parallel to the -CD axis outside 

the wider rim of the CD, but since the MV2+ residues are part of a branched system, tight 

packing of the D-A system may not be possible which explains absence of the negative 

signal due to MV2+. 

 

Figure 4.8.  ICD spectra of CD-PY-CD in the absence and presence of (0.5 and 1.0 equiv.) Ms-(AD-

MV2+)3.  
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4.3.4. DLS and Tyndall effect studies 

 In the case of CD-PY-CD/Ms-(AD-MV2+)3 system also we observed formation of 

nanostructures through Tyndall effect and DLS studies (Figure 4.9). The laser path inside 

the solution become clearly visible due to light scattering by the nanoscopic particles in 

the solution (Figure 4.9a). The DLS result is shown in Figure 4.9 b, which confirmed the 

presence of particles in solution with average hydrodynamic radius of 400 nm and 

particle size distribution in the 150-800 nm range. 

 

Figure 4.9. a) Tyndall effect showing the path of light through CD-PY-CD/Ms-(AD-MV2+)3 (1:1.5) in 

water and b) DLS spectrum of the same solution. 

4.3.5. Morphological analysis 

We confirmed the presence of nanostructures in aqueous CD-PY-CD/Ms-(AD-

MV2+)3 solution by dynamic light scattering (DLS) and Tyndall effect studies. In order to 

understand the morphological aspects of these nanomaterials, we employed TEM, SEM 

and AFM imaging. Samples for AFM and SEM were prepared by drop-casting aqueous 

solutions of CD-PY-CD/Ms-(AD-MV2+)3 (1:1.5) on silicon wafer. For TEM analysis a 

solution was drop-casted on copper coated carbon grids and air dried. 
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Figure 4.10 shows TEM and SEM images of CD-PY-CD/Ms-(AD-MV2+)3 (1:1.5) self-

assembled system. The TEM images show ultra-long fibers formed from self-assembly of 

the inclusion complex. The SEM images also shows clusters of fibrous structures. These 

images, however, do not give any insight as to how these structures are formed. 

  

Figure 4.10. a, b) TEM and c, d) SEM images of CD-PY-CD/Ms-(AD-MV2+)3 (1:1.5) self-assembled 

nanostructures. 

Figure 4.11a-e show the AFM images of the CD-PY-CD/Ms-(AD-MV2+)3 (1:1.5) self-

assembled nanostructures. Figure 4.11 clearly shows the various stages involved in the 

self-assembly of CD-PY-CD/Ms-(AD-MV2+)3 into fibrous structures. Self-assembly occurs 

initially to form vesicle-type structures (Figure 4.11a). The hole at the center of the 

spherical objects suggests that these are actually vesicles. Figures 4.11b, c shows joining 

together of vesicles to give larger nanostructures. Joining of vesicles is a function of 

concentration of components and time. Figure 4.11d,e shows fusion of the 

nanostructures to give long fibers. Figure 4.11f shows the height profile of the nano 
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structures. The nanostructures and fibers have a height of  10 nm and width of  200 

nm. The width of the fiber is nearly the same in the TEM images. 

 

Figure 4.11. a-e) AFM images showing the various stages in the self-assembly of CD-PY-CD/Ms-

(AD-MV2+)3 (1:1.5) into fibers in aqueous solution. f) The height profile of nanostructure 

indicated by the arrow. 

4.3.6. Mechanism of self-assembly in CD-PY-CD/Ms-(AD-MV2+)3  

 CD-PY-CD has two -CD groups and hence has two binding sites for AD. The 

acceptor Ms-(AD-MV2+)3, on the other hand, has three binding sites for -CD. Inclusion 

of the three AD units in -CD cavities of CD-PY-CD will result in a branched system which 

cannot self-assemble into ring-like loops as observed in the case of CD-PY-CD/AD-MV2+-

AD (Figure 3.16) studied in Chapter 3. Figure 4.12 shows the formation of inclusion 

complex from CD-PY-CD and Ms-(AD-MV2+)3. Further inclusion binding can occur at all 

the three termini of the complex. A branched system, resembling a supramolecular 
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dendrimer, can form by repeated inclusion binding. Ultimately the dendritic system can 

self-assemble into a vesicle, which grows into fibers through vesicle fusion and growth. 

+

Vesicles

 

Figure 4.12. Schematic of the formation of inclusion complex in the CD-PY-CD/Ms-(AD-MV2+)3 

system and its self-assembly into vesicles. 

 Self-assembly of branched and dendritic systems into vesicles is reported in 

several studies.8-15 For example, Tao et al. reported formtion of a linear-hyperbranched 

supramolecular amphiphile by the noncovalent coupling of adamantane-functionalized 

long alkyl chain compounds and hyperbranched polyglycerol grafted from β-cyclodextrin 

by the specific AD/CD host−guest interactions. The obtained supramolecular inclusion 

system self-assembled into unilamellar vesicles.10 Mao et al. reported self-assembly of 

doxorubicin prodrug-cucurbit[n]uril host-guest cmplex into vesicles.11 Joining together of 

vesicles to give fibers are reported by others and by us also.8,15,16 Formation of vesicles 

and fibers from the dendritic inclusion complex can be thus be explained. However, 

close packing of PY over PY and -CD over -CD may not occur in such a vesicle 
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formation and the severe dampening observed for the 1H NMR cannot be explained this 

way. Most probably there may be regions of PY stacked over PY and -CD stacked over 

-CD as shown in Figure 4.13 within the vesicle and fibers formed by fusion of the 

vesicles. The hydrophobicity and stacking ability may bring the PY moieties very close 

as observed in the case of CD-PY-CD/AD-MV2+-AD system reported in Chapter 3 and this 

will result in the dampening of NMR signals observed in this case also. It may be noted 

that stacking of PY over MV2+ is not occurring during vesicle formation as is evident from 

the absence of CT bands in the absorption spectrum of CD-PY-CD/Ms-(AD-MV2+)3 shown 

in Figure 4.6. 

 

Figure 4.13. Probable arrangement of PY over PY and -CD over -CD within the vesicle. 

4.3.7. Photoinduced electron transfer in CD-PY-CD/Ms-(AD-MV2+)3  

4.3.7.1. Steady-state fluorescence quenching 

We observed that the fluorescence of CD-PY-CD was quenched by sub-millimolar 

amounts of Ms-(AD-MV2+)3 (Figure 4.7). The Stern-Völmer plot for the quenching is given 

in Figure 4.14, where Q refer to the quencher Ms-(AD-MV2+)3, I0 refer to the 
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fluorescence intensity in the absence of quencher and I refer to the intensity in the 

presence of different quencher concentrations. The I0/I curve is very similar to that 

observed for the CD-PY-CD/AD-MV2+-AD system shown in Figure 3.18 in Chapter 3. 

Three regions, as indicated by the lines in Figure 4.14, can be identified for the 

quenching. The line with the highest slope represents formation of the vesicles and 

quenching within it. The regions of lower slope most probably will correspond to 

diffusion mediated quenching.  

1

2

3

 
Figure 4.14. Stern-Völmer plot for the quenching of CD-PY-CD fluorescence by Ms-(AD-MV2+)3. 

4.3.7.2 Time resolved fluorescence quenching studies  

 Fluorescence quenching in the CD-PY-CD/Ms-(AD-MV2+)3 system was also studied 

using fluorescence lifetime quenching method and the lifetime profiles in the absence 

and presence of different concentrations of Ms-(AD-MV2+)3 are shown in Figure 4.15. As 

mentioned in Chapter 3, fluorescence decay of CD-PY-CD was mono-exponential with 

lifetime 0 = 136 ns (curve ‘a’ in Figure 4.15). In the presence of Ms-(AD-MV2+)3, 

fluorescence profiles became bi-exponential as shown in Figure 4.15b-j. The bi-

exponential fluorescence decay was attributed to diffusion mediated and unimolecular 
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quenching processes as explained in Chapter 3, Scheme 3.5.17,18 The decay profiles were 

fitted using equation 3.2 (Chapter 3) and the values of the fit parameters 1, 2, (complex), 

(free) and 2 values are presented in Table 4.1. It may be noted from Table 4.1 that the 1 

values obtained at different concentrations of Ms-(AD-MV2+)3 are nearly the same and 

satisfy the requirements of Scheme 3.5. Substituting the average value of 1 in equation 

3.4 gave the rate constant for quenching within the complex, ket = 7.85  107 s-1. 
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Figure 4.15. Fluorescence decay profiles of CD-PY-CD (2.5 × 10-5 M) a) in the absence and b-j) 

presence of various concentrations of Ms-(AD-MV2+)3 (0 – 1.8 equiv.).  

An inspection of Table 4.1 shows that the contribution due to intra-ensemble 

quenching (complex) exhibits a sudden increase when the concentration of Ms-(AD-

MV2+)3 increases from 0.010 to 0.025 mM.  This corresponds to the rising part of the 

rapid quenching region in the Stern-Völmer plot (Figure 4.14). However, the upper part 

of the Stern-Völmer curve, where the rate slows down, is not obvious in Table 4.1. 
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Table 4.1.  Table showing the fluorescence lifetime values (1 and 2), fractional contributions 

((complex) and (free)) and 2 values obtained for fluorescence lifetime quenching of CD-PY-CD with 

Ms-(AD-MV2+)3.  

 

 A comparison of Tables 3.1 and 4.1 reveals several differences between the PET 

processes within the nanostructures formed in the CD-PY-CD/AD-MV2+-AD and CD-PY-

CD/Ms-(AD-MV2+)3 systems. In the case of the CD-PY-CD/AD-MV2+-AD system studied in 

Chapter 3, the fraction of associated CD-PY-CD molecules at the highest quencher 

concentration is 73.46%, whereas the corresponding value in the case of CD-PY-CD/Ms-

(AD-MV2+)3 is only 31.21%. The ket value obtained for the CD-PY-CD/Ms-(AD-MV2+)3 

system is 7.85  107 s-1, which is much less compared to ket = 1.39  108 s-1 obtained for 

the CD-PY-CD/ AD-MV2+-AD  system. Since the fluorophore is PY and quencher is MV2+ in 

both cases, the low PET rate in the case of CD-PY-CD/Ms-(AD-MV2+)3 most probably will 

be due to higher average distance between PY and MV2+ in vesicular and/or fibrous 
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assemblies. The mechanisms for vesicle formation shown in Figures 4.12 and 4.13 may 

not allow tight binding of AD moieties within the CD cavities and this may result in 

higher average distance between the PY and MV2+ residues within the assembly. 

4.3.7.3. Nanosecond laser flash photolysis studies 

Aqueous CD-PY-CD/Ms-(AD-MV2+)3 (1:1.5, 5.0  10-5 M) solution was subjected to 

nanosecond laser flash photolysis using the third harmonic of a Nd-YAG laser. The 

transient absorption spectra obtained at different times following the laser flash are 

shown in Figure 4.16a.  
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Figure 4.16. a) The transient absorption spectra obtained at 2, 5, 26 and 352 s in the flash 

photolysis of CD-PY-CD/Ms-(AD-MV2+)3 (5  10-5 M). b-d) Kinetic traces at the various peak 

maxima.  

The transient absorption spectra obtained at short times exhibited sharp peaks 

at 390 and 460 nm and a broad peak around 600 nm. Based on literature,19,20 the 390 
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and 600 nm absorptions can be assigned to MV+ and the 460 nm peak can be assigned 

to PY+, both formed following PET from PY to MV2+. The decay profiles of the various 

absorptions given in Figures 4.16b-d are very different and hence cannot be attributed 

to one single process. 

The 460 nm peak assigned to PY+ exhibited initial fast decay (nearly 50%), 

followed by a slow decay (Figure 4.16d). The fast decay most probably is due to reaction 

of PY+ with PY to give (PY+-PY), as described in Chapter 3.21-23 The data suggests that 

nearly 40% of PY+ decays at a much slower rate. Most probably this decay corresponds 

to PY+ having no PY neighbors and this fraction must decay through the BET channel. A 

fit of the slow decay gave lifetime of 50 s (kBET = 2.0  104 s-1). As mentioned earlier, the 

average distance between the PET partners are large in this system and hence BET is 

expected to be slow.  

The decay of MV+ at 390 nm (Figure 4.16b) shows an initial fast decay ( 20%), 

which can be attributed to the dimerization of MV+. As mentioned earlier, this requires 

absorption of two photons. The second part of the decay is similar to the decay of PY+ at 

longer times and this may be attributed to BET process. The spectrum obtained at very 

long-time scales (352 s, Figure 4.16a) can be assigned to the dimer as the 390 nm peak 

is absent and the 600 nm absorption has become very broad. The last part of the decay 

can be assigned to the formation of MV+ from the dimer followed by BET with (PY+-PY) 

to regenerate the starting donor-acceptor system. 

 Decay of the 600 nm absorption is complex and it involves dimerization of MV+, 

direct BET with PY+, decay of the dimer to MV+ and BET with (PY+-PY). It may be noted 
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that nearly 40% of the absorption still persists even at 500 s after the laser flash. Since 

the absorption due to MV+ and its dimer are similar in the 550-700 nm region, the 

absorbing species may be MV+ or its dimer.    

 

During the laser flash photolysis experiments we observed that the solution 

acquires slight blue color after a few laser shots. Within a few hours the color faded and 

absorption spectrum taken afterwards suggested that no change has occurred during 

irradiation. We also observed that upon irradiation using an Oriel lamp (150 W, 20 min., 

no filter) the colorless CD-PY-CD/Ms-(AD-MV2+)3 (1:1.5, 2.5  10-4 M) aqueous solution 

turns blue and retained the color for few hours. The absorption spectrum of the blue 

solution taken immediately and 4 h after irradiation are shown in Figure 4.17a. The 

spectrum taken immediately after irradiation shows the absorption spectrum of MV+ 

superimposed with absorption due to PY. The 400 and 600 nm absorptions are identical 

with the absorption spectrum of MV+ reported previously. The fine structure in the 400 

nm band suggest that the MV+ dimer is not formed in the irradiation. Presence of 

absorption bands due to PY in the irradiated solution suggested that not all the PY 

present are utilized in the PET reaction that led to formation of long-lived MV2+. The 

time dependence of the 400 nm absorption of the irradiated solution is shown in Figure 

4.17b. The absorption decays completely in  200 min. The spectrum taken after 4 h 

(Figure 4.17a) shows that MV+ has decayed completely and the donor-acceptor system 

is regenerated fully. 
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a)                                                                        b)

 

Figure 4.17. a) Absorption spectrum of CD-PY-CD/Ms-(AD-MV2+)3 (1:1.5, 2.5  10-4 M) 

immediately and 4 h after irradiation with oriel lamp. Inset shows the blue color of the solution. 

b) The time dependence of the absorption at 400 nm.  

The reported value of the extinction coefficient for MV+ at 605 nm is 13,700 M-1 

cm-1.20 Using this value we calculated the concentration of MV+ formed in the 

irradiation = 4.6  10-5 M, which is 18% of the donor concentration employed. Thus, the 

quantum yield for formation of long-lived MV+ is 0.18. Since no sacrificial donor or 

acceptor was employed, the quantum yield of 0.18 obtained is very good.  

We have obtained the 1H NMR spectra of CD-PY-CD/Ms-(AD-MV2+)3 solution in 

D2O (1:1.5, 2.5  10-4 M) before irradiation, immediately after irradiation and one day 

after the irradiation (when the blue colour was completely discharged). The spectra are 

shown in Figure 4.18. It can be seen that in the spectrum of the irradiated solution, 

signals due to PY and MV2+ moieties are highly broadened or absent. This suggest that 

both PY and MV2+ are present as radical species in solution. Radical species are 

paramagnetic in nature and these act as local magnets which spoil the magnetic 

homogeneity throughout the sample. As a result, lines get broadened and nuclei near 

the paramagnetic electron are generally not observed. The spectrum obtained after 

complete discharge of the colour is identical with that of unirradiated solution, 
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suggesting that no permanent changes have occurred in the irradiation and the starting 

D-A system is completely regenerated. Since both PY and MV2+ moieties are present as 

radical species in the irradiated solution, it can be considered as a long-lived CS state.   

before irradiation

immediately 
after irradiation

after irradiation

a

b

c

 (ppm)
 

Figure 4.18. 1H NMR spectra of CD-PY-CD/Ms-(AD-MV2+)3  (1:1.5) solution in D2O (2.5  10-4 M) a) 

before irradiation, b) immediately after irradiation and c) one day after irradiation.  

4.4. Conclusions 

In this chapter we report assembly of a supramolecular donor-acceptor system 

using the inclusion binding of adamantane residues in -CD. The donor CD-PY-CD has 

two binding sites for the donor and acceptor Ms-(AD-MV2+)3 has three binding sites .Self-

assembly resulted in the formation of branched entities which further assembled into 

vesicles and long fibers. Fluorescence of the PY moiety within the assembly was highly 

quenched due to PET. Rate constant for the PET process within the assembly was 

obtained using fluorescence lifetime studies. Using laser flash photolysis, we confirmed 
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formation of the radical ion pairs PY+ and MV+ in the PET reaction. A fraction of PY+ 

undergo a fast reaction with adjacent PY moieties in the assembly and the remaining 

fraction underwent slow BET. A small fraction of MV+ undergo reversible dimerization 

and the remaining fraction undergo BET with PY+ and/or (PY+-PY). Nearly 40% of the 

MV+ formed did not decay even at 500 s after the laser flash. Steady-state irradiation 

of the donor-acceptor system led to formation of MV+, which was stable for a few 

hours. This study, thus confirmed earlier reports from our laboratory that self-assembly 

of donor-acceptor system into hierarchical assemblies can lead to long-lived 

photoinduced charge separation. 

4.5. Experimental Sections 
 

4.5.1. Instrumentation and methods 

All solvents and reagents were commercially available and used without further 

purification, unless otherwise specified. All experiments were performed in deionized 

water at 25 °C. Electronic absorption spectra were recorded on a Shimadzu UV-2600 UV- 

Vis spectrophotometer and the emission spectra were recorded on a SPEX Fluorolog 3 

Spectrofluorimeter. Circular dichroism experiments were performed on JASCO 810 

spectrometer using quartz cuvettes of 1 cm path length, equipped with peltier 

thermostatic cell holders for variable temperature studies. All NMR spectra were 

recorded in D2O and DMSO-d6 purchased from Aldrich, using a 500 MHz Bruker Avance 

DPX spectrometer. ESI-HRMS mass spectra were recorded using orbitrap mass 

spectrometer (Thermo Exactive). TEM analyses were performed using a FEI-TECNAI T30 

G2S-TWIN, 300 kV HRTEM microscope with an accelerating voltage of 100 kV and the 

samples were prepared by drop-casting  the aqueous solution on a formvar coated 
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copper grid (400 mesh) and evaporating excess water. Atomic Force Microscopy (AFM) 

images were recorded on Multimode SPM (Bruker Nanoscope V) operating with a 

tapping mode regime. Antimony doped silicon cantilever with a resonant frequency of 

300 kHz and spring constant of 40 Nm-1 were used. The SEM images were recorded by 

using JEOL JSM-5600 LV scanning electron microscope. The operating range was 

between 5-30 kV at 50-60 Hz single phase. The sample solution in water was drop-casted 

directly on the top of the silicon wafer and water was allowed to evaporate at ambient 

conditions and analysed for SEM and AFM. Nanosecond laser flash photolysis 

experiments were performed by using an Applied Photophysics Model LKS-20 laser 

kinetic spectrometer by using the third harmonic (355 nm) from a GCR-12 series Quanta 

Ray Nd:YAG laser. The analysing and laser beams were fixed at right angles to each 

other. Solutions for laser flash photolysis studies were de-aerated by purging with argon 

for 20 min before experiments.  

4.5.2. Materials 

 β-Cyclodextrin, pyrene, 4,4’-bipyridine, 1-bromoadamantane and 1,3,5-

tris(bromomethyl)benzene were purchased from Sigma Aldrich and used as received. All 

solvents and reagents were commercially available and used without further 

purification, unless otherwise specified. The synthesis of CD-PY-CD was described in 

Chapter 3 and the procedure for the synthesis of Ms-(AD- MV2+)3 is described below. 

A) Synthesis of 3: 
 

Compound 1 (9.0 g, 57.85 mmol) and 2 (3.0 g, 11.57 mmol) were dissolved in 

DMF (80 mL) and stirred at 80 0C under argon for 12 h and cooled to room temperature. 

The solution was then poured into ethyl acetate (200 mL). The precipitate formed was 
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collected by filtration and washed with ethyl acetate and dried to provide compound 

3.Yield: 90%; 1H NMR (500 MHz, DMSO d6) δ ppm: 9.08 (d, 2H), 8.81 (d, 2H), 8.58 (d, 2H), 

7.99 (d, 2H), 4.69 (t, 2H), 3.82 (t, 2H), 1.96 (s, 3H), 1.45 (m, 12H); 13C NMR (125 MHz, 

CDCl3) δ ppm:152.52, 151.11, 150.88, 145.77, 140.71, 124.88, 124.69, 121.95, 121.78, 

72.35, 60.88, 58.60, 40.68, 39.51, 35.63, 29.69. 

B) Synthesis of Ms-(AD-MV2+)3: 
 

Compound 3 (1.78 g, 4.3 mmol) and 1,3,5-tris(bromomethyl)benzene (0.47 g, 1.3 

mmol) were dissolved in DMF (60 mL) and the solution was stirred at 80 0C under argon 

for 3 days. After cooling the reaction mixture to room temperature, precipitate formed 

was collected by filtration and washed with minimum amount of DMF and dried to 

provide Ms-(AD-MV2+)3. The product was purified by recrystallization from EtOH/H2O to 

get the pale-yellow powder. Yield: 40%; mp= >300 C; 1H NMR (500 MHz, DMSO d6) δ 

ppm: 9.58 (d, 6H), 9.34 (d, 6H), 8.90 (d, 6H), 8.83 (d, 6H), 7.72 (s, 3H), 6.02 (s, 6H), 4.84 

(t, 6H), 3.93 (t, 6H), 2.04(s, 9H), 1.52(m, 36H); 13C NMR (125 MHz, D2O) δ ppm:150.57, 

150.28, 146.03, 145.69, 143.71, 133.94, 129.35, 127.32, 127.23, 126.76, 126.68, 75.17, 

64.13, 62.83, 62.52, 58.83, 40.51, 35.44, 30.25; ESI-MS: calculated for C75H90N6O3
6+= 

1122.7052 (M)+ and found = 1122.72. 
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z Organic & Supramolecular Chemistry

Hierarchical Self-Assembly of Pyrene-Linked Cyclodextrin
and Adamantane-Linked Naphthalene Diimide System: A
Case of Inclusion-Binding-Assisted Charge-Transfer
Interaction
Athira Kanakkattussery Jeevan[a, b] and Karical Raman Gopidas*[a, b]

Mixed stack charge transfer complexation between pyrene
donor linked to β-cyclodextrin and naphthalene diimide
acceptor linked to adamantane, where the charge transfer
interaction is augmented by inclusion binding of the adaman-
tane moiety in β-cyclodextrin, is studied. The association
constant for the charge transfer complexation was 3.64 ×
107 M� 1, which is the highest value reported so far for any
charge transfer complex. Complex formation was probed using
1HNMR, isothermal titration calorimetry, and circular dichroism
studies. The results suggested that within the charge transfer

complex the donor and acceptor exist as alternating units at an
inter-planar distance of 3.7 Å with a dihedral angle > 50°
between them with each donor-acceptor pair rotated slightly
with respect to the preceding and succeeding pairs. The charge
transfer complex undergo hierarchical self-assembly to give
twisted nanofibers as confirmed by Atomic force microscopic
and Transmission electron microscopic studies. The excited
state relaxation process in the charge transfer complex was
investigated by femtosecond time-resolved pump-probe spec-
troscopy.

Introduction

Intermolecular CT interactions between aromatic D and A
molecules generally occur with low or moderate association
constants which in turn hinders the formation of organized
assemblies with long-range order. The association constant can
be enhanced several fold if the CT interaction is augmented by
other non-covalent forces such as hydrogen bonding,[1] π-
stacking,[2] metal-ligand coordination,[3] or hydrophobic inter-
actions.[4] In the recent past large numbers of supramolecular
architectures such as micelles,[5] vesicles,[6] gels,[7] foldamers,[8]

nanotubes,[9] liquid crystal assemblies,[10] rotaxanes,[11] molecular
necklaces,[12] rotaxane dendrimers[13] etc. have been realized by
employing CT interactions reinforced with other non-covalent
interactions. Even after invoking support from additional non-
covalent interactions the currently available ‘high’ Ka values for
CT complexation is only in the 103–104 M� 1 range. Among the
common D� A systems the pyrene (PY)-naphthalene diimide
(NDI) complexes are the most well-known.[14] Wilson and co-
workers have performed a systematic study on co-assembly of
homopolymers containing different pendent D and A groups
and identified the PY-NDI system as the best D� A system for

CT complexation.[14e] Several groups have determined the
association constants for the PY-NDI CT complex and the
reported values include 6.0 × 103 M� 1 in methylcyclohexane,[14a]

9.0 × 102 M� 1 in 2:1 water : methanol,[14b] and 8.9 × 102 M� 1 in
99:1 water : DMF.[14d] Various research groups have attempted
to reinforce the CT interactions in the PY-NDI system with other
non-covalent forces.[15] For example, Khalily et al. reported the
construction of supramolecular 1D nanowires of PY-NDI system
with a high Ka value of 5.18 × 105 M� 1 employing a combination
of H-bonding, CT, and electrostatic interactions,[16] which was
the highest Ka value reported for the PY-NDI system so far.

Recently our group has shown that CT complexation
between PY and pyromellitic diimide (PI) in aqueous solution
proceeds with very high association constant if the PY is linked
to β-cyclodextrin (β-CD) and the PI is linked to adamantane
(AD).[17] For PY-PI intermolecular systems, CT complexation was
observed only at high concentrations for which the association
constant KCT was estimated as < 102 M� 1.[14e] For several AD
derivatives association constants for inclusion binding (KIN) in
β-CD are ∼104 M� 1.[18] For the PIAD/PYCD system we reported,
the association constant (Ka) determined using isothermal
titration calorimetry (ITC) was 1.82 × 106 M� 1, which is the
highest value reported so far for CT complexes.[17] The major
contribution to the high association constant came from the
inclusion binding interaction. This synergistic interaction led to
the formation of 2D sheets which underwent twisting to give
helical fibers. We also observed that when the AD substituent
in PIAD is replaced by alkyl groups such as t-butyl or methyl
the binding mode with β-CD changed from inclusion binding
to rim-binding with the associated decrease in the value of
Ka.

[19] The PYCD/PIt-Bu system also exhibited high association
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constant (Ka =2.91 × 104 M� 1) and formed twisted fibers
through hierarchical self-assembly.

Herein we report the construction of a highly stable PY-NDI
CT complex where the CT interaction is augmented by AD/β-
CD inclusion binding. The β-CD moiety is linked to PY to give
the donor system designated here as PYCD. One of the N
atoms of NDI is connected to AD group through a methylene
linker, and the other N atom is linked to a pyridinium moiety to
increase water solubility. The AD-linked acceptor is designated
as NDIAD in this study. Structures of PYCD and NDIAD are
given in Figure 1. We also used a water-soluble pyrene

derivative PYP (Figure 1) for few control experiments. We
observed that PYCD/NDIAD system exhibited Ka > 107 M� 1 and
underwent hierarchical self-assembly to give long fibers.

According to Mulliken theory, excitation of the CT band
should result in the direct formation of radical ion pair (D*+/A*-)
states.[20] Kochi and co-workers have studied the ultrafast
formation and decay of radical ion pairs by exciting the CT
band in D/A systems.[21] However, to the best of our knowledge
only one study is available which reported formation of ion
pairs in self-assembled nanostructures of CT complexes.[22]

Herein we report the femtosecond pump-probe spectroscopic
study of the PYCD/NDIAD CT complex. We observed direct
formation of the radical ion pair when the CT band is excited.
The charge separated state was extremely short lived (∼6 ps),
thereby confirming the close proximity of the donor and
acceptor in the hierarchically self-assembled system.

Results and Discussion

Synthesis and characterization of PYCD and PYP were reported
by us previously.[17] NDIAD was synthesized as shown in
Scheme S1. All intermediates and final product were thor-
oughly characterized by state of the art spectroscopic methods
(see SI, pages S4- S11 for the details of synthesis and character-
ization).

NDIAD gave a good 1HNMR spectrum in DMSO-d6 wherein
all proton signals are easily identifiable (Figure S1, S2). In D2O,
however, the NMR spectrum is highly broadened as shown in
Figure 2a, which was attributed to aggregation, based on
results of NMR titration of NDIAD in DMSO-d6 with D2O
(Figure S3), AFM studies (Figure S4) and previous reports.[23]

Upon increasing the temperature, the signals became relatively
sharper as seen in Figure 2b, which shows the NMR taken at 80
0C (see Figure S5 for the temperature dependence study).
Signals due to NDI and AD moieties are broad even at 80 0C,

indicating the presence of aggregates even at this temper-
ature.

We observed that aggregation could be prevented by
addition of β-CD as is evident from the NMR spectrum in
Figure 2c. In the presence of β-CD, the AD protons exhibit
broadening (relative to those in DMSO-d6) due to inclusion in
the cavity which also increases the solubility of the molecule.
Increased solubility reduces the propensity for aggregation
which is evident from the sharp signals in the aromatic region.
In Figure 2c we can actually assign the signals due to NDI and
AD protons without any difficulty. CT interaction between PY
and NDI is well reported in the literature. Since inclusion
binding in β-CD is observed only in water, all studies reported
herein were carried out in water. Aqueous 1:1 NDIAD and PYCD
solution is designated in this study as NDIAD@PYCD.

Figure 3a-c shows the absorption spectra of PYCD, NDIAD,
and NDIAD@PYCD (2.5 × 10� 5 M). Even at this low concen-
tration the CT band is clearly visible in the absorption spectrum
of NDIAD@PYCD, as shown in the zoomed version (Figure 3d).

At concentrations higher than 10� 4 M NDIAD@PYCD ex-
hibited dark violet color. Figure 4a shows the absorption
spectrum of the CT band of NDIAD@PYCD (2.5 × 10� 3 M) and
its temperature dependence. In order to make a comparison
we prepared the CT complex using NDIAD and PYP (2.5 ×
10� 3 M each (this complex is designated as NDIAD@PYP)). The
CT absorption spectrum of NDIAD@PYP and its temperature
dependence are presented in Figure 4b. Although the spectral
profiles of the CT bands in NDIAD@PYCD and NDIAD@PYP are
similar, several differences exist among these CT complexes.
The NDIAD@PYCD solution appears dark violet with the
maximum absorbance of 1.05 at 568 nm. The NDIAD@PYP
solution is pale red in color with the maximum absorbance of
0.58 at 495 nm. Up on increasing the temperature from 20 to
90 0C the CT absorption decreased only by 17% for NDIAD@-
PYCD whereas 60% decrease in the absorbance was observed

Figure 1. Structures of molecules employed in this study.
Figure 2. 1HNMR spectra of (a) NDIAD at 20 0C, (b) NDIAD at 80 0C and (c)
NDIAD@β-CD at 20 0C. All spectra were taken in D2O.
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for NDIAD@PYP. These results suggest that CT complex formed
in the NDIAD@PYCD system is highly stable compared to that
of the model system.

In order to have a clear understanding of the complexation
processes in these systems, we have attempted to determine
the association constants for the two systems. For the
NDIAD@PYCD system, Ka was determined using isothermal
titration calorimetry (ITC). For the experiment, NDIAD (2.0 mM
in water) was taken in the syringe, and PYCD (0.2 mM in water)
was taken in the cell. The ITC titration curve obtained is given
in Figure 5. Aqueous NDIAD solution is highly viscous, and

hence bubbles are formed during stirring. The small distortions
in the titration curve are due to bubble formation, and fitting
of the data gave Ka =3.64 × 107 M� 1. Other parameters
obtained from the ITC experiment are ΔH=-29.76 kJmol� 1,
ΔS=44.76 Jmol� 1 K� 1, and binding stoichiometry n=0.8
(which for practical purposes can be taken as 1:1 binding).
Since NDIAD exists as aggregates in solution, de-aggregation
must occur before CT complex formation. ΔS for complexation
is positive most probably because of the de-aggregation
process. The negative value of Gibbs energy change (ΔG°)

Figure 3. a-d Absorption spectra of 2.5 × 10� 5 M aq. solutions of (a) PYCD, (b)
NDIAD, and (c) NDIAD@PYCD. The CT absorption region is enlarged in (d).

Figure 4. CT absorption bands of (a) NDIAD@PYCD and (b) NDIAD@PYP and
their temperature dependence. Insets show the solution colors. Concen-
trations of the constituents were 2.5 × 10� 3 M each, in both cases.

Figure 5. ITC titration curve for NDIAD@PYCD.
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confirms the favorable self- assembling process taking place
between PYCD and NDIAD in water.

In the NDIAD@PYCD system studied here, the CT
interaction is augmented by the inclusion binding interaction
of adamantane moiety in β-CD cavity. If we take Ka(CT) ∼ 103 M� 1

for the CT interaction between PY and NDI chromophores and
Ka(IN) ∼ 104 M� 1 for inclusion binding of adamantane in β-CD,
the Ka value for NDIAD@PYCD=Ka(CT) × Ka(IN) ∼ 107 M� 1, which is
the value observed experimentally. This is the highest value
reported for the PY-NDI donor-acceptor system so far.

For the NDIAD@PYP system, ITC titration curves obtained
were not satisfactory, and hence we resorted to UV-Vis dilution
experiment (Figure S12). Ka thus obtained was 1.16 × 103 M� 1,
which agreed very well with literature reports.[14b,d]

ESI-HRMS analysis further confirmed the complexation
between PYCD and NDIAD in 1:1 ratio (Figure S13). The
calculated molecular weight of 1:1 NDIAD@PYCD complex is
1895.67. The observed m/z value is at 1895.66 (the Br� counter
ion is not included) (Figure S13a). The expansion of 1895.66
peak region shows peak at 1896.66 which corresponds to [M+

H]+ (Figure S13b).
In order to further confirm the supramolecular association

between NDIAD and PYCD, we have employed diffusion
ordered NMR spectroscopy (DOSY). Molecules in solution
undergo both rotational and translational motion constantly.
Translational motion of molecules in solution is commonly
known as self-diffusion, which is characterized by a self-
diffusion coefficient D (m2 s� 1). The value of D is inversely
related to the hydrodynamic radius of the molecule through
the Stoke-Einstein equation. Strictly speaking, the equation is
valid only for spherical molecules, but it is generally used to
estimate the sizes of all types of molecules in solution.
DOSYNMR experiments can give information about the D
values of molecules, which in turn can be used to obtain
information about intermolecular interactions in
supramolecular chemistry.[24]

We have performed DOSY experiments with D2O solutions
of PYCD and NDIAD@PYCD complex (see SI for details). The 2D-
DOSY spectra obtained are given in Figure S14 (SI). From the
DOSY experiments we obtained D=2.634 × 10� 10 m2 s� 1 for
PYCD and D=1.798 × 10� 10 m2 s� 1 for NDIAD@PYCD. It can be
noted that D value obtained for NDIAD@PYCD is much lower
compared to that obtained for PYCD, suggesting that complex-
ation occurs between NDIAD and PYCD to give a complex,
whose size is much larger than PYCD.

Wide-angle XRD analysis of 1:1 NDIAD@PYCD complex
showed a peak of 2θ = 24° which corresponds to a ‘d’ value of
3.7 Å (Figure S15). This can be assigned to the π-π stacking
distance between PYCD and NDIAD. Wide angle XRD of PY-NDI
system previously reported was very similar to Figure S15.[14c]

In order to understand the nature and conformation of the
NDIAD@PYCD and NDIAD@PYP systems, a detailed NMR
analysis was carried out. Figure 6 shows the 1HNMR of
NDIAD@PYCD in D2O (panel b) along with those of the
components PYCD (panel a) and NDIAD (panel d). For
comparison purposes NMR of NDIAD@β-CD is also shown in
Figure 6 (panel c). 1HNMR of 1-substituted adamantane deriva-

tives generally show three signals: A singlet (3 protons) for Hb,
singlet (6 protons) for Hc and a doublet of doublet (6 protons)
for Ha. Sometimes the Ha and Hc proton signals get partially
merged to give a complex pattern (as in Figure 6c and
Figure S1). When encapsulated in β-CD with the substituent
remaining outside the wider rim, the Ha and Hb protons would
be deep inside the cavity and NMR signals corresponding to
these protons would be highly broadened and/or shifted. The
Hc protons will be less affected. In most cases of AD@β-CD the
three sets of protons can be easily identified in the NMR. In the
case of NDIAD@PYCD (panel b, Figure 6) the AD protons
exhibited a very complex splitting pattern in the δ 0.95 –
2.05 ppm range. Such complex patterns were not observed
previously for any AD@β-CD systems which called for addi-
tional experiments to confirm the proton assignments.

The model compound PYP forms CT complex with NDIAD
and Figure S16 (panel b) shows the 1HNMR of NDIAD@PYP. For
comparative purposes, NMR spectra of NDIAD and PYP are also
given in Figure S16. In the NMR spectrum of the NDIAD@PYP
complex, the signals corresponding to the AD protons appear
as very sharp, clearly identifiable signals suggesting that CT
complex formation proceeds with de-aggregation of NDIAD.

Temperature dependence of the 1HNMR spectrum of
NDIAD@PYCD is shown in Figure 7. It can be seen that the
complex pattern observed in the δ 0.95 – 2.05 ppm region at
25 0C got reduced into a less complex pattern at 80 0C. Signals
due to the pyridinium protons can be clearly identified at 80
0C. If the peak at δ 9.25 ppm is identified as Hk (two protons),
integration of the signals shows that the broad signals in the
alkyl region (δ 1.72-2.55 ppm) correspond to fifteen protons
due to the AD moiety. The small signal at δ 2.46 ppm
corresponds to Hb (three protons), and the broad peak centered
around δ 2.01 and 1.90 ppm corresponds to Ha and Hc (twelve
protons). It may be noted that at 25 0C the Hk signal is split into
two peaks. If these two peaks are integrated as two protons,
then the complex pattern in the δ 0.95 – 2.05 ppm region
would correspond to fifteen protons which can be sub divided

Figure 6. 1HNMR spectra of PYCD (panel a), NDIAD@PYCD (panel b),
NDIAD@β-CD (panel c) and NDIAD (panel d). Major changes due to
complexation are indicated by arrows.
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into three groups of protons as shown in Figure 7 (lower
panel). Since the Hc protons remain outside the cavity, we
expect this proton to be less affected by complexation based
on which we assign the single peak at δ 1.24 ppm to Hc and
the multiplet pattern in the δ 1.36-1.65 ppm to Ha protons. This
analysis has shown that the three Hb protons are not chemically
equivalent. A similar situation applies to the six Ha protons. The
non-equivalency of the protons can be due to the absence of
free rotation for the AD group within the β-CD cavity and/or
formation of secondary structures (vide infra).

In order to have a detailed understanding of the complex
splitting pattern in the NMR of NDIAD@PYCD we have
employed Circular Dichroism (CD) spectroscopy. PY and NDIAD
are achiral chromophores and do not exhibit any cotton effect,
but they can exhibit induced circular dichroism (ICD) when
associated with β-CD. We have reported previously that PYCD
exhibits weak positive ICD signals which are similar to the S0!
S2 transition of PY (Figure S17a).[19] NDIAD@β-CD exhibited a
weak negative ICD signal which is shown in Figure S17b. The
lowest energy transition in the 300–400 nm in NDI is polarized
along the N – N axis.[25] When the AD moiety of NDIAD is
encapsulated in β-CD, the NDI chromophore is forced to stay
outside the wider rim of β-CD. As can be seen in the inset in
Figure S17b, the presence of the CH2 group between the NDI
and AD forces the NDI chromophore to adopt a conformation
which is nearly parallel to the β-CD axis. The resulting ICD
signal is expected to be very weak with a negative sign as per
Kodaka’s rule.[26]

Figure 8a shows the CD spectrum of NDIAD@PYCD (2.5 ×
10� 5 M). The CD spectrum exhibited a moderately strong signal
in the 300–420 nm region and a weak positive signal in the CT
absorption region indicating that the CT complex is chiral. The
intensity of CD signal in the CT region was low at the low
concentration employed for this study. When the concentration
of NDIAD@PYCD was increased to 2.5 × 10� 3 M an intense CD
signal was observed for CT band which is shown in Figure 8b
(at this concentration the optical density in the region below
400 nm is significantly greater than 1.0, and hence CD

spectrum of this region could not be recorded). Temperature
dependence of the CD spectrum in the 20–80 0C is also shown
in Figure 8b, which again supports the very high stability of CT
complex.

A comparison of Figure 8a with the absorption spectrum of
the CT complex (Figure 3c) suggests that the observed signal
(in the 300–420 nm region) is a bisignated CD signal with a first
negative cotton effect. Bisignated signal arises due to exciton
coupling when the chromophores involved are spatially very
close and constitute a chiral system.[16,27] In such a system the
electronic transition moments would interact spatially so that
the energy levels of the excited states split which will be
reflected in the CD spectrum as the bisignated signal.
Observation of the bisignated signal suggests that the
NDIAD@PYCD complex constitute a exciton coupled bichromo-
phoric system where the transition moments of the chromo-
phores are rotated by a small angle.

As mentioned earlier, both CT and inclusion binding
interactions are involved in the formation of NDIAD@PYCD.
NMR, ICD and microscopic studies (vide infra) suggested that

Figure 7. Temperature dependence of 1HNMR of NDIAD@PYCD.

Figure 8. (a) CD spectrum of NDIAD@PYCD (2.5 × 10� 5 M) and (b) CD
spectrum of the CT band region (2.5 × 10� 3 M) and its temperature
dependence.
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the inclusion/CT complex formed initially underwent hierarch-
ical self-assembly. Since Ka(IN) > Ka(CT), we propose Scheme 1 for

the formation of NDIAD@PYCD and its further assembly into
hierarchical structures. Further self-assembly occurs through
cumulative CT interactions as shown in Scheme 1. Previously
we have invoked similar schemes for the self-assembly of PIAD/
PYCD complexes.[17,19] Scheme 1, however, does not explain the
complex pattern observed for the adamantyl and pyrene
protons in the NMR spectrum of NDIAD@PYCD and the
bisignated CD signal. In order to explain these aspects we
invoke a twisting between the pyrene and NDI moieties of the
assembly, as described below.

Several reports dealing with crystal structures of PY/NDI CT
complexes are available in the literature.[15d] Gujrati et al.
reported that in the CT complex NDI and PY exist as alternating
units in columnar stacks along the crystallographic a axis with
an inter planar distance of 3.4 Å and a dihedral angle (θ) of
∼53° between the long molecular axes of NDI and PY.[28] A
computational study by Lin predicted θ values from 50–75° for
the PY/NDI complexes.[29] Li et al. prepared PY/NDI complexes
that exhibited reversible color changes in the solid state when
treated with different organic solvents. The origin of the color
changes was shown to be solvent inclusion which leads to
changes in θ value. CT crystals which did not contain any
solvent molecules appeared orange in color (λmax =500 nm),
and θ values for these were found to be < 50°. CT crystals with
purple or purple-red colors (λmax� 530 nm) have two solvent
molecules included in the crystal, and these have θ values >
50°.[15d] The above reports provide valuable insights regarding

the origin of the bisignated CD signal which is a consequence
of the orientation of chromophores in the NDIAD@PYCD
system.

The NDIAD@PYCD system exhibited deep violet color with
λmax =568 nm. Applying the information from the crystal
structures, we may predict that two water molecules are
incorporated in the CT stack which increases the dihedral angle
to nearly 700. The CT system exhibited induced chirality
because they are associated closely with β-CD, but since the
chromophores exhibited a twist angle between their long
molecular axes the resulting CD signal is bisignated. The signal
intensity is small because the chirality is not intrinsic but
induced. Thus the π-stacking in NDIAD@PYCD could be as
shown in Figure 9a or b. In the configuration shown in

Figure 9a, the dihedral angle between PY and NDI is > 50°,
which is similar to the crystal structure reported by Gujrati
et al.[28] In this configuration the orientation of PY and NDI
chromophores are identical in successive stacks. This means
that all PY residues have similar chemical environments
throughout the assembly. The NDI moieties also have similar
environments and hence all the AD units linked to NDI and
included in PYCD cavities are also expected to have similar
chemical and magnetic environments. Although Figure 9a
explains the bisignated CD signal, it cannot explain the
complex NMR pattern of NDIAD@PYCD reported in Figure 6b.

In order to explain the complex NMR pattern in Figure 6b,
we invoke the D� A stack configuration in Figure 9b where the
dihedral angle between NDI and PY remains the same but each
NDI-PY pair is rotated by some angle with respect to the
preceding and succeeding NDI-PY pairs. Thus each PY, NDI and
AD groups have slightly different chemical and magnetic
environments compared to their analogues in adjacent stacks.

Scheme 1. Scheme for the formation of NDIAD@PYCD and its hierarchical
assembly

Figure 9. Possible π-stacking arrangements in NDIAD@PYCD.
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The origin of the complex NMR spectrum of NDIAD@PYCD and
the bisignated CD signal can be explained using Figure 9b.

The intense CD signal due to the CT band in Figure 8b
cannot be attributed to induced chirality due to β-CD and we
attribute this to supramolecular chirality resulting from twisted
or helical structures formed by the hierarchical assembly of the
CT complex as observed for PMDI@PYCD systems previously.[17]

We have confirmed the presence of nanostructures even in
dilute solutions of NDIAD@PYCD through the observation of
dynamic light scattering and tyndall effect experiments (Fig-
ure S18). This is further confirmed with the help of TEM and
AFM analysis (Figure 10 and Figure S19). AFM and TEM images

showed the presence of twisted nanofibers of ∼1.0 μm length,
80–100 nm width and 7–10 nm height. The zoomed AFM and
TEM images clearly show the twisted nature of the fibers. The
rms roughness measured was 2.6-3.6 nm from AFM which
indicate smoothness of the film.

For the NDIAD@PYCD system the CT absorption occurs in
the 400–700 nm region. According to Mulliken theory, excita-
tion of the CT band should lead to formation of the radical ion
pair system as shown by equation (1),

(1)

where PY*+ stands for the radical cation of the PY donor and
NDI*- stands for the radical anion of the NDI acceptor and kBET is
the rate of back electron transfer for regeneration of the
ground CT state. We have employed nanosecond and femto-
second transient absorption spectroscopy to detect the tran-
sient species formed in the photoexcitation of NDIAD@PYCD.

Nanosecond flash photolysis of NDIAD@PYCD employing
532 nm laser pulses did not yield any transient species
indicating that the CT excited state do not furnish any long
lived charge separated states. Femtosecond transient absorp-
tion studies, however, resulted in the formation of extremely
short-lived species absorbing the 400–550 nm region. Since we
have used 600 nm excitation the region around the pump
wavelength was not probed. Transient absorption spectra
obtained in the 4.5 ps – 24 ps time window are shown in
Figure 11a. The transient absorption spectra showed maximum

around 470 nm and shoulder at 425 nm. Using a peak fitting
program we could resolve the broad spectrum into two spectra
as shown in Figure 11b with λmax at 440 nm and 474 nm. Based
on previous reports by others[30a,b] and us,[30c] the 440 nm
absorption was assigned to PY*+. NDI*- is known to exhibit a
broad absorption extending up to 800 nm with maximum
around 470 nm.[31] Hence we assign the 474 nm absorptions to
NDI*-. Thus the femtosecond transient absorption studies
confirmed the generation of the radical ion pair as per the
above equation.

Figure 10. AFM (a, b) and TEM (c, d) images of nanofibers formation of
NDIAD@PYCD in water. Inset in b shows the height profile of the nanofibers.
NDIAD@PYCD (10� 4 M) was used for the experiments.

Figure 11. a) Femtosecond time-resolved transient absorption spectra of
NDIAD@PYCD in aqueous media recorded at different time delays (4.5 ps-
24 ps) upon excitation at 600 nm. b) assigning peaks corresponds to PY*+

and NDI*-.
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The kinetic traces obtained at wavelengths 440 nm and
474 nm are shown in Figure 12a,b. Examination of the kinetic

profiles suggests that the transient species are formed within a
very short time (<100 fs) and decay by first order kinetics.
Fitting of the profiles gave 6 ps lifetime for both absorptions,
which correspond to a decay rate of 1.66 × 1011 s� 1. For several
D� A complexes studied by Kochi and co-workers the kBET values
were in the range of (1.6 – 2.0) × 1010 s� 1 range.[21] None of the
systems studied by Kochi’ group self-assembled into
supramolecular systems. For the CT complex which formed
supramolecular fibers, Aoki et al. reported kBET value of 2.2 ×
1010 s� 1.[22] For the NDIAD@PYCD system studied here kBET value
is one order of magnitude larger. The extremely fast formation
and decay of the ion pairs suggest that PY and NDI
chromophores are very tightly packed in the NDIAD@PYCD
nano structures and the inter ionic separation in PY*+/NDI*- can
be considered as very similar to that in contact ion pairs.

Rapid formation and decay of this state confirms that the
donor and acceptor precursors are residing in close proximity

and both the forward and back electron transfers are static in
nature.

Conclusions

In conclusion, we have designed a highly stable PY-NDI CT
complex by exploiting the high affinity of adamantane
derivatives for inclusion binding in β-CD cavity to augment the
CT interaction between PY and NDI chromophores. The
association constant for complexation, as measured by ITC, was
3.64 × 107 M� 1, which is the highest value reported for any CT
complex. π-stacking between PY and NDI, and inclusion bind-
ing of adamantane moiety in β-CD are probed using 1HNMR.
Adamantane protons within the CD cavity exhibited an
extremely complex NMR pattern. Careful analysis with the aid
of temperature-dependent NMR supported by circular dichro-
ism spectroscopy suggested that protons of each PY, NDI, and
adamantane groups have slightly different chemical and
magnetic environments compared to their analogues in
adjacent stacks. Based on these results we proposed that
within the complex the PY and NDI exist as alternating units
with a dihedral angle > 500 between them, but each PY-NDI
pair is rotated slightly with respect to the preceding and
succeeding pairs. The AFM and TEM analysis confirms forma-
tion of twisted fibers from hierarchical self-assembly of charge
transfer complex. Excitation of the CT band in NDIAD@PYCD
using femtosecond laser gave transients assignable to PY*+ and
NDI*- radical ion pairs. Ultrafast formation (<100 fs) and decay
(∼6 ps) confirms close packing of the PY and NDI moieties in
the nano assembly.

Supporting Information Summary

Details about the synthesis of NDIAD, characterisation of PYCD
and NDIAD with 1HNMR, 13CNMR, HRMS analysis and physical
data of charge transfer complexes NDIAD@PYCD and NDIAD@-
PYP can be found in supporting information.
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Structural Deformation to β-Cyclodextrin Due to Strong
π-Stacking in the Self-Assembly of Inclusion Complex
Athira K. Jeevan,[a, b] Sumesh B. Krishnan,[a, b] and Karical R. Gopidas*[a, b]

We report severe distortion to the structure of β-cyclodextrin
and partial de-encapsulation of included guest prompted by
strong π-stacking of appended pyrene moieties in the self-
assembly of inclusion complex into toroidal nanostructures.
The inclusion complex formed from bis(β-cyclodextrin)-substi-
tuted pyrene and bis(adamantane)-substituted methyl viologen
assembled into ring-like structures. The rings undergo further
self-assembly which involve strong face-to-face π-stacking of
pyrene chromophores. Close approach of the pyrenes for π-
stacking demands severe distortion of the cyclodextrin trun-
cated cone structure and partial de-encapsulation of the guest
from the cavity. The understanding that β-CD can be distorted
severely during self-assembly may be helpful in the design of
molecular architectures.

For many years cyclodextrins (CDs) were considered as rigid
truncated cones of high symmetry with specific diameters and
height.[1–4] The truncated cone structure has a wider rim of C-2
and C-3 hydroxyl groups and a narrow rim composed of the C-
6 primary hydroxyl groups of the glucose monomers. At the
wider rim, flip-flop hydrogen bonds are formed between the C-
2 hydroxyl of one glucose unit with C-3 hydroxyl of adjacent
glucose. The secondary hydrogen bond belt, which is complete
in β-CD, is regarded as the reason for the better rigidity and
lower water solubility of β-CD compared to α- and γ-CDs.
Experimental[5–8] and theoretical[9–15] studies now show that CD
structures are flexible due to local fluctuations in the individual
glucose rings and distortions of the macrocyclic structures.
These disorders, however, are considered dynamic and reor-
ientation to the symmetric structures occur rapidly. In this
paper we describe strong deformation of β-CD structure due to
strong π-π stacking, which is found to be stable even at 80 °C.

Self-assembly of bis(β-CD)-linked anthracene (CD-AN-CD)
and bis(adamantane)-linked methyl viologen (AD-MV2+-AD)
into toroidal nanostructures is reported by us recently.[16] The
mechanism involved formation of a ring structure from the

inclusion complex and stacking of the rings via edge-to-edge
overlap of AN π-clouds. Since β-CD has a truncated cone
structure with outer diameter of 15.3 Å, we proposed the
skewed or slipped stack arrangement shown in Scheme 1A,
where the edge-to-edge distance between ANs in successive
rings is <4 Å. In order to confirm the two important aspects of
our proposal, namely, formation of closed loop structures and
stacking of the ring loops, we have substituted pyrene (PY) in
place of AN and designed the molecule CD-PY-CD (Scheme 1).
Similar to the CD-AN-CD/AD-MV2+-AD system, we expected the
CD-PY-CD/AD-MV2+-AD inclusion complex to form closed loop
structures in which the PY chromophores can arrange with
their long axis parallel (Scheme 1B) or perpendicular (Sche-
me 1C) to the β-CD axis. If the β-CD has a rigid structure, then
the PY chromophores in Scheme 1B cannot undergo edge-to-
edge stacking because of the >5 Å separation. For Scheme 1C,
edge-to-edge distance will be <4 Å and stacking is possible
which, however, will be weak because of the 1,6-substituents
on PY. Thus, we expected to see only ring structures and no
toroids in the self-assembly of CD-PY-CD/AD-MV2+-AD (desig-
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Scheme 1. Probable arrangement of AN and PY chromophores in (A) CD-AN-
CD@AD-MV2+-AD and (B,C) CD-PY-CD@AD-MV2+-AD ring stacks. Panel D
shows structures of molecules. The cone-like structure represents β-CD.
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nated here as CD-PY-CD@AD-MV2+-AD). Contrary to our
expectation, we observed toroidal nanostructures in self-
assembled CD-PY-CD@AD-MV2+-AD, where the PY chromo-
phores are present as in Scheme 1B. Instead of the edge-to-
edge π-interaction expected, the PY chromophores undergo
face-to-face stacking at ∼3.6 Å separation, which is possible
only if the β-CD undergoes considerable structural deforma-
tion. Since the CD cavity is occupied by very rigid AD group,
partial de-encapsulation of AD from the CD cavity must occur
prior to deformation. Details are presented here.

Equimolar amounts (1×10� 5 M each) of CD-PY-CD and AD-
MV2+-AD when dissolved in water self-assembled to give
nanoscopic particles, the presence of which are confirmed by
Tyndall effect and dynamic light scattering (DLS) (Figure S5, SI).
DLS confirmed the presence of particles with average hydro-
dynamic diameter of 250 nm and 150–450 nm size distribution.
TEM, SEM and AFM (Figure 1A–C, see Figure S6 also) show
small spherical or oval shaped particles with a hollow central
part (toroids). The size of the particles in all the figures are
similar and agree very well with DLS. In addition, the AFM gives
good insights regarding the mechanism of toroid formation.
Two sections of the AFM are expanded in Figure 1D, where we
can clearly identify large numbers of stacked ring-like (or
golden bangle-like) structures. Most probably the larger toroids
are formed by side-stacking of rings structures (vide infra) to
give hollow cylinders, which undergo end-coalescing. End-
coalescing of cylindrical precursors is an important mechanism
for toroid formation.[17–20]

Spectroscopic experiments confirm that the inclusion
complex formed in CD-PY-CD@AD-MV2+-AD self-assembled
into toroidal nanostructures. Figures S8 and S9 show the
changes observed for the NMR signals of AD-MV2+-AD when
encapsulated in native β-CD. The MV2+ and AD signals undergo
slight downfield shifts, but the splitting patterns remain

unaffected. In contrast, interaction of AD-MV2+-AD with CD-PY-
CD results in small upfield shifts and significant changes in the
splitting patterns of MV2+ and AD protons (Figure 2, and
Figures S10,S11). The doublets due to Hf and Hg protons of
MV2+ become broad singlets of unequal intensity and AD
signals have become broader with the Ha protons losing its ‘dd’
splitting pattern. The most important observation in Figure 2B,
however, is the severe dampening of PY (8 protons) and β-CD
(98 protons without counting OH) signals. The anomeric
protons of β-CD (proton attached to the C-1 of glucose units)
appeared as a relatively strong peak around δ 5 ppm in CD-PY-
CD (Figure 2A). In the 1HNMR of CD-PY-CD@AD-MV2+-AD, this
peak is highly broadened. The spread of this signal in the
downfield region can be clearly seen in Figure 2B, but the
spread in the upfield region is masked by the strong D2O peak.
Progressive dampening of this signal can be clearly seen in
Figures S10 and S11 (marked by the red arrows). The 2D
ROESYNMR spectrum of CD-PY-CD@AD-MV2+-AD (Figure S12)
exhibits cross peaks between AD and β-CD protons which
confirm the close spatial association between the moieties.
Temperature dependence of NMR (Figures S13–S16) show that
the signals due to PY and β-CD remain severely dampened
even at 80 °C. The Hf and Hg signals of MV2+ shifts downfield
and exhibits nearly equal intensity and the former became
doublet at 80 °C. All AD protons also showed downfield shift
but the splitting pattern remains unchanged.

Severe dampening of PY and β-CD signals in Figure 2B is
attributed to aggregation of these molecular segments which
restricts mobility of the whole aggregate and/or molecular
segments in comparison to free molecules.[21–26] Aromatic ring
current effect also contribute to severe dampening of PY
signals.[27–29] Disc-like molecules such as PY undergo π-π
stacking which results in shielding of protons lying directly
above or below the ring system and de-shielding of outside
protons (Figure S17). Since most of the protons are in the
shielding region, it suggests a skewed π-π stacking of PY
groups as shown in Figure S17. Loss of splitting pattern and

Figure 1. Images of nanostructures formed in CD-PY-CD@AD-MV2+-AD: (A)
TEM, (B) SEM and (C) AFM. (D) shows expanded regions of image in (C).

Figure 2. 1H NMR spectra in D2O of (A) CD-PY-CD, (B) CD-PY-CD/AD-MV2+-AD
(1 :1) and (C) AD-MV2+-AD. Chemical shift changes due to complexation are
marked by arrows.

ChemistrySelect
Communications
doi.org/10.1002/slct.202004488

14967ChemistrySelect 2020, 5, 14966–14970 © 2020 Wiley-VCH GmbH

Wiley VCH Montag, 14.12.2020

2047 / 188945 [S. 14967/14970] 1



broadening of AD and MV2+ signals are also due to restricted
rotation of the corresponding molecular segments. The differ-
ent signal intensities of the Hf and Hg protons of MV2+ suggest
that the two pyridinium rings are not coplanar. Loss of
coplanarity will have little effect on the Hf protons but the Hg

protons, which are placed in the region between the two rings,
will experience different environments. As a result, these four
protons will have slightly different chemical shifts and the
resulting signal will be highly broadened with reduced
intensity.

The face-to-face stacking of PY in CD-PY-CD@AD-MV2+-AD,
is corroborated by absorption spectroscopy. Figure 3A shows
the absorption spectra of CD-PY-CD in the absence and
presence of different concentrations of AD-MV2+-AD. The
absorption spectra exhibit three features, very typical of face-
to-face π-stacking of PY in PY-tagged polymers in water.[26,30–35]

(i) The vibrational bands in the 300–360 nm region, which
corresponds to the S0!S2 transition in PY, are broadened and
red-shifted by 3 nm; (ii) a decrease of the peak to valley ratio
(which is the ratio of absorbance at the maximum of the most
intense peak to that of the adjacent minimum at shorter

wavelength side) from 2.96 (typical of free PY) to 2.3 (typical
value for face-to-face stacked PY), and (iii) hypochromism,
which is the decrease in the extinction coefficient of the
absorption band. The extinction coefficient decreased from
37,000 M� 1 cm� 1 in the free molecule to 27,000 M� 1 cm� 1 in CD-
PY-CD@AD-MV2+-AD.

All these features are indicative of electronic interactions
among PY chromophores in the ground state to form PY
aggregates.[26,30–35] The PY-PY distance in these aggregates is
considered to be similar to that in crystals. Theoretical
calculations of the pyrene crystal excimer by Warshel and
Huler[36] showed that the PY⋅⋅⋅PY distance is ∼3.44 Å. More
recently, Haedler et al. performed DFT calculations (B3LYP/6-
31G) on four pyrene hexamer aggregates.[35] Their results
suggested that the PY⋅⋅⋅PY distances in these aggregates are in
the 3.38–3.52 Å range. Since CD-PY-CD@AD-MV2+-AD is not a
regular molecular system, we assumed a value of 3.6 Å (which
is generally considered as the stacking distance in aromatic π-
systems) for the PY⋅⋅⋅PY separation. Thus, we propose that the
PY moieties in CD-PY-CD@AD-MV2+-AD are π-stacked with their
planes parallel and a PY⋅⋅⋅PY distance of ∼3.6 Å.

Addition of AD-MV2+-AD to CD-PY-CD did not result in the
formation of charge transfer (CT) complex. Formation of CT
complexes can be easily identified by the presence of long
wavelength bands in the absorption spectrum. Figure S18
shows the absorption spectrum of CD-PY-CD in the absence
and presence of different concentrations of AD-MV2+-AD in the
250–600 nm region. Figure S18 shows that new absorptions
attributable to CT complex is not present in the spectrum of
CD-PY-CD@AD-MV2+-AD.

Circular dichroism experiments were carried out to eluci-
date the orientation of PY with respect to β-CD in CD-PY-
CD@AD-MV2+-AD. Achiral molecules complexed with β-CD
exhibit induced circular dichroism (ICD), the intensity and sign
of which are used to predict the orientation of the achiral
molecule, using Kodaka’s rules (section S14 and Fig-
ure S19).[37,38] Figure 3B shows the ICD spectra of CD-PY-CD in
the absence and presence of AD-MV2+-AD. CD-PY-CD exhibits
negative ICD in the 300–370 nm region and positive signal in
the 250–300 nm region, which according to Kodaka’s rules is
indicative of PY remaining outside with its long axis parallel to
β-CD axis, as shown in Figure 3C. When AD-MV2+-AD is added,
the signal intensities increase suggesting that the PY became
more parallel to the CD axis. Alternately, inclusion of AD (of
AD-MV2+-AD) in the β-CD cavity of CD-PY-CD rigidifies the
assembly, leading to an enhancement of the ICD intensity. The
negative signal around 260 nm in CD-PY-CD@AD-MV2+-AD is in
the region of MV2+ absorption. The negative signal suggests
that MV2+ is positioned outside the CD cavity with its long axis
parallel to the CD axis as shown in Figure 3C.

We propose that the toroids are formed as shown in
Figure S20. The inclusion complex assembled into ring-like
structures. Face-to-face π-stacking of PY in the rings leads to
ring stacking as shown in Scheme 2. The golden bangle-type
structures seen in Figure 1D are stacks of few rings. Ring
stacking continues to give hollow cylindrical structures which
undergo end-coalescence[17–20] to give the observed toroids.

Figure 3. (A) Absorption and (B) ICD spectra of CD-PY-CD (2×10� 5 M) in the
absence and presence of AD-MV2+-AD. (C) shows the orientation of PY and
MV2+ with respect to β-CD as inferred from ICD data.
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1H NMR spectrum and its temperature dependence confirm
aggregation of PY and β-CD in CD-PY-CD@AD-MV2+-AD. To the
best of our knowledge, dampening of β-CD NMR signals due to
aggregation of inclusion complex is not reported. π-stacking of
PY in PY tagged water-soluble polymers is reported in large
number of papers.[30–35] In CD-PY-CD@AD-MV2+-AD, π-stacking
of PY moieties leads to formation of nearly uniform sized ring
stacks in Figure 1D. If the CD maintains a rigid structure with
AD included within its cavity, PY groups in the rings will not be
able to approach each other to within the 3.6 Å required for
face-to-face π-stacking. The situation is shown in Figure S21A.
Within the ring structures, the β-CD (with encapsulated AD) is
present in-between PY and MV2+. If the PY and MV2+ moieties
have to come closer within 3.6 Å for stacking, two conditions
must be satisfied: (i) the AD included in the CD cavity must
come out, at least partially and (ii) the structure of β-CD must
get distorted severely, which are the main contentions of this
paper. Most probably, the β-CD structure is deformed to give
flattened cylinders, with outer diameter <4 Å at the narrow
side, which makes PY⋅⋅⋅PY⋅⋅⋅PY stacking possible as shown in
Figure S21B. The severe dampening of the anomeric protons
also supports deformation of the CD. The flip-flop hydrogen
bonds on the wider rim of the CD breaks and the individual
glucose rings reorient to a distorted structure that will
accommodate PY⋅⋅⋅PY⋅⋅⋅PY stacking. When the PY rings stack
the MV2+ groups of adjacent rings also will come closer, which
will be unfavorable due to charge repulsion. Face-to-face
stacking of the MV2+ moieties is avoided by rotation of one of
the rings with respect to the other and lead to observed
changes in the 1H NMR signals of MV2+ (vide supra).

In conclusion, this study shows that the stabilization and
rigidity of β-CD, attributed to the flip-flop hydrogen bonds at
the wider rim, can be easily upset when strong secondary
interactions are at work. The distortions are not transitory in
nature and lead to formation of assemblies which are stable
even at high temperatures. The structure and properties of
cyclodextrins continue to inspire chemists.[39–46] In this context
the understanding that CD structures are not inflexible may
lead to design of novel molecular architectures in the future.
Structural deformation of cyclodextrin is subject to several
theoretical studies, but none of the studies have considered
large deformations to its structure. We hope that this study
may pave the way for rigorous theoretical studies in this
direction also.

Supporting Information Summary

Experimental procedures for synthesis of CD-PY-CD, and its
characterization data, Tyndall effect and DLS experiment,
additional TEM, SEM and AFM images, 1H NMR titration of AD-
MV2+-AD with native β-CD and CD-PY-CD, 2D ROESY NMR,
temperature dependence of NMR spectrum, application of
Kodaka’s rules and scheme for toroid formation.
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