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PREFACE

The structure—property relationship of the sensitizers plays a pivotal role in designing
the suitable materials for optoelectronic devices. However, in the bulk heterojunction (BHJ)—
based organic photodetectors (OPDs) devices using phenyl-Cei-butyric acid methyl ester
(PCBM) as an electron acceptor, the ultrafast processes of photoinduced charge—transfer,
charge carrier generation and their recombination control the efficiency of the devices.! Though
a large number of steady—state and time—resolved photophysical properties of squaraine
derivatives (SQs) were widely reported,>® the intermolecular interaction dynamics of
unsymmetrical squaraine derivatives (USQ) with PCBM have not been investigated in detail.
In this regard, herein, we report the design and synthesis of various USQ derivatives containing
N,N—dimethyl aminoanthracene and other the aromatic donors such as pyrrole appended
phenyl hydrazine, benzothiazolium and indolium moieties, which can extend the spectral
window of OPDs to the near—infrared (NIR) region. The steady—state and mainly excited—state
relaxation dynamics of USQ derivatives with and without PCBM were characterized using
femtosecond pump—probe spectroscopy.

In Chapter 1, the overview of SQs, their optical properties and the fundamentals of
OPDs were discussed. A detailed literature survey on the development of SQs used as donor
materials in BHJ—based OPDs is also provided.

In Chapter 2, the USQ derivatives consisting of N,N—dimethyl aminoanthracene and

pyrrole appended aryl hydrazine with variable alkyl chain length [ethyl (APSQ—et),

hexyl (APSQ-hex), and hexenyl (APSQ-hexen)] attached to the pyrrolic nitrogen were

synthesized. Femtosecond transient absorption and TCSPC measurements were carried out to

Xiv



get insight into the intermolecular charge—transfer dynamics between the APSQs and PCBM.
NIR-OPDs were fabricated using APSQs as an electron donor in BHJ mode. The NIR-OPDs
showed a broadband response that extends to ~950 nm. The optimized NIR-OPDs exhibited a
photocurrent value of 1.3 mA/cm? in the presence of light, which is almost 3-5 orders of
magnitude larger than the dark current (~50 nA/cm?) at —1V bias condition. The external
quantum efficiency (EQE) increased from ~4% at short circuit condition to ~12% at -1 V in
the NIR region, with the peak EQE at ~840 nm. At a reverse bias of -1 V, the device with an
APSQ-et exhibited a maximum shot—noise—limited specific detectivity of 6 x 10 cm Hz'?
W1 (Jones) at a working wavelength of 840 nm.

In Chapter 3, the USQ derivatives (ABSQs) with donor—acceptor—donor (D—A-D’)
architectures having N,N-dimethyl aminoanthracene and benzothiazole (ABSQ-H)
halogenated with fluoride (ABSQ-F), chloride (ABSQ-CI) and bromide (ABSQ-Br) were
synthesized to understand the effect of halogen on the photophysical properties and
intermolecular interaction dynamics with PCBM widely used as an electron acceptor in BHJ—
based devices. Interestingly, upon halogen substitution, red shift in the absorption spectra with
an increase in molar absorptivity was observed (¢ ~8.59 x 10* Mt cm™) which is beneficial
for NIR light harvesting. Upon addition of PCBM, the fluorescence intensity and dynamics of
halogenated ABSQs were quenched, reflecting the occurrence of intermolecular charge
transfer dynamics between the ABSQs and PCBM. These results will help for the development
of efficient USQ derivatives for optoelectronic devices.

In Chapter 4, the USQ derivatives comprising N,N—dimethyl aminoanthracene and

various N—-alkylated indolium [ethyl (A1SQ-et), hexyl (A1SQ-hex) and

XV



hexenyl (A1SQ-hexen)] were synthesized. The absorption spectra of the AISQ-et exhibited
intense absorption maximum at ~676 nm in toluene with high extinction coefficient, ~8.0x10%
M~tcm™. The absorption spectra showed a negative solvatochromic shift with an increase in
solvent polarity. When compared to the neat solvents, the absorption spectra in thin film
exhibited broad in nature covering a wide range of wavelength starting from 500—-800 nm due
to the formation of aggregations. The femtosecond transient absorption spectra of AISQ
derivatives were measured in nonpolar (toluene) and polar (acetonitrile, ACN) solvents to
determine the effect of solvent polarity on the excited—state relaxation dynamics. It revealed
that polarity of the solvent controlled the excited—state relaxation dynamics. The AISQ
derivatives were finally applied to the OPD devices and showed sensitivity in the NIR region.

References

1. Rana, A.; Sharma, C.; Prabhu, D. D.; Kumar, M.; Karuvath, Y.; Das, S.; Chand, S.;
Singh, R. K., Revealing Charge Carrier Dynamics in Squaraine:[6, 6]-Phenyl-C 71-Butyric
Acid Methyl Ester Based Organic Solar Cells. AIP Adv. 2018, 8, 045302.

2. de Miguel, G.; Marchena, M.; Zidtek, M.; Pandey, S. S.; Hayase, S.; Douhal, A., Femto-
to Millisecond Photophysical Characterization of Indole-Based Squaraines Adsorbed on Tio2
Nanoparticle Thin Films. J. Phys. Chem. C 2012, 116, 12137-12148.

3. Singh, A. K.; Mele Kavungathodi, M. F.; Nithyanandhan, J., Alkyl-Group-Wrapped
Unsymmetrical Squaraine Dyes for Dye-Sensitized Solar Cells: Branched Alkyl Chains
Modulate the Aggregation of Dyes and Charge Recombination Processes. ACS Appl. Energy
Mater. 2020, 12, 2555-2565.

4. Schreck, M. H.; Breitschwerdt, L.; Marciniak, H.; Holzapfel, M.; Schmidt, D.;
Warthner, F.; Lambert, C., Fs—Ps Exciton Dynamics in a Stretched Tetraphenylsquaraine
Polymer. Phys. Chem. Chem. Phys. 2019, 21, 15346-15355.

5. Marciniak, H.; Auerhammer, N.; Ricker, S.; Schmiedel, A.; Holzapfel, M.; Lambert,
C., Reduction of the Fluorescence Transition Dipole Moment by Excitation Localization in a
Vibronically Coupled Squaraine Dimer. J. Phys. Chem. C 2019, 123, 3426-3432.

6. Lambert, C.; Hoche, J.; Schreck, M. H.; Holzapfel, M.; Schmiedel, A.; Selby, J.;
Turkin, A.; Mitric, R., Ultrafast Energy Transfer Dynamics in a Squaraine Heterotriad. J. Phys.
Chem. A 2021, 125, 2504-2511.

XVi



Chapter 1

An Overview and Development of Squaraine Dyes in
Organic Photodetector Applications

NIR PHOTODETECTORS
Wavelength range 750—-1500 nm
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Anode dﬂ # # Cathode
1.1 Abstract

Organic light—absorbing materials with excellent semiconducting properties are of vital

significance for applications in optoelectronic devices such as photodetectors. These materials are
synthetically diverse, spectrally tunable, mechanically flexible, lightweight and can be processable
even at temperatures (<100-150 °C). This thesis encompasses the molecular design and synthesis
of novel unsymmetrical squaraine dyes (USQ) and the possibilities to extend the photoresponse of
organic photodetectors (OPDs) to the near—infrared (NIR) regime. Since only a few organic and
inorganic chromophores and polymers were reported for NIR sensitivity, this work for OPDs was
based on potential small organic molecules. This Chapter provides an overview of the squaraine
dyes (SQs), their optical properties and fundamentals of OPDs with the working mechanism. The

recent advances in OPDs and their performance in the devices are also presented. In addition, the
advances in the development of small molecule—based OPDs and the importance of USQ

sensitizers are also discussed.



Introduction

1.2 Introduction

The detection of light, one of the essential technologies, has extensive applications in
industry and our daily life, e.g., communications, environmental monitoring, surveillance,
advanced diagnosis and image sensors. Organic based semiconductors have become a promising
class of materials, with several applications being developed at the research and development and
industrial level, supported by a continued research effort. One of the several applications to which
organic semiconductors have been applied is photodetection.!? In fact, in the region from UV to
the NIR, the spectral sensitivity can be made panchromatic or particularly tuned to specific
wavelengths. Photodetectors (PDs) that convert incident photons into electrical signals have
extensive use in photodetection applications and an essential component in electronic devices that
are used for a wide range of applications. Currently available commercial PDs are mainly based
on inorganic semiconducting materials such as crystalline silicon, germanium, and indium gallium
arsenide as the active layer.® However, the processing of highly ordered crystalline inorganic
materials needs high temperature, high vacuum, and complex lithography, which are expensive
for device fabrication. Also, inorganic materials are fragile and hard to implement in flexible
devices, preventing their application to some extent.* Owing to the material tunability,
inexpensive, solution processing, distinctive structure—property relationships, and high mechanical
flexibility, OPDs emerged as a potential candidate for optoelectronics, mainly witnessed
increasing research effort, particularly for extending their response from the visible spectrum into
the NIR spectrum, leading to novel OPDs with improved NIR sensitivity and broadband activity
within the past decade. In particular dyes with strong and desirable optical properties in the NIR
region have made significant contributions to many fields, among which SQs have attracted

specific research interests as one of the most promising materials candidates for OPDs because of



Squaraines and their optical properties

their intense absorption and emission in the visible to NIR region, as well as exceptional
photochemical stability.® SQs bear a z-conjugated Donor—Acceptor—Donor (D-A-D’) zwitterionic
molecular framework with the electron—deficient central four—membered cyclobutadione ring
where the charge is delocalized over the whole molecule. Figure 1.1 shows the simple

aniline—based SQs with the corresponding zwitterionic structures.

(o] (o]
D=+ IO~
o o_
\ ~ /
-~
(0]

Figure 1.1  The z-conjugated zwitterionic structures of a SQs.

The first debut of SQs was synthesized in 1965 by Triebs and Jacob, obtained by the
condensation reaction between pyrrole and squaric acid.® Since then, many SQs have progressively
reported and majority of them were prepared by the condensation between squaric acid and a
variety of electron—rich aromatic/heterocyclic moieties such as N,N—dialkylamines, indolenines,
phenols, and benzothiazoles.

1.3 Squaraines and their optical properties

According to the structures of SQs, they can be categorized into symmetrical and USQ
dyes. Symmetrical SQs have the same electron—donating groups on either sides of the four
membered ring, so the synthesis requires two equivalents of electron—rich aromatic/heterocyclic
compounds and an equivalent of squaric acid. Upon refluxing in butanol/benzene mixture,

symmetrical SQs can be obtained with high yields (~63%).” The USQ dyes, have different



Squaraines and their optical properties

electron—donating groups on both sides, therefore the synthesis is complicated. In general, the
synthesis and isolation of the semi—squaraine is essential and crucial in order to obtain USQ dyes.
Based on the type of the terminal donors, USQ dyes can be categorized into three types, (i)
Aromatic/heteroaromatic USQ dyes: cyclobutadione ring connected to two different aromatic/
heteroaromatic donors, (ii) Heterocyclic USQ dyes: squaryl ring connected to two different
heterocycles through reactive methylene group (iii) Mixed USQ dyes: squaryl ring connected with
an aromatic/heterocyclic donor. The general structures of these USQ dyes are shown in Figure
1.2. Other derivatives such as core substituted SQs,® polysquaraines,® m-extended SQs and

squaraine rotaxanes!®!! have also been reported and used in various biological and technological

applications.
o o o
*Ar Ar tHet= =—Het'" *Ar =—Het
(o)
Aromatic USQ Heterocyclic USQ Mixed USQ

Figure 1.2  General structures of USQ dyes.

The general method employed to synthesize symmetrical SQs is the condensation of
squaric acid with nucleophiles. During the reaction, water obtained by the condensation is
regularly removed with a Dean—Stark apparatus,*? leaving a solution of SQs behind. The synthesis
of USQs, requires the squaric acid derivatives, such as esters of squaric acid or squarylium
chloride, as the starting materials, which are much less reactive than squaric acid. As a result, the
condensations result in semisquaric acid esters/squarylium chlorides. Both of the products can be

converted into semisquaric acids after treatment with bases and/or acids. The condensation of



Squaraines and their optical properties

semisquaraine with another nucleophile yields USQ dyes.

The USQ dyes are more promising class of materials than symmetrical SQs and constitute
an enormous portion of SQs chemistry due to their flexibility for synthetic modification. The
structural manipulation of USQ dyes can be obtained by modification at terminal aromatic/
heterocyclic donors leading to tunable photophysical and electronic properties, which

encompasses their applicability for various technologically relevant applications. They generally

exhibit redshift in absorption and emission and high molar extinction coefficient compared to
symmetrical SQs due to more intramolecular charge—transfer (ICT) characteristics of D—A-D’
type molecular structure,'® and also due to unidirectional flow of electrons from one donor to
another through central acceptor.'* The optical bandgap of these dyes can be tuned through the
choice of electron—rich aromatic/heterocyclic components and the linear extension of the
cyclobutene core. Despite the photophysical properties of SQs not changing much in solution as
the length of the alkyl group increases, their photophysical properties in the film state is highly
influenced by the length of alkyl group due to the formation of various aggregates. The broadening
and shifting of absorption and emission spectra are varied by the formation of various degrees of
aggregates controlled by different side groups. The formation of aggregates of SQs is crucial to
optoelectronic devices because it will affect their performance, such as the thermal stability, film
morphology, excited—state lifetime and exciton diffusion length. It has been reported that
aggregation could enhance exciton diffusion length through improved crystalline order and exciton
mobility.*5-16 This formation of aggregation is due to the self-association of SQs resulting from
the strong intermolecular force between the molecules. They can be classified into two types based

on the observation of a redshift or blue-shift absorption compared with the monomer band. The
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aggregates that exhibit bathochromically shifted (redshifted) bands in absorption spectra are called
J—aggregates, while others that exhibit hypsochromically shifted (blueshifted) bands are called
H-aggregates. Such two different shifted absorption bands of aggregates have been explained in
terms of molecular exciton coupling theory, which describes the coupling of transition moments

of aggregated molecules.’

1.4  Overview of Organic Photodetectors

In OPDs, the light is detected upon absorption of incident photons with energy equal to or
greater than the optical bandgap of the photoactive material. Due to the larger absorption
coefficients of organic materials (~10° M~*cm™) compared to Si (~50-100 M cm™?), thin active
layers (~100 nm) are adequate to absorb up to 60% of the incident light 18 making them useful for
photovoltaics and PDs. However, due to the lower relative permittivity (er ~3—4) of organic relative
to inorganic semiconductors, light absorption leads to photogenerated excitons with a
comparatively high binding energy of ~0.35-0.5 eV,° rather than free electrons and holes. Thus,
like many organic photovoltaics (OPVs) devices, the active layer of OPDs is often based on a bulk
heterojunction (BHJ) architecture?® that comprises finely intermixed penetrating networks
between the electron—donor and acceptor interface, in which their large interface area facilitates
exciton dissociation and charge transport to the relevant electrodes. The Figure 1.3a represents
the typical OPD configuration comprising a BHJ layer sandwiched between electron and hole
extraction layers.?! The Figure 1.3b represents the OPD energetic band diagram under reverse
bias. Photogenerated excitons separated into free charge carriers at the donor—acceptor interface

then drifts to the respective electrodes due to the applied electric field.
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Figure 1.3  OPD architecture consisting of a BHJ layer inserted between hole and electron
extraction layers (HEL and EEL) respectively (a) Energy band diagram of OPD under reverse bias
(b). The Figure is copied from ref 21.

OPDs are similar to OPVs concerning their working mechanism and device structure.?2-24
Both require diode architecture with BHJ configuration containing donor—acceptor materials.?>28
Both will operate with an external bias applied between the electrodes of the diode. However, the
aim of OPVs is to obtain electrical energy from light energy, whereas that of OPDs is to convert
light signals into electrical signals. To facilitate the power extraction from the devices, OPVs will
operate in forward bias whereas OPDs will operate in reverse bias, which interns favorable for the
light detection.?” Figure 1.4 represent the current density-voltage (J-V) characteristics of OPDs
in linear and semilogarithmic representation respectively under dark and under illumination. The
figure of merit parameter of OPVs is its power conversion efficiency (PCE). To increase the PCE
of OPVs, the devices must convert as much light energy as possible from the entire solar spectrum
into an electric current while instantaneously balancing the open circuit voltage and fill factor.
However, the spectral response range of OPDs should be tuned according to the specific
application, in contrast to OPVs, which are intended to absorb the entire solar spectrum. In addition

to the spectral response, other performance factors of OPDs responsivity (R), External Quantum
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efficiency (EQE), Noise Equivalent Power (NEP) and specific detectivity (D*) are particularly
essential. The simultaneous optimization of the above parameters decides the efficiency of OPD
devices. %0 Furthermore, applying a reverse bias to OPDs can improve their performance.
Therefore, the OPDs can work in the third quadrant whereas the OPVs only work in the fourth

quadrant.
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Figure 1.4  Typical J-V characteristics of OPDs in a linear (a) and semilogarithmic (b) plot
under dark (black) and illumination (yellow) conditions, showing short—circuit current density
(Jsc), open-circuit voltage (Voc), and reverse bias photocurrent density (Jpn) and dark current density
(Ja) at a given applied voltage V. The Figure is copied from the thesis ‘Device physics and
applications of organic photodiodes by Giulio Simone (2020), Eindhoven University of
Technology

1.4.1 Mechanism of Organic Photodetectors

In OPDs, the optical signal is converted into the electrical signal and the fundamental
working mechanism is shown in Figure 1.5 and it comprises the following steps 1) the absorption
of the incident photons by the organic photoactive material and creates singlet Frenkel excitons
(~107%s), 2) exciton diffusion to the acceptor interface (<107° s), 3) exciton dissociation by
electron—transfer to the electronegative acceptor molecules (~107%s) and separation of charge—
transfer excitons into free charges at the donor/acceptor interface (=10 s), 4) charge carrier
transport to the respective electrodes and (5) extraction of the charges at electrodes to generate

photocurrent.
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Figure 1.5 Working mechanism of OPDs from light absorption to photocurrent in a BHJ
mode. Simplified energy diagram (top), from a kinetic point of view (bottom). The Figure is copied
fromref. 21.

1.4.2 Performance metrics of Organic Photodetectors

0] Photocurrent density and dark current density

The photocurrent density (J;) and dark current density (Jq) are defined as the current density
flowing through a device under illumination and in the dark, respectively. Dark current
significantly increases the power consumption and complicates the signal readout. The difference
between J; and Jq is the photo-induced or photo-generated current density (Jpn), which depends on

the photon absorption and charge transport process.
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(i) Photoresponsivity (R)

The R is defined as the ratio of photocurrent density to incident light power at a given
wavelength. It describes how much current is generated by the OPD per incoming photon of a

given energy. The R is thus measured in A W1, The R can be expressed as follows.

100,
PO,

R(V)= 1)

Where Joh is the photocurrent density, and Pin is the optical power density of the incident light.

(iii)  External Quantum Efficiency (EQE)

EQE also referred as incident photon-to-current efficiency (IPCE), represents the number of
charge carriers collected to the number of incident photons.3! In general, high EQE (and hence R)
is desirable to ensure efficient photon flux detection. EQE is commonly represented in the more

practical form R as follows.

EQE = RT*‘V @)

Where q is the elementary charge and hv is the photon energy. Thus, the EQE and R have the
following relationship at a given wavelength, . EQE is unitless and often expressed as a

percentage.

EQE ()) = R(“% 100% 3)

(iv)  Noise Equivalent Power (NEP) and Specific Detectivity (D*)

NEP is a measure of the sensitivity of the PD. NEP is defined as the minimal detectable
signal power, which is equivalent to the noise power yielding a signal—to-noise ratio (SNR) of 1.3

and it is expressed in W Hz.72 The relation between inise and R as follows.

NEP = = (4)

NEP can be normalized to the bandwidth and obtain NEPg

10
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_ E _ inoise
NEPg = 75 - RVB 5)

where Inoise is the noise current and B the detection bandwidth.
The inverse of the NEPg is the detectivity (D) of the device, which can be normalized to the device

area (A) and yield the D*. The unit of D* is cm HzY2 W (i.e., Jones).

D = vA _ RVAB
NEPs inoise

(6)

Even though the determination of noise current is essential for the accurate measurement of D*, it
is not always performed due to its challenging experimental techniques. Instead, the dark current
(id) is often assumed to be the dominant contribution to noise current. Hence it is reasonable to

simplify the equation as follows.

ROWAB_ ROIVA_ R() @)
Tnoise \/ﬂ 1/ Zqu

where R(1), A and B represent R, area and dark current density of the device respectively. inoise, Id

D*:

and Jq represent the noise current, dark current and dark current density respectively, whereas q

represents the charge of an electron.

1.5 Near—infrared Organic Photodetectors

The NIR light usually corresponds to the region of electromagnetic radiation with
wavelength ranging from about 750-1400 nm.2?> NIR compounds are defined as the substances
that absorb or emit the NIR light, namely the absorption, emission, reflection of NIR light, or
become NIR-absorbing, emitting, and reflecting under or after external stimulation, such as
photoexcitation, electric fields, and chemical reactions. Despite being invisible to human visual
perception, NIR sensing finds applications in several technologies, including medical

monitoring,* quality inspection,* machine vision,® and bioimaging,®® (tissue transparent

11



Small molecule-based NIR-OPDs

window, 700-1000 nm), telecommunications. Low bandgap organic semiconductors that absorb
NIR light have attracted increasing attention for OPD applications. To construct OPDs with a NIR
response, NIR-absorbing chromophores with a narrow bandgap are essential.3” Both small
molecule and polymer based OPDs have been widely investigated for different PDs applications.
For polymers, the bandgap can be reduced by increasing the conjugation length of the material 3%
3 For an example of small molecules and oligomers, NIR-absorbing phthalocyanines,*0-4!
heptamethine salts,* porphyrins,*® and SQs**° have been applied in NIR OPDs. However, few
examples of OPDs with satisfactory efficiency in the NIR can be found in literature.*¢47 This is
due to issues regarding synthetic accessibility, expensive, chemical stability, difficulty in
processing or fabrication and solubility of low bandgap compounds.®® Small molecules are
materials of great interest due to their interesting intrinsic properties like well-defined molecular
structure,***0 high degree of purity without batch—to—batch variations,>'-2 high carrier mobility
53 as well as increased environmental stability.>* Moreover fabrication flexibility like better
reproducibility, simple synthesis,®® highly controllable film formation®-5" and tenability of
thickness of the active layer on nanometer scale 5 make these materials interesting candidate for
fabricating OPDs.

1.5.1 Small molecule—based NIR-OPDs

This chapter provides the recent advances in small molecule based materials applied to
OPDs and their chemical structures are provided in Figure 1.6. Regarding small molecules,

phthalocyanines were employed as classical materials widely used for NIR-OPDs to their
characteristic absorption peak in the 600-700 nm range. In 2014 Li et al.>® demonstrated lead

phthalocyanine/Cgo—based planar heterojunction (PHJ) mode NIR-PD, where it showed a

12
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broad—band response extending to ~1100 nm. The performance of the NIR-OPDs was enhanced
by using Cul and Bphen as anode and cathode buffer layers, respectively (Figure 1.7a). The
optimized device exhibited an EQE and D* of 18% and 2.34 x 10* Jones, respectively at zero
bias. When the applied reverse voltage was increased to —6 V, its EQE reached 33.2% (Figure
1.7b) with D* of 6.63 x 10%° Jones.

In 2015 the same group showed enhanced OPD performance with PbPc/C7o PHJ and
PbPc/PbPc/C7o hybrid planar—-mixed molecular heterojunction (PM-HJ) structure. Both
configurations showed the spectral response that covered wavelengths from 300 to 1100 nm as in
the previous case. The enhancement of EQE and D" in the NIR region was improved in the PM-HJ
device. The optimized device showed EQE about 30.2% at 890 nm with 5% PbPc-doped C layers
as shown in Figure 1.8. The enhancement is due to increased absorption efficiency, improved
exciton dissociation caused by the formation of triclinic PbPc in the PbPc:C7o mixed film when it
was deposited on a pristine PbPc layer, and high hole mobility of the PbPc-doped C7 layer. This
results indicated that the slight modification in device structure led to improved OPD
performance.®°

In 2020 Wong et al.®* fabricated the BHJ mode NIR-OPDs consisting of chloroaluminium
phthalocyanine and C+o by varying the thickness (20, 40, 60 and 80 nm) in the ratio of 1:3. They
used TAPC: 10% MoOszand BPhen as hole and electron transport layers respectively. Their results
showed the device with 80 nm thick active layer provided enhanced performance with EQE 74.6
% at 730 nm. The optimized devices exhibited the R value of ~0.439 A/W at 0 V bias (Figure
1.9a), while the D* of ~4.14 x 10% Jones at 0 V bias (Figure 1.9b). Their device performance

suggested to use as a receiver in optical communication systems.
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Figure 1.6 Chemical structures of lead phthalocyanine (PbPc), chloroaluminium
phthalocyanine (CIAIPc), Zn—Porphyrin, heptamethine salt cation 1 and 2 with counter ions BF4

and TPFB- and pentacene.
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Figure 1.7  EQE spectra of the devices with Cul thickness of 0, 2, 4 and 6 nm corresponding
to device A, B, C and D respectively, and Bphen thickness 10 nm for the device E at zero bias (a).
EQE at 900 nm of ITO/PbPc (60 nm)/Ce (60 nm)/Al (device A), ITO/Cul (4 nm)/PbPc (60
nm)/Cso (60 nm)/Al (Device C), and ITO/Cul (4 nm)/PbPc (60 nm)/Cso (60 nm)/Bphen (10 nm)/
Al (device E) as a function of applied reverse voltage (b). The Figure is copied from ref.59.
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Figure1.9 R (a) and D* (b) of the OPD device with various active layer thicknesses by
applying the zero bias voltage. The Figure is copied from ref.61.

Porphyrin—based compounds are another class of representative materials used for
NIR-OPDs because the extension of m-conjugation leads to longer wavelength absorption. In
2014, Peng et al.*® fabricated solution—processed NIR-OPDs based on Zn porphyrin/PCs:BM
heterojunction. The device exhibited a broad spectral response from 380 to 960 nm with EQE
around 20% in the NIR region at OV bias (Figure 1.10a). The optimized devices showed a low
dark current density 3.44 nA/cm? and a high photo to dark current density ratio 10° with D* over

10%? Jones in the entire region from 380 to 930 nm (Figure 1.10b).
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Figure 1.10 EQE of the devices with varied thicknesses of active layers under bias of 0 V. The
inset displays the absorption spectra with different film thickness (a). D*at bias of 0 V for the
devices with different thickness of active layers (b). The Figure is copied from ref.43.

Cyanines are another class of functional dyes with a rigid framework, push—pull electronic
structure, and extended conjugation, making their absorption and emission wavelength longer than
other fluorescent dyes under the same conditions. Among various types of the length of their
methine chain, heptamethine cyanine dyes are well suited for NIR-OPD applications. In 2016
Lunt et al.*? demonstrated the OPDs based on heptamethine dyes/Cgo heterojunction by exchanging
counterions from heptamethine salts to BF4~and TPFB~. The effect of counterion on the material
properties of the dye was discussed. Their results showed counterion exchange shown to extend
the photoresponse up to 1600 nm and increased EQE (Figure 1.11a). Exchange of the anion
from1-BF, to 1-TPFB leads to increase the D* by one order of magnitude from 3.7 x 10° to 5.3
x 10% Jones (Figure 1.11b). The excellent performance is ascribed to an increase in interface gap,

modest exciton binding energy (~0.4-0.55 eV) and decreased noise current for the device with the

TPFB anion.
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Figure 1.11 EQE spectra of the devices with salts of 12 nm thickness. The inset represents the
EQE in the NIR region (a). D* spectra for devices made with each salt donor (b). The Figure is
copied from ref.43.

Polycyclic aromatic hydrocarbons such as pentacene are also employed in the
photodetection in the NIR region. In 2020 Roy et al.®? fabricated pentacene/Ceo bilayer
heterojunction OPD using thermal evaporation. They investigated the surface morphology of
pentacene/Ceo heterojunction by the influence of thermal annealing. Their devices showed a broad

response from 400 to 700 nm with improved device performance on thermal annealing. The R of

the devices has increased from 0.0028 to 0.025 A/W (650 nm) at thermal annealing at 90 °C. The
EQE and D* of the devices were found to be 5% (Figure 1.12a) and 2 x 10'° Jones at 650 nm

(Figure 1.12b). The increase of R on thermal treatment is due to the development of small grain

size of the active layer materials favoring charge transport in the heterojunction.
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Figure 1.12 EQE (a). D* (b) spectra for S1, S2, S3 and S4 devices at 0 bias. The inset shows
EQE and R at 0 bias versus annealing temperature at 450 nm and 650 nm. The Figure is copied
from ref.62.

1.5.2 Squaraine—Based OPDs

Recently there has been a great interest in using functional SQs for NIR—OPD applications
due to their extensive material library. The suitable choice of the donor and acceptor moieties
allows for tuning the optical and electronic properties of the dyes. The combination of strong
donors with strong acceptors as well as a high degree of extended conjugation leads to a redshift
of the absorption band. Figure 1.13 displays the molecular structure of various SQs employed in
OPD applications. In 2009, Binda et al.®3 developed fast and air stable NIR-OPDs based on pyrrole
appended hydrazine symmetric SQs with alkyl and glycolic functionalized substituents. Both the
dyes exhibited an intense absorption in the NIR region (Figure 1.14a). The optimized devices
showed an EQE of 3.5% at 670 nm for 1:3 blend film of Gly SQ:PCsBM as shown in Figure
1.14b. The efficiency, speed and stability of the optimized device were improved by tailoring the

SQs substitution pattern and by tuning the blend composition. By such modification,
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they achieved the smooth morphology in the optimized blend, which enables long—term air
stability without further encapsulation. In addition, a good balance in charge carrier transport leads
to a high EQE of 3.5% with a fast response speed in the range of few hundreds of nanoseconds.

In 2011 the same group® fabricated 1:3 blend film Gly SQ:PCBM (phenyl-C¢,—butyric
acid methyl ester) showed a high detectivity 3.4 x10% Jones with an EQE of about 15% at a
wavelength of 700 nm (Figure 1.15). The enhanced R of the devices was due to the reduction of
the dark current with simultaneously maintaining its EQE, as high as 15% at 700 nm. This was
achieved by selecting the suitable hole transport layer (HTL) MEH-PPV, exploited to suppress
electron injection from the device anode into the 1:3 blend film of GlySQ:PCBM, thus dropping
the dark currents by a factor of 30, to the enormously low value of 2 nA/cm?. In addition, the
detector bandwidth (~1MHZz) has a negligible effect on the R with the MEH-PPV.%

In 2015 Zhang et al.®6 demonstrated a single crystalline aniline-based symmetric SQs
nanowire and crystalline silicon heterojunction by a drop—casting method. Their devices showed
a panchromatic spectral response from visible to NIR region due to the complementary absorption
spectrum of SQs nanowire with silicon (Figure 1.16a). In addition, the devices are ultrahigh
sensitive, fast responsive with excellent stability due to the high built—in field and the effective
reduction of dark current. The R and D* of the devices are found to be 1.0 A/W and 6 x 10° Jones

respectively from 254 to 980 nm (Figure 1.16b).
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Figure 1.13  Chemical structures of SQs reported for OPDs.
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Figure 1.14  Solid—state absorption spectra of films based on pristine and blended SQs Alk SQ
and Gly SQ (a). EQE of the devices on pristine Alk SQ, Alk SQ/PCBM blend with 1:1 by weight
ratio, pristine Gly SQ, Gly SQ/PCBM blend with 1:1 by weight ratio and Gly SQ/PCBM blend
with 1:3 by weight ratio upon light irradiation with 500 us long light pulses (b). The Figure is
copied from ref. 63.
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Figure 1.15 EQE of SQ: PCs:BM based OPDs with (squares—device B) and without (triangles
—device A) the MEH-PPV layer. Solid and dashed lines show the normalized absorption spectra
of devices B and A respectively (a). Normalized R as a function of frequency for the devices with
(dashed line—device B) and without (solid line—device A) (b). Dark current densities for the
devices with and without MEH—PPV blocking layer. On the right, a sketch of the expected energy
level alignment for devices A and B (c). The Figure is copied from ref. 64.

(a) (b)
0.84 _
Z 10
§ 0.6+ <
—cé, = 1 1
5 0.44 B7)
2 =1
e 2 01!
< 7
02 w—S0Q NW/Si substrate 8
—SQ NWs %0.01!
e S substrate
oo — " =
400 600 800 1000 1200

Wavelength (nm)

{1011
110"
9

+10
g108

~

Wavelength (nm)

1 T T T 3 1
200 300 400 500 600 700 800 9001000

Photodetectivity (Jones)
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D* of the SQs nanowire/c-Si-p-n junction at —3 V (b). The Figure is copied from ref. 66.
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In 2015 Bellani et al.®” developed PDsbased on indolic symmetric SQs/PCBM
heterojunction device structure (Figure 1.17a). The dye exhibited an absorption from 550 to750
nm. The optimized blend showed the EQE as high as 12% at —1V at the working wavelength of
590 nm (Figure 1.17b). The J-V curve of the device in the dark biased between 0.5 and 2 V,
showed a photodiode—like behavior similar to previously reported SQs OPD devices.%® The charge
carrier transport of the devices was characterized by the admittance spectroscopy, which enabled
the direct determination of the charge carrier mobility and recombination mechanism on the
working devices. At low applied voltages (< 2V), charge carrier transport is dominated by holes
with an electric field—dependent mobility value of 10~° to 10 cm? V1 s suggesting the
occurrence of a unipolar regime. At higher applied voltages (> 2V) the device is operating in the

bipolar regime suggesting the trap—mediated carrier recombination mechanism.

(a) (b) ————— e

1.0}

%) os

06

4115

ITo
Glass

EQE (%)

044

0.2

Absorbance

A A A A A A A
400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 1.17  Schematic of vertical geometry of the monolithic PD device (a). Optical absorbance
(red line) of the indolic SQs with PCs1BM as active material and EQE (black squares) spectrum
of the OPD (b). The Figure is copied from ref. 67.

In 2017 Schiek et al.** fabricated OPDs based on circular dichroic active material
homochiral L—Proline derived SQs/fullerene blend films. The neat and blended film showed

H-and J—aggregate behavior with large splitting. The blend performance was recorded by varying
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the active material's blend ratio and layer thickness. The J-V measurements exhibited light
intensity dependant characteristics (Figure 1.18a). The optimized devices showed an EQE of 45%
at 550 nm under modest reverse bias conditions for ProSQ—Cs: PCBM. The EQE exceeded 100%
at 300 nm to 450 nm region in PCBM-rich devices (Figure 1.18b).

In 2021 Dond et al.®® fabricated narrowband responsive OPDs based on diphenylamine and
pyrrole bearing USQ dye and the absorption spectrum in solution and film state is depicted in
Figure 1.19a. Their devices showed light selectivity with a peak at 500 nm and the absorption
width of the film was significantly reduced due to the steric hindrance effect of the diphenylamine
group. The EQE of the optimized devices reached 16% at —3 V in the working wavelength of 500
nm with a narrow responsive spectrum whose FWHM is ~90 nm, as shown in Figure 1.19b. The
D* of the optimized devices was found to be 1 x 10 Jones (Figure 1.19c). Their results indicated

that the steric hindrance effect is pivotal in fabricating narrow—band green selective OPDs.
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Figure 1.18 J-V characteristics with varying illumination intensity of 3:7, 10 mg/mL
ProSQ—Ceo: PCBM active layer blend (a). EQE (solid lines) and absorption (open circles)
calculated from reflection measurements of 3:7 10 mg/mL ProSQ—Ceo: PCBM photodiodes (b).
The Figure is copied from ref. 44,
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Figure 1.19  Absorption spectra of PSQ and UPSQ in DCM and thin film (a). The EQE of the
UPSQ-based OPD at -3 V(b). D* of the device at —3 V (c). The Figure is copied from ref. 69.

In 2021 Wurthner et al.*¢ fabricated a short wave infrared (SWIR, A>1000 nm) organic

photodiode using a dicyanovinyl functionalized squaraine dye (SQ—H) with PCs1:BM. It showed a

redshift and sharp absorption band at 1040 nm (Figure 1.20a) with an improved charge carrier

mobility. The enhanced OPD showed an EQE of 12.3% and a full-width half —maximum of 85

nm (815 cm™) at 1050 nm under 0 V (Figure 1.20b). Photoplethysmography application for

heart rate monitoring was constructed on flexible substrates at 0 bias voltage.

In 2021 Strassel et al.*” fabricated benzindole capped SWIR SQs—based devices. In the

solid—state the absorbance in the thin film extended considerably beyond 1100 nm. The optimized

24



Squaraine—based OPDs

devices exhibited an EQE over 30% at the working wavelength of 1100 nm at -8V (Figure 1.21).
Then they combined the OPD with a fluorescent organic light—emitting diode (OLED) and
fabricated a highly stable organic upconversion device (OUCs) extending to beyond 1200 nm.
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Figure 1.20  Absorption spectra of the SQ-H in DCM solution (solid green line) and thin film
(solid orange line: as—cast; solid red line: after annealing at 130 °C for 15 min) and of the PCs1BM
in thin—film (solid black line) on quartz window (a) EQE (black) and R (red) of OPDs under
unbiased condition (b). The Figure is copied from ref. 46.
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Figure 1.21  Absorbance spectra of DCSQ 4 in thin film and solution (a). EQE of the OPD as
function of voltage bias (b). The Figure is copied from ref. 47.
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1.6  Objectives of the Thesis

The primary objectives of the thesis are to design and synthesis of N,N—dimethyl amino
anthracene based USQ derivatives by covalently linking the aromatic donors such as pyrrole
appended phenylhydrazine, benzothiazolium and indolium moieties to obtain the spectral
sensitivity of OPDs to the NIR regime. Since the ultrafast processes of photoinduced
charge—transfer, charge carrier generation and their recombination control the efficiency of the
devices, the excited—state relaxation dynamics of USQ derivatives with and without PCBM have
been characterized using femtosecond pump—probe spectroscopy. Finally, all the USQ derivatives
were applied to the optoelectronic devices. The details of the objectives and results of each chapter
are provided below.

Chapter 2 particularly describes the design and synthesis of the USQ derivatives consisting
of N, N—dimethyl aminoanthracene and pyrrole appended aryl hydrazine with various alkyl chain
lengths attached to the pyrrolic nitrogen (APSQs). The steady—state and time-resolved
photophysical studies are carried out in detail. The occurrence of intermolecular charge—transfer
dynamics between APSQs and PCBM are corroborated by TCSPC and femtosecond pump—probe
spectroscopy. The APSQ derivatives were used as donor molecule in BHJ—based OPDs with
PCBM as the acceptor. The NIR-OPDs showed a broadband response that extends to ~950 nm.

Chapter 3 discusses the design and synthesis of the USQ derivatives (ABSQs) comprising
N,N—dimethyl aminoanthracene and benzothiazole (ABSQ-H) halogenated with fluoride
(ABSQ-F), chloride (ABSQ-CI) and bromide (ABSQ-Br). The steady—state and time—resolved
photophysical properties of ABSQs derivatives were investigated to understand the effect of

halogen on the photophysical properties and intermolecular interaction dynamics with PCBM. It
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is found that upon halogenation of ABSQs, the absorption spectra showed a red shift with an
increase of molar absorptivity and interacted firmly with the PCBM. The ABSQ-H and ABSQ-CI
derivatives were applied to the OPDs and showed sensitivity in the NIR region.

Chapter 4 describes the design and synthesis of the USQ derivatives consisting of
N,N—dimethyl aminoanthracene and N-alkylated indolium (AISQs). The steady-state and
time—resolved photophysical studies are carried out in detail. The femtosecond transient
absorption spectra of AISQs derivatives were measured in toluene and ACN solvents upon
excitation at 600 nm using femtosecond pump—probe spectroscopy. It revealed that the polarity of
the solvent controlled the excited state relaxation dynamics. The quenching of fluorescence
intensity and lifetime upon the addition of PCBM reflected the occurrence of intermolecular
charge—transfer dynamics between the AISQs and PCBM. The AISQ-et derivative was applied

to the OPDs and showed sensitivity in the NIR region.
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Chapter 2

Efficient Near—Infrared Organic Photodetector Using
Pyrrole Linked Aryl Hydrazine—Based Unsymmetrical
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2.1  Abstract
The USQ dyes are considered as promising candidates for BHJ-based NIR-OPDs due

to their intense absorption as well as tunable spectroscopic and electrochemical properties.
The USQ derivatives consisting of N,N—dimethyl aminoanthracene and pyrrole appended aryl
hydrazine with variable alkyl chain length [ethyl (APSQ—et), hexyl (APSQ-hex), and hexenyl
(APSQ-hexen)] attached to the pyrrolic nitrogen were synthesized and their steady and
excited—state relaxation dynamics were studied. The absorption spectra of the derivatives
showed a strong absorption maximum at around 760 nm with high molar extinction coefficient,
~1.26x10°M Lcm™L. The LUMO energy levels of APSQs are higher in energy compared to
that of the PCBM (-3.7 eV) and simultaneously the HOMO energy level of the PCBM (-6.1eV)

is lower compared to that of APSQs. Thus, the energy levels of all the derivatives are
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appropriate to act as donor materials in the BHJ-based OPD with PCBM as an acceptor.
Femtosecond transient absorption and TCSPC studies showed the quenching of time constants
reflecting intermolecular charge—transfer dynamics between the APSQs and PCBM.
NIR-OPDs were fabricated using APSQs as electron—donors in BHJ mode. The NIR-OPDs
showed a broad—band response that extends to ~950 nm. The optimized NIR-OPDs exhibited
a photocurrent value of 1.3 mA/cm? is observed under light illumination, which is almost 3-5
orders of magnitude greater than the dark current (~50 nA/cm?). at -1V bias condition. The
NIR region, with the peak EQE at 840 nm. At a reverse bias of -1 V, the device with a APSQ—et
displayed a maximum shot—noise—limited specific detectivity of 6 x 101t cm HzY2 W 1 (Jones)
at 840 nm.

2.2 Introduction

The organic dyes with strong and desirable optical properties in the NIR region of
700-1500 nm are essential for the development of numerous optoelectronic devices used for a
variety of applications, including photodynamic therapy (PDT),! bioimaging,? fluorescent
labels,3* optical communications,® remote monitoring®’ and night vision.2 However, the
organic detectors capable of sensing in the NIR range are limited due to the lack of
advancement of their lightweight, large area, disposability, mechanical flexibility. Few classes
of small molecules and oligomers of NIR absorbing dyes including cyanine dyes,®*?
phthalocyanine,’** porphyrins,'®> and SQs'%1° are feasible as sensitizers for the development
of NIR-OPDs. Among other dyes, SQs comprising symmetrical D—A-D molecular
architectures having electron—deficient central four—-membered ring and two electron—donating
chromophores exhibit intense light absorption (¢ > 20000 M~cm)?° and emission (® ~0.8)*

in the visible to NIR region. The optical and electrical properties of the symmetrical SQs can
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be easily modified by changing the electron—donating capability of aromatic or heterocyclic
peripheral substituents. However, USQ dyes are emerged as versatile sensitizers 22-2¢ due to the
unidirectional flow of electrons in the excited—states upon excitation yielding enhanced charge
separation and leading to higher photocurrents, compared to the symmetrical derivatives.'’: 2/
Recently charge carrier and polaron dynamics have been investigated for the SQ and
SQ:PC71BM using ultrafast transient absorption spectroscopy resulting in the formation of
polaron with a lifetime of 550 ps.?® Binda et al.?® developed fast and air—stable and efficient
NIR planar OPD operating in the air without encapsulation of devices based on
bulk heterojunction. It exhibited an EQE of 3.5% at 670 nm with a response speed of 240 ns.
Recently Binda et al.®® designed and fabricated OPD using hydrazine—based symmetric SQs
with PCBM showed an EQE of 15% with D* and dark current of 3.4 x 1012 Hz%° cm/W at 700
nm and 2 nA/cm? respectively. Bellani et al.3! fabricated an OPD using indole—based SQs with
PCBM acceptor showing the EQE of 12% at 590 nm and charge transport properties of the
devices were characterized in the dark using admittance spectroscopy.

It is found that USQ dyes are more prospective molecules compared to symmetrical
dyes due to the flexibility of synthetic manipulation, unidirectional flow of electrons and
generating higher photocurrents compared to symmetric dyes.?” 32 Thus, the alteration of
chromophores of terminal aromatic or heterocyclic donors of the USQ dyes provide the
capability of tuning electronic and photophysical properties beneficial for the development of
photoelectronic devices. Hence we have synthesized USQ dyes (APSQs) comprising the
N,N— dimethyl aminoanthracene and aryl hydrazine with various alkyl chain length [ethyl
(APSQ-et), hexyl (APSQ-hex) and hexenyl (APSQ-hexen)] attached to the pyrrolic
nitrogen. (Figure 2.1). Interestingly the compounds showed intense NIR absorption (¢~10°

M~ cm™at 760 nm) and the optical bandgap of the materials was estimated to be ~1.52 eV,
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which is appropriate for fullerene containing BHJ—-based optoelectronic devices. Hence they
were used as sensitizers for developing the NIR-OPDs. To explore the excited—state relaxation
dynamics of APSQ derivatives, the femtosecond time—resolved transient absorption spectra
(fs—=TAS) in toluene and ACN were measured. The intermolecular charge—transfer dynamics

between APSQs and PCBM in toluene were also investigated.

R= ethyl (APSQ—et)
R= hexyl (APSQ-hex)
R= hexenyl (APSQ-hexen)

Figure 2.1  Chemical structure of APSQ derivatives.

2.3 Results and Discussion

2.3.1 Synthesis of APSQ Derivatives
The USQ derivatives (APSQs) comprising of N,N— dimethyl aminoanthracene and aryl

hydrazine with various alkyl chain length [ethyl (APSQ—et), hexyl (APSQ-hex) and hexenyl
(APSQ-hexen)] attached to the pyrrolic nitrogen were synthesized for NIR—OPDs
applications. The APSQ derivatives were synthesized by modifying the previously reported
procedures.®**® The N,N-dimethyl aminoanthracene semisquaraine was prepared by the
reduction and alkylation of 1-aminoanthroquinone and resulted N,N—dimethyl
aminoanthracene treated with squarylium chloride. The alkyl and alkenylated pyrrole attached
phenylhydrazine was refluxed with the N,N-dimethyl aminoanthracene semisquaraine in
benzene: butanol azeotropic mixture (1:1) resulting the corresponding APSQ derivatives. The
strategy adopted for synthesizing APSQ derivatives is shown in Scheme 2.1. The structure of

the compounds was characterized by NMR spectroscopy and HRMS.
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R=hexenyl (APSQ-hexen, 27%)

Scheme 2.1  Synthetic Scheme of APSQ Derivatives.

2.3.2 Steady-State Photophysical Characterization

2.3.2.1 Solution state
The steady—state absorption and emission spectra of APSQ-et, APSQ-hex and

APSQ-hexen were measured in different solvents having various polarity and shown in
Figure 2.2—2.4 respectively. The APSQ—-et, APSQ—hex and APSQ-hexen exhibited sharp
and intense absorption maximum in the NIR region at around 762, 758 and 761 nm in toluene
with the molar extinction coefficient of ~1.26, 2.15 and 2.56 x 10° M~ cm™ respectively. The
intense absorption is due to combined n—r* transition with intramolecular charge—transfer
from N,N—dimethyl aminoanthracene and pyrrole appended arylhydrazine core.6-3 The APSQ
derivatives having such high extinction coefficient will be used as an effective sensitizer in the
form of thinner photoactive film in the optoelectronic devices.3® The absorption maximum of
the APSQs did not change considerably with the increase of polarity representing the negligible

solvent reorganization during the electronic transition.%-4! The observation of similar spectral
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features in the absorption and emission spectra of APSQ derivatives with small Stokes shift
(~400-660 cm™) reflect the comparable molecular configurations in the ground and
excited—states.

The fluorescence dynamics of APSQ derivatives in different solvents was measured
upon exciting at 670 nm and decay profiles are shown in Figure 2.5. The fluorescence lifetime
(tr) of APSQ-et, APSQ—hex and APSQ-hexen in toluene were found to be around 830 * 20,
790 + 15 and 790 + 20 ps respectively. With the increase of solvent polarity, it was decreased
to 150 + 15, 160 + 15 and 100 + 15 ps in acetonitrile. The absolute fluorescence quantum yield
was also decreased with the increase of the solvent polarity. For example, the quantum yield
of APSQ-et, 0.28 in toluene decreased to 0.02 in acetonitrile. The observation of the decrease
of fluorescence quantum vyield and lifetime reveals the participation of a non-radiative
transition sensitive to the electronic redistribution in the excited APSQ derivatives and/or
formation of the solute—solvent complexes with the increase of polarity.?* The details of the
absorption and emission maxima, Stokes shift, fluorescence lifetime and absolute quantum
yield of APSQ-—et, is given in Table 2.1-2.3 respectively. The radiative and non—radiative rate
constants were also calculated from fluorescence quantum yield (®) and lifetime (tf) using the

following equations.

K== and K, =--K; Q)

where kr and knr represent the radiative and non—adiative rate constants, respectively.
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Figure 2.2  Steady-state absorption and emission spectra of APSQ-et in solvents of
various polarities at room temperature.
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Figure 2.3  Steady-state absorption and emission spectra of APSQ-hex in solvents of
various polarities at room temperature.
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Figure 2.4  Steady-state absorption and emission spectra of APSQ-hexen in solvents of
various polarities at room temperature.
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Figure 2.5  Fluorescence decay profiles of APSQ—et (a), APSQ-hex (b) and APSQ-hexen
(c) in solvents of various polarities obtained upon excitation at 670 nm.
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Table 2.1 Absorption and Fluorescence Maxima, Lifetime and Quantum Yield and of APSQ-et in Various Solvents

Absorption Fluorescence  Stokes shift, Fluorescence Fluorescence Radiative Non-radiative
max, nm max, cm? quantum lifetime®,  constant, x 10" s constant, x 107 st

Solvents (Amax) M (Amax) (4v) yield? (&) ps (z) (Kr) (Knr)
Toluene 762 788 433 0.28 830 £ 20 34 85
Chloroform 764 790 431 0.20 430 £ 20 48 184
THF 766 790 397 0.20 560 * 15 37 141

MeOH 761 793 531 0.01 80 £20 15 1412
ACN 758 798 661 0.02 150 + 15 19 695

aAbsolute fluorescence quantum yield attained by exciting at emission maximum using an integrating sphere. PFluorescence lifetime was
obtained upon excitation at 670 nm and the 2 value of fluorescence kinetics fit is between 1.0 and 1.2.
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Table 2.2 Absorption, Fluorescence Maxima and Lifetime of APSQ-hex in Various
Solvents

Absorption Fluorescence Stokes shift, Fluorescence
Solvents max, max, cmt(4v) lifetime?,
nM (Amax) NM (Amax) ps (@)

Toluene 758 784 437 790 £ 15
Chloroform 763 796 544 450 = 20
THF 763 792 480 550+ 20
MeOH 760 789 483 80 £ 20
ACN 757 793 600 160 £ 15

Table 2.3 Absorption and Fluorescence maxima and Lifetime of APSQ-hexen in Various
Solvents

Absorption Fluorescence  Stokes shift, Fluorescence
Solvents max, max, cmt(4v) lifetime?,
nm (Amex) M (L) ps ()

Toluene 761 786 418 790 + 20
Chloroform 765 790 413 450 £ 15
THF 764 788 399 600 + 20
MeOH 761 787 434 70 £15
ACN 759 788 485 100 =+ 15

3Fluorescence lifetime was obtained upon excitation at 670 nm and the y? value of fluorescence
Kinetics fit is between 1.0 and 1.2.

23.2.2 Film State

The normalized absorption spectra of APSQ derivatives in a thin film, obtained by

drop—casting the APSQs (1.5 mM) in chloroform solution are shown in Figure 2.6. When
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compared to the neat solvents, the absorption spectra in the thin film showed a broad in shape

covering the wide wavelength range from 600—-900 nm, revealing the formation of both H-and

J-type aggregates by the strong intermolecular forces between the APSQ molecules.*?-*> Such

a broad range of wavelengths with high molar extinction coefficient will be significantly

helpful for light harvesting.3°
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Figure 2.6 Normalized absorption spectra of APSQ-et (a), APSQ-hex (b) and

APSQ-hexen (c) in a thin films and chloroform solution.

45



Electrochemical properties of APSQs

2.3.2.3 Electrochemical Properties of APSQ Derivatives

The redox potentials of the APSQ derivatives were determined using cyclic
voltammetry in acetonitrile using ferrocene as standard and the corresponding voltammograms
were given in Figure 2.7a. The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMOQO) energy levels of the APSQ derivatives in eV can be
obtained from the following equation*¢-4” and given in Table 2.4.

HOMO (APSQs) = — [4.8 — Ex (Fc/Fc*™ vs Ag/AQCI) + Ex (APSQs vs Ag/AgCI)] (2)
LUMO (APSQs) = Eromo + Eoo 3)
Where Eoo = 1242 / Xonset.

The HOMO energy levels of APSQ-et, APSQ-hex and APSQ-hexen are found to be
-4.79, —4.82 and —4.81 eV respectively and the LUMO energy levels of APSQ-et,
APSQ-hex and APSQ-hexen are found to be —3.26, —3.29 and —3.28 eV respectively. It is
interesting to note from the Figure 2.7b that the LUMO energy levels of all the derivatives are
higher in energy compared to that of the PCBM (-3.7 eV) and simultaneously the HOMO
energy level of the PCBM (6.1 eV) is lower compared to that of APSQ derivatives, which is
the important requirement of the sensitizer to be used in the BHJ-based optoelectronic devices
for the efficient intermolecular charge—transfer in the excited—state. Thus the energy levels of
all the derivatives are appropriate to act as donor materials in the BHJ-based OPD with PCBM
as an acceptor. The electrochemical data of APSQ derivatives are summarised in Table 2.4.

2.3.24 Interaction of APSQs with PCBM
The absorption and fluorescence spectra of APSQ-et, APSQ—hex and APSQ-hexen

upon addition of various concentrations of PCBM (1.5 to 13.5 mM) in toluene were measured.
With the increase in concentration of PCBM, no notable changes in the absorption spectra of

APSQ derivatives were observed. Whereas the fluorescence intensity of all the APSQ
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derivatives are decreased with the increase of concentration of PCBM as shown in Figure 2.8.
This observation reflects the excited—state interaction between APSQ derivatives and PCBM.
The fluorescence lifetime of APSQ derivatives with PCBM was measured upon exciting at
670 nm (left insets of Figure 2.8). In the presence of the PCBM (13.5 mM), the fluorescence
lifetime is decreased from 750 £ 15, 770 £ 20 and 790 + 20 ps to 660 + 15, 710 + 20 and 720
+ 20 ps for APSQ-et, APSQ-hex and APSQ-hexen respectively. The decrease of
fluorescence intensity and lifetime deduces the occurrence of intermolecular charge—transfer

from APSQs to PCBM.
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Figure 2.7  Cyclic voltammogram of APSQ-et, APSQ-hex and APSQ-hexen in ACN
using tetrabutylammonium hexafluorophosphate as supporting electrolyte at a scanning rate of
50 mV/sec (a). HOMO and LUMO levels of APSQ-et, APSQ-hex and APSQ-hexen vs
PCBM (b).
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Table 2.4 Electrochemical data of APSQ derivatives from cyclic voltammetry in ACN

oo, Eoo, Eox vs. Ag/AgCI, HOMO, LUMO,

APSQs nm eV Vv eV eV
APSQ-et 810 1.53 0.43 -4.79 -3.26
APSQ-hex 807 1.53 0.46 -4.82 -3.29
APSQ-hexen 811 1.53 0.45 -4.81 -3.28

The Stern—Volmer plot (right insets of Figure 2.8) for fluorescence quenching of
APSQs with the increase of concentration of PCBM showed linear behaviour suggesting the
occurrence of dynamic quenching mechanism in the excited—state deactivation. The
bimolecular quenching rate constant, kq (k= Ksv/t0) and Stern—Volmer quenching constant,
Ksv (to/t =1 + Ksy x [PCBM]) were calculated and constants are provided in Table 2.5. Where
T/t IS the ratio of the fluorescence lifetime of APSQs in the absence and presence of PCBM.
The kq and Ksy for the APSQ—et, APSQ-hex and APSQ-hexen are found to be 13.74, 8.28
and 9.13 (x 10° M* s1) and 10.30, 6.38 and 7.22 (M) respectively. These constants are an
order of magnitude larger “® than that of normal diffusion controlled bimolecular reaction
constant (2 x 10° M s71).8 Overall upon addition of PCBM, the quenching of fluorescence
intensity and a lifetime of APSQ derivatives reveal the occurrence of the intermolecular

charge-transfer from the APSQs to the PCBM.!8
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with different concentrations of PCBM in toluene Insets: Fluorescence decay profiles obtained
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Table 2.5 The Stern—Volmer quenching constant (Ksyv) and bimolecular quenching rate
constant (kq) of APSQ derivatives.

APSQs kg, M T PS T PS kg x10°Mst

APSQ-et 1030 750+15 66015 13.74
APSQ-hex 6.38 770+20 71020 8.28
APSQ-hexen 7.22 790+20 720+ 20 9.13

2.4 Time-Resolved Photophysical Characterization
2.4.1 Femtosecond Transient Absorption Spectra of APSQ derivatives:

To understand the role of solvent polarity on the excited—state relaxation dynamics of
the APSQs, femtosecond time—resolved transient absorption spectra were measured in toluene
and ACN upon excitation at 670 nm using femtosecond pump—probe spectroscopy. Transient
absorption spectra of APSQ-et, APSQ-hex and APSQ-hexen in toluene covering the
wavelength range of ~345-585 nm are shown in Figure 2.9. In Figure 2.9, panel a shows the
spectral evolution of APSQ-et recorded from 900 fs to 1.47 ns. At early time scales, two
transient absorption bands positioned at ~421 and 525 nm are observed. The intensity of both
the bands gradually decreases with the increase of delay time. The panels b and ¢ of Figure
2.9 showed the spectral evolution of APSQ-hex and APSQ-hexen in toluene from 900 fs to
1.47 ns respectively. The transient absorption spectral features of all the APSQs are found to
be similar to each other. As the decay profile of the peaks at ~525 and 420 nm is found to be
the same, the positive bands are due to the excited state absorption (ESA) of the dyes (Sh<« S1
transition).*®>3 The transient absorption spectra extending the longer wavelength region
(~585-785 nm) upon excitation at 670 nm were also measured and shown in Figure 2.10. In

Figure 2.10, panel a shows the spectral evolution of APSQ-et recorded
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from 50 fs to 1.47 ns. With the increase of delay time, the negative transient absorption peak
at ~765 nm evolving to attain the steady—state emission maximum at ~780 nm, corresponds to
the stimulated emission (SE). The spectral behaviours of APSQ—-hex and APSQ—hexen shown

in panel b and ¢ of Figure 2.10 respectively are similar to that of the APSQ-et.
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Figure 2.9 Femtosecond transient absorption spectra of APSQ-et (a), APSQ-hex (b) and
APSQ-hexen (c) in toluene upon excitation at 670 nm in the shorter wavelength region at
different delay times.
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Figure 2.10  Femtosecond transient absorption spectra of APSQ-et (a), APSQ-hex (b) and
APSQ-hexen (c) in toluene upon excitation at 670 nm in the longer wavelength region at
different delay times.

The transient absorption spectra of APSQ—-et, APSQ—hex and APSQ-hexen in ACN
obtained upon exciting at 670 nm in the shorter and longer wavelength region are shown in
Figure 2.11 and Figure 2.12 respectively. In Figure 2.11 (panel a), the transient absorption

spectra of APSQ-et showed two positive bands at around 415 and 514 nm in the early time

scales. The intensity of both the bands decreased with the increase of delay time as shown in
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Figure 2.11. The transient absorption spectra of APSQ-et in ACN (Figure 2.12, panel a)
shown for the longer wavelength region exhibiting the negative band at ~738 nm reflects the
characteristic feature of SE by shifting to the red region at ~771 nm with the increase of delay
time. Overall the transient absorption spectral features of all the APSQ derivatives in ACN
appeared to be similar to toluene. However, the excited—state relaxation dynamics of APSQs

are faster in ACN when compared to toluene (Figure 2.13) due to the change in the solvation

relaxation processes.>*58
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Figure 2.12  Femtosecond transient absorption spectra of APSQ-et (a), APSQ-hex (b) and
APSQ-hexen (c) in ACN upon excitation at 670 nm in the longer wavelength region at
different delay times.
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Figure 2.13 Femtosecond transient absorption decay APSQ-et (a), APSQ-hex (b) and
APSQ-hexen (c) in toluene and acetonitrile upon excitation at 670 nm.

To understand the relationship between the efficiency of the devices and dynamics of
the photogenerated charges, excited—state interaction dynamics between APSQs and PCBM
were studied by measuring the fs-TAS of APSQs and PCBM mixture upon excitation at 670

nm. The transient absorption spectral behaviour of the mixture (Figure 2.14-2.15) is found to
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be the same when compared to the APSQs alone in toluene. It is to be noted that we have used
a PCBM concentration of 13.5 mM, having high OD in the region below 390 nm. Since all the
probe light was absorbed well below 390 nm, we could not observe any changes in the
absorbance. In addition, there is an artifact raised due to the strong and narrow absorption of
PCBM at ~433 nm. However, the decay profile of APSQ—et, APSQ-hex and APSQ-hexen
with PCBM mixture probed at 525 and 760 nm in toluene (Figure 2.16 and 2.17) respectively
showed quenching of the dynamics when compared to the APSQs alone.

2.4.2 Analysis of the Transient Absorption Spectra of APSQ Derivatives
The femtosecond transient absorption spectra were analyzed globally with the

sequential model using Glotaran.>® Three exponential components were optimally obtained to
completely describe the relaxation dynamics of APSQs in toluene and ACN as well as with
PCBM mixture in toluene. The obtained time constants are provided in Table 2.6 and the
corresponding decay—associated difference spectra (DADS) are shown for comparison in
Figure 2.18 to 2.20. There are no substantial changes in the excited—state relaxation dynamics
of APSQs by changing the alkyl and alkenyl substituents attached to pyrrolic nitrogen (Figure
2.13,2.16-2.17). Hence the time constants obtained for APSQ-et are considered for
discussion and those are 11 = 412 fs, 12 = 10.78 ps, and t3 = 122 psin ACN and t1 = 2.5 ps, 12
=114.81 psand t3 = 747.84 ps in toluene. Based on the observation of the characteristic feature
of the redshift of SE (~763 nm) with the increase in delay time, the fast component (71 = 412
fs in ACN and t1 = 2.50 ps in toluene) attributed to the solvation relaxation processes from
Franck—Condon state to solvent stabilized local excited—state based on the observation of
dynamic redshift of SE with the increase of delay time,%%-¢* The time constant 1, 10.78 and
114.81 ps for ACN and toluene respectively, could be attributed to the dark state, resulting

from the conformational changes of APSQs, having the charge—transfer character stabilizing
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in the polar solvent. This state facilitates the non—radiative deactivation to the ground state and
supports the observation of a decrease of fluorescence quantum yield and lifetime in ACN
(Table 2.1). Finally, the longer time constant ts, resulting from the global analysis, is consistent
with the fluorescence lifetime obtained from the TCSPC in neat solvents (Table 2.1). Hence
the time constant of 122 (747.84) ps is attributed to the lifetime of the excited singlet state of

APSQ-et in ACN (toluene).
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Figure 2.14  Femtosecond transient absorption spectra of APSQ-et (a), APSQ-hex (b) and
APSQ-hexen (c) with PCBM in toluene upon excitation at 670 nm in the shorter wavelength
region at different delay times.
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Figure 2.15  Femtosecond transient absorption spectra of APSQ-et (a), APSQ-hex (b) and
APSQ-hexen (c) with PCBM in toluene upon excitation at 670 nm in the longer wavelength
region at different delay times.
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Figure 2.16 Femtosecond transient absorption decay of APSQ-et (a), APSQ-hex (b) and
APSQ-hexen (c) with and without PCBM in toluene probed at 525 nm upon excitation at 670
nm.
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Figure 2.17 Femtosecond transient absorption decay APSQ-et (a), APSQ-hex (b) and

APSQ-hexen (c) with and without PCBM in toluene probed at 760 nm upon excitation at 670
nm.
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Interestingly upon addition of PCBM, quenching of all the time constants of APSQ-et
was observed (1.50 ps (t1), 62.52 ps (t2) and 625 ps (t3)). The decrease of time constant, 13 is
consistent with the fluorescence time constant observed in TCSPC in the presence of PCBM.
Such a decrease of time constant could be due to the effect of the occurrence of the
intermolecular charge—transfer between APSQs and PCBM. 52

Table 2.6 Time Constants Attained from Global Analysis Using Glotaran®® for APSQs
upon Excitation at 670 nm

APSQs ACN Toluene
—PCBM + PCBM
11=0.41 +0.10 ps 11=2.50 £ 0.20 ps 71=1.50 £ 0.20 ps
APSQ-et  ,=10.78 +0.50 ps 7,-11481+£220ps 1,=62.52+1.20 ps
13 =122 +2 ps 13 = 747.84 £ 6 ps 13=625 £5ps
11 = 0.45+0.15 ps 11=2.31+0.25 ps 11 =2.11+£0.20 ps
APSQ-hex 1, =1532+0.60 ps 1,=88.85+3.20ps 12 =235.41+1.25ps
13=154.87 + 2 ps 13=760.30 £ 5 ps 13 = 668.55 £ 5 ps
1= 0.44 £ 0.12 ps 1= 241+026ps 1= 2.30%0.23ps
APSQ-hexen  t,=19.51 +1.00 ps 17,=86.79+1.20ps 12=54.83+1.30 ps
13=172.65 + 3 ps T3=788.75 + 6 ps 73 = 680.27 £ 5 ps

Further to shed more light on the charge transfer dynamics, a global target analysis has
been carried out to extract the time constant of charge—transfer and spectral signatures of each
excited species. The rate constant of charge—transfer dynamics is obtained from the fraction of

population conversion from one state to another divided by the associated time constant of the
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state.®3-%6 The relative fraction of population is tested by multiplying the amplitude of each of
the kinetic traces with the corresponding species associated spectrum and summing the result,
leading to the observed transient absorption spectra within the experimental noise.®” Thus,
based on the target analysis, the charge—transfer proposed to occur from the solvent-stabilized
local excited—state with the relative population of ~89% and the time constants of

charge—transfer from APSQ-et, APSQ-hex and APSQ-hexen to PCBM were found to be

~70.42,39.84 and 61.72 ps respectively.
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Figure 2.18 Decay associated difference spectra of APSQ-et (a), APSQ-hex (b) and

APSQ-hexen (c) in toluene obtained by global analysis.
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Figure 2.19 Decay associated difference spectra APSQ-et (a), APSQ-hex (b) and
APSQ-hexen (c) in ACN obtained by global analysis.
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Figure 2.20 Decay associated difference spectra of APSQ-et (a), APSQ-hex (b) and
APSQ-hexen (c) with PCBM in toluene obtained by global analysis.

2.5 Characterization of Photodetector

OPDs were fabricated using APSQs as sensitizers, and their device architecture and
energy level diagram are shown in Figure 2.21. The J-V characteristics of the OPDs are shown
in Figure 2.22. The asymmetric J-V features are due to the different hole—tunnelling injection

barriers at the electrode/active layer interface. The hole—tunnelling injection from the Ag
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electrode is much easier than the ITO electrode. Hence, the dark current in the reverse bias is
much smaller than in the forward bias. The light current densities of the OPDs are significantly
increased under light illumination compared to dark current. A current value of 1.3 mA/cm?is
obtained under light illumination, which is nearly 3-5 orders of magnitude greater than the
dark current (~50 nA/cm?) at —1V bias condition (with respect to ITO) of the OPD. In the
presence of light, the current shows a steady increase with the increase of the reverse bias. This
can be ascribed to improved charge extraction and a decrease of non—geminate losses in the

presence of high electric field.%®
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Figure 2.21 Fabricated OPD architecture (a) and Energy level diagram of the fabricated
OPD (b).

The EQE of the OPDs under different bias conditions is shown in Figure 2.23. The
EQE spectra follow the absorption spectra of the blend exhibited the features of PCBM and
APSQs. EQE in the wavelength (A) range 300 nm < A < 500 nm is due to the PCsoBM and in
the A range, 600 nm <A < 950 nm is ascribed to APSQs. The photocurrent is due to effective
photogenerated exciton dissociation at the APSQs/PCBM interface and its transfer to the

external circuit through the interface layers. It is found that the EQE increase with the
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increasing reverse bias voltages. The devices exhibited an EQE increase from ~4% at short
circuit conditions to ~12% at —1 V in the NIR region, with the peak EQE at ~840 nm for
APSQ-et. Field—dependent dissociation of bound electron—hole pairs, the increased
hole—transport velocity in the active layer with increasing electric field and increased

hole—tunnelling injection can be the reason for such an enhancement in EQE.%°
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Figure 2.22  J-V characteristics of APSQs in dark and light in semi—logarithmic.
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Figure 2.23 EQE spectra of devices using APSQ-et (a), APSQ-hex (b) and APSQ-hexen
(c) at different bias conditions.

Figure 2.24 shows the R curve of the OPDs, which clearly shows a broad spectral
response extending to A ~950 nm. The spectral profile of R peaks around 700 nm and 840 nm.
The R is 25mA/W and 70 mA/W for unbiased and biased (-1 V) devices respectively at A ~840
nm for APSQ-et. The R of the OPD is greatly enhanced with an increase in reverse bias,
consistent with the increase in photocurrent with reverse bias. The combination of reduced dark
current and improved EQE led to a dramatically enhanced D* in the NIR region. At a reverse
bias of -1 V, the device with an APSQ-et displayed a maximum D* of 6 x 10! cm HzY2 W1
(Jones) at 840 nm (Figure 2.25b). It is worth noting that D* monotonically increases as the
reverse bias increases for all the devices. The device performance data of APSQs at 840 nm

are provided in Table 2.7.
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Figure 2.24  Spectral R of devices using APSQ-et (a), APSQ-hex (b) and APSQ-hexen
(c) at different bias conditions.
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Figure 2.25 EQE (a) and D* of APSQs devices at negative bias voltages (b).
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Table 2.7 The Device Performance Data of APSQs at 840 nm

APSQs EQE, % R, mA/W D*, x 10 Jones
ov -1V ov -1V ov -1V

APSQ-et 3.38 12.00 25.10 72.50 2.14 6.10
APSQ-hex 2.17 6.07 15.25 40.52 1.31 3.02
APSQ-hexen 2.80 6.38 18.60 43.30 1.40 4.22

The transient photovoltage (TPV) and transient photocurrent (TPC) measurements are
well-known techniques for probing the charge carrier dynamics of OPD devices. TPC signal
reveals the charge extraction dynamics, whereas the TPV signal is a good measure of the charge
carrier density in the OPD. A combination of TPC and TPV studies shows insight into the
recombination rate of the photogenerated charge.”® Figure 2.26 shows the TPC and TPV for
the APSQs devices under 532 nm laser light pulses. A double exponential equation as shown
below is used to fit the light OFF decay transient curve to determine the decay time constants.

y = A1) 4 f,eX/t) 4y, 4)

The response profile of both the TPC and TPV transients are similar. But the TPC decay
time is typically 2—3 orders of magnitude shorter than the TPV time. The difference can be due
to (i) TPV signal is measured at an approximately open circuit, so the decay primarily
characterizes the charge recombination dynamics and (ii) TPC signal is recorded close to a
short circuit, so the signal decay mainly represents the charge extraction (which occurs on a
shorter timescale).”* All the transient measurements are measured in an unbiased condition.
The devices showed a fast pulse response with short rise times and longer fall times. Hence the

OPDs in the photovoltaic mode, displayed an ultrafast response in the range of ~15 ns.
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Figure 2.26  TPC (a) and TPV (b) decay response of APSQs detectors.

2.6 Summary

The USQ derivatives comprising N,N-dimethyl aminoanthracene and pyrrole
appended phenylhydrazine (APSQs) were synthesized and their steady and time-resolved
relaxation dynamics were recorded for the application of OPDs. The absorption spectra of
APSQ derivatives showed a strong absorption maximum at around 760 nm with high extinction
coefficient, ~2.56 x10° M~tcm™1. Femtosecond transient absorption measurements revealed the
quenching of time constants indicating the presence of the intermolecular charge—transfer
dynamics between the APSQ derivatives and PCBM. OPDs were fabricated using APSQ
derivatives as donor and PCBM as the acceptor working in the BHJ mode. OPDs showed a
broad spectral response extending to A ~950 nm. A Photocurrent value of 1.3 mA/cm? was
obtained under light illumination, which is almost 3-5 orders of magnitude greater than the
dark current (=50 nA/cm?) at —1V bias condition of the OPD. The devices showed an EQE
increase from ~4 % at OV to ~12% at —1 V in the NIR region, with the peak EQE at ~840 nm.

At a reverse bias of —1 V, the device with a APSQ—et showed a maximum D* of
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6 x 10t cm Hz¥2 W1 (Jones) at 840 nm. The OPDs showed an ultrafast photoresponse in the
range of ~15 ns. To the best of our knowledge, this will be the first OPDs with USQ dyes

showed the ultrafast high detectivity in the NIR range of 760 nm.

2.7 Experimental Section
2.7.1 Materials and Methods

1 General Details: The chemicals and reagents used for synthesis were purchased from
Sigma—Aldrich, Merck and TCI. Dry solvents were prepared by following the reported
procedures.”? *H NMR spectra were measured using Brucker AMX 500 MHz spectrometer
using tetramethylsilane (TMS) as the internal standard. High—resolution mass spectra of the
derivatives were recorded using the Thermo Scientific Exactive LC-MS. The solvents used for
the spectroscopic measurements were of HPLC grade (Merck) and used as received.

2 Steady—State Measurements: Absorption spectra were recorded using a UV-2600
(Shimadzu) UV-vis absorption spectrophotometer. Steady—state fluorescence experiments
were performed with a Fluorolog—3 (Horiba) equipped with a 450W Xe arc lamp. The
fluorescence quantum vyields in different solvents were measured by using the integrating
sphere (Quanta—g, Horiba) following a reported procedure.”

3 Electrochemical Measurements: Cyclic voltammetry experiments were performed
using a BAS CV-50W voltammetric analyzer with three electrodes cell assemblies. Glassy
carbon electrode, Ag/AgCl electrode and platinum wire were used as working, reference and
counter electrodes respectively. The measurements were carried out in ACN with
tetrabutylammonium hexafluorophosphate (TBAPFs) as the supporting electrolyte at a scan
rate of 50 mV s1. The ferrocene/ferrocenium (Fc/Fc*) redox couple was used as an external
standard. The HOMO and LUMO energy values of PCBM are directly taken from the

literature.”-"®
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4 Time—Correlated Single—Photon Counting (TCSPC) Spectrometer: Fluorescence
decays were measured using a picosecond single—photon counting system (Horiba, DeltaFlex)
with the 670 nm LED as an excitation source and picosecond photon detection module
(PPD-850) as a detector. The time resolution of TCSPC experimental setup is < 200 ps with
670 nm LED source. The instrument response function (IRF) was determined using a scattering
solution of colloidal milk in deionized water. The fluorescence time constants are obtained by
deconvoluting with the LED profile. The decay of the fluorescence intensity (I) with time (t)
was fitted by a single exponential function:

1= Ac’t 5)
where t and A are the fluorescence lifetime and its amplitude of the compound respectively.
5 Femtosecond Transient Absorption Measurements: The instrument details for
measuring the femtosecond transient absorption spectra have been discussed elsewhere.’ It is
a Ti:sapphire laser (MaiTai HP, Spectra Physics, USA) centered at 800 nm having 80 MHz
repetition rate with a pulse width of < 100 fs. The amplified laser was split into two and the
high energy beam was used as the pump (670 nm) for exciting the sample by using TOPAS
(Prime, Light Conversion). The other part of the amplified beam (200 mW) focused ona 1 mm
thick CaF, plate to generate a white light continuum (340-1000 nm) which further split into
two beams (sample and reference probe beams). The sample cell (0.4 mm path length) was
refreshed by rotating at a constant speed. Finally, the white light continuum was focused into
a 100 pum optical fiber coupled to imaging spectrometer after passing through the sample cell.
The pump—probe spectrophotometer (ExciPro) setup was purchased from CDP Systems Corp,
Russia. Normally 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°). All the transient absorption spectra obtained from the equipment is compensated
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for the chirp of the white light by determining the time zero using coherent artefact observed
in the solvent”’. The absorbance of the solution used was ~0.5 OD in 1 mm path length and the
excitation energy was ~2 uJ for all the measurements. The laser fluence used for all the
transient absorption measurements is ~3 nJ/cm?. The effective time resolution of the ultrafast
spectrometer is determined to be about <120 fs. The concentration of APSQs used for transient
absorption measurement was ~40 uM. The integrity of the sample is tested by measuring the
absorption spectra of the sample before and after the experiments and found to be no significant
changes in the absorption spectra.

6 Device Fabrication: PDs were fabricated in the device architecture, glass/ indium tin
oxide (ITO)/ zinc oxide (ZnO)/ APSQs:PCBM/ molybdenum trioxide (MoQ3)/ silver (Ag).
ITO coated glass plates were cleaned using detergent and deionized water. Further, the samples
were ultrasonicated for 30 min in acetone, isopropanol and methanol respectively. Just before
making devices, the ITO glass plate was dried in a vacuum oven for 1 h at 30 nm thick ZnO
films are spin—coated on ITO by using a ZnO nanoparticle solution as mentioned previously.’®
APSQs:PCBM (1:6 ratio) blend in toluene (42 mg/ml) was spin—coated on top of ZnO to make
a 100 nm thin active layer film. The hole transporting layer of 10 nm MoO3 and back contact
Ag of 100 nm were deposited by thermal evaporation. A shadow mask was used for thermal
evaporation to make an active area of 3 x 3 mm.

7 Device Characterization: Current—voltage (J-V) characteristics of OPD were
recorded in dark and light using a Keithley 6430 source measuring unit (Tektronix USA). Oriel
class 3A solar simulator of intensity 100 mW/cm? with AM 1.5G filter was used as a light
source for conducting light J-V measurements. EQE spectra of OPDs are measured using a

lock—in technique. In this method, the photocurrent is measured with respect to wavelength
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using a lock—in amplifier (Stanford Research SR830), which is locked at a non—harmonic light
chopping frequency. A Xenon lamp coupled with a monochromator and order sorting filters
was used as the light source (250 W Xenon lamp). All the measurements were calibrated with
an NREL calibrated silicon solar cell. The D* was calculated without measuring the noise
current. Even though the determination of noise current is essential for the accurate
measurement of D*, it is not always performed due to its challenging experimental techniques.
Instead, the dark current iq is often assumed to be the dominant contribution to noise current.”

Hence the D*()) of the OPDs were calculated using by simplifying the D* (equation 6).8°

_ R()VAB _ R(D)VA _ R (6)
inoise V24iq v2qja

Where R(A), A and B represent R, area and dark current density of the device respectively.

D*

inoise, 1d and Jq represent the noise current, dark current and dark current density respectively,
whereas ¢ represents the charge of an electron. The response time of the OPDs was measured
using photovoltage and photocurrent transient measurements. A 532 nm picosecond pulsed
laser (Ekspla Nd:Y AG laser delivering pulses of duration 100 ps) was used as an excitation
pulse with a repetition rate of 10 Hz. Transient signals were measured using 1GHz, Tektronix
MDO3104 oscilloscope. All the measurements were performed under ambient conditions

without noticeable degradation of the devices.

2.8 Synthesis and Characterization of APSQ Derivatives

1 Synthesis of 1-Aminoanthracene

1-Aminoanthraquinone (5g) was stirred with 10% sodium hydroxide (60 ml) and zinc
dust (5g) at room temperature for about 30 min. It was slowly heated to 85-90 °C. Zinc dust
(59) was then introduced into the reaction mixture in two equal proportions at 30 min each and

heating was continued with constant stirring for 24 h, at 90 °C. After cooling, the solid material
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from the reaction mixture was collected and washed several times with water. Soxhlet
extraction with acetone and then recrystallization from ethanol gave 1-aminoanthracene (2.8 g,
65%).

IH NMR (500 MHz, CDCls): §8.71 (s, 1H), 8.39 (s, 1H), 8.03-7.99 (t, 2H, J = 1Hz),7.47-7.42
(m, 2H), 7.39-7.37 (d, 1H, J = 8.5 Hz), 6.76-6.74 (d, 1H, J = 7Hz), 7.37-7.24 (dd, 1H, J = 7
Hz); HRMS—EI: Calculated molecular weight for C14H11N is 193.2438, found =194.0962.

2 Synthesis of N, N-dimethylanthracen-1-amine
1-Aminoanthracene (1.4 g, 7.24 mmol) and activated potassium carbonate (6.9 g, 50.68

mmol) was taken in a 250 ml round—bottomed flask. It was stirred in 20 ml of anhydrous
N,N—dimethyl formamide (DMF). Then the pressure—equalizing funnel was connected
between RB flask and condenser. To that 10 ml of DMF and methyl iodide (5.1g, 36.22 mmol)
was added. Then this mixture was slowly added to the RB flask; it was stirred for about 1 hin
room temperature. Then the reaction mixture was heated at 100 °C for about 36 h. After the
reaction, the mixture is allowed to cool to room temperature and then transferred to a beaker
containing ice. The organic phase was extracted with dichloromethane, washed several times
with water, and dried over sodium sulfate. Then the solvent is removed under reduced pressure.
The product was purified by column chromatography [silica gel, hexane: ethyl acetate (3:97)]
to give a viscous green oil (1.1 g, 69%).

IH NMR (500 MHz, CDCls): §8.79 (s,1H), 8.39 (s5,1H),8.06-8.04 (t,1H, J = 4.5 Hz), 7.99-7.97
(t1H,J = 4.5 Hz), 7.46-7.44 (m,2H), 7.69-7.67 (d, 1H, J = 8.5Hz), 7.39-7.36 (dd, 1H, J = 7THz),
7.02-7.01 (d, 1H, J =7 Hz), 2.99(s,6H). HRMS—EI: Calculated molecular weight for C1sH1sN
is 221.2970, found = 222.0913.

3 Synthesis of 3-(4-(dimethylamino) anthracen-1-yl)-4-hydroxycyclobut-3enel, 2

dione
3, 4-dichlocyclobutene-1,2 dione (commonly called squarylium chloride, 0.73g, 4.9
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mmol), and N, N- dimethylanthracen-1-amine (1.1g, 4.9 mmol), were dissolved in dry benzene
(30ml) and refluxed for 8 h. After cooling the reaction mixture, the solvent was removed under
reduced pressure and the crude product obtained was dissolved in a mixture of glacial acetic
acid (15ml), distilled water (15ml) and 2N HCI (10 ml). The resulting mixture was then
refluxed for 2 hat 120 °C. After cooling, the solution was added to crushed ice, the precipitated
product thus obtained was isolated by filtration, washed with diethyl ether and dried. (0.85 g,
35%). The blackish—brown powder obtained was used without further purification. HRMS-EI:
Calculated molecular weight for C2oH1503is 317.3380, found = 318.1131.

4 General procedure for the alkylation of pyrrole 2-carbaldehyde
A solution of pyrrole 2-carbaldehyde (1 equivalent) in anhydrous DMF (20ml) was

added dropwise at 0 °C and under nitrogen to a suspension of sodium hydride (NaH, 60%
suspension in mineral oil, 1.4 equivalent) in the same solvent. The resulting suspension was
stirred at 0 °C for 30 min and a solution of ethyl iodide (1.4 equivalent) in anhydrous DMF
(5ml) was added dropwise. The suspension was stirred for 48 h at room temperature, poured
into brine and extracted with diethyl ether. The organic phase was washed with water, dried
over anhydrous sodium sulfate and filtered. Thus, the crude product was purified by column
chromatography (silica gel, hexane: ethyl acetate, 3:97) to give the desired product.

5 Characterization details of 1-ethyl-1H-pyrrole-2-carbaldehyde
'H NMR (500 MHz, CDCls): 69.53 (s, 1H), 6.96 (s, 1H), 6.23-6.21 (dd, 1H, J = 2Hz), 6.93-

6.92 (dd, 1H, J = 2Hz), 4.37-4.33 (q, 2H, J = 7.5 Hz), 1.40-1.37 (t, 3H).

1.4.2 Characterization details of 1-hexyl-1H-pyrrole-2-carbaldehyde
'H NMR (500 MHz, CDCls3): §9.58 (s, 1H), 7.00 (s, 1H), 6.27-6.25 (dd, 1H, J = 2Hz), 6.97-

6.96 (dd, 1H, J = 2Hz), 4.37-4.33 (q, 2H), 1.75-1.71 (p, 2H), 1.33-1.30 (p, 2H), 1.27-1.23 (P,
2H), 1.20-0.97 (m, 2H), 0.90-0.87 (t, 3H).

6 Characterization details of 1-(hex-5-enyl)-1H-pyrrole-2-carbaldehyde
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'H NMR (500 MHz, CDCls): §9.55 (s, 1H), 6.98 (s, 1H), 6.28-6.26 (dd, 1H, J = 2Hz), 6.99-
6.98 (dd, 1H, J = 2Hz), 5.82-5.79 (m, 1H), 5.02-5.00 (d, 2H), 4.37-4.33 (g, 2H), 2.19-2.15 (q,
2H), 1.75-1.71 (p, 2H), 1.33-1.30 (p, 2H).

7 General procedures for reaction between alkylated pyrrole-2-carbaldehyde and
N, N-diphenylhydrazine hydrochloride

A mixture of N, N-diphenylhydrazine hydrochloride (1 equivalent), 1-ethyl-1H-
pyrrole-2-carbaldehyde (1 equivalent) and imidazole (1 equivalent) was dissolved in anhydrous
ethanol (30 ml), and refluxed for 4 h. After the reaction, the mixture is allowed to cool to room
temperature. The solvent was removed under reduced pressure and the residue was purified by
column chromatography (silica gel, hexane: ethyl acetate, 85:15) to give the desired product.

7.1 Characterization details of (E)-2-((2,2-diphenylhydrazono)methyl)-1-ethyl-1H-
pyrrole

IH NMR (500 MHz, CDCls): §6.72-6.71 (t,1H, J = 2.5 Hz), 6.1-6.08 (dd, 1H, J = 3 Hz), 6.14-
6.13 (dd,1H, J = 2 Hz), 7.13-7.10 (m,4H), 7.41-7.31 (m,4H), 7.16-7.15 (m,2H), 4.47-4.30 (q,
2H), 1.50-1.47 (t, 3H).

7.2 Characterization details of (E)-2-((2,2-diphenylhydrazono)methyl)-1-hexyl-1H-
pyrrole

IH NMR (500 MHz, CDCls): §6.77-6.75 (t, 1H, J = 2.5 Hz), 6.40-6.10 (dd, 1H, J = 3 Hz),
6.17-6.14 (dd, 1H, J = 2 Hz), 7.19-7.16 (m, 4H), 7.40-7.34 (m, 4H), 7.19-7.17 (m, 2H), 4.47-
4.30 (g, 2H, J = 7.5 Hz), 1.77-1.73 (p, 2H), 1.36-1.33 (p, 2H), 1.30-1.27 (P, 2H), 1.22-0.99 (m,
2H), 0.92-0.89 (t, 3H)

7.3 Characterization details of (E)-2-((2,2-diphenylhydrazono)methyl)-1-(hex-5-
enyl)-1H-pyrrole

IH NMR (500 MHz, CDCls): §6.75-6.72 (t, 1H, J = 2.5 Hz), 6.30-6.28 (dd, 1H, J = 3 H2),

6.17-6.14 (dd, 1H, J = 2 Hz), 7.23-7.20 (m, 4H), 7.43-7.38 (m, 4H), 7.19-7.15 (m, 2H), 5.82-
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5.79 (m, 1H), 5.02-5.00 (d, 2H), 4.49-4.45 (q, 2H), 2.19-2.15 (q, 2H), 1.33-1.30 (p, 2H). 1.50-
1.47 (t, 3H).

8 General procedure for the synthesis of APSQ-et, APSQ-hex and APSQ-hexen

A suspension of 3-(4-(dimethylamino) anthracen-1-yl)-4-hydroxycyclobut-3enel,
2dione (1 equivalent), and the hydrazone precursor (1 equivalent) was dissolved in a 1:1
benzene: butanol azeotropic mixture (30 ml), and refluxed at 90 °C in a Dean—Stark apparatus
for about 8 h. After the reaction, the mixture is allowed to cool to room temperature and the
solvent is removed under reduced pressure. Then the residue was purified by column
chromatography. (silica gel, hexane: ethyl acetate, 60:40), followed by recrystallization with
chloroform.

8.1  Characterization details of APSQ—et [(E)-2-(3-(4-(dimethylamino) anthracen -1
yl) -2-hydroxy-4 oxocyclobut-2-en-1-ylidene)-5-((Z2)-(2,2-diphenylhydrazono) methyl)-1-
ethyl-2H-pyrrol-1 ium]

IH NMR (500 MHz, CDCl3): §9.34-9.33 (d, 1H, J = 8.5 Hz), 8.27-8.25 (d, 1H, J = 8.5 Hz),
8.03-8.02 (d, 1H, J = 4.5 Hz), 7.98-7.96 (d, 1H, J = 8.5 Hz), 7.55- 7.47 (m, 6H), 7.31-7.26 (m,
4H), 7.23-7.21 (m, 4H), 7.12 (s, 1H), 6.94-6.93 (d, 1H, J = 8.5 Hz), 6.86-6.85 (d, 1H, J = 4.5
Hz), 5.03-4.99 (q, 2H, J = 7Hz), 3.31 (s, 6H), 1.44-1.41 (t, 3H); HRMS-EI: Calculated
molecular weight for C3gH32N40- is 588.6970, found = 588.2530.

8.2 Characterization details of APSQ-hex [(E)-2-(4-(dimethylamino)anthracen-1-yl)-

4-(5-((E)-(2,2-diphenylhydrazono)methyl)-1-hexyl-2H-pyrrolium-2-ylidene)-3-
oxocyclobut-1-enolate]

IH NMR (500 MHz, CDCls): & 9.38-9.36 (d, 1H, J = 8.5 Hz), 8.31-8.29 (d, 1H, J = 8.5 Hz),
8.09-8.06 (d, 1H, J = 4.5 Hz), 7.94-7.92 (d, 1H, J = 8.5 Hz), 7.51- 7.48 (m, 6H), 7.34-7.231
(m, 4H), 7.27-7.22 (m, 4H), 7.11 (s, 1H), 6.96-6.93 (d, 1H, J = 8.5 Hz), 6.85-6.83 (d, 1H, J =
4.5 Hz), 5.03-4.99 (g, 2H, J = 7Hz), 3.29 (s, 6H), 1.80-1.78 (p, 2H), 1.47-1.50 (p, 2H), 1.30-

1.27 (p, 2H), 1.20-0.95 (m, 2H), 0.89-0.86 (t, 3H);
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HRMS-EI: Calculated molecular weight for C43HoN4O2 is 644.8033, found = 644.2895.

8.3 Characterization details of APSQ-hexen [(E)-2-(4-(dimethylamino)anthracen-1-
yl)-4-(5-((E)-(2,2-diphenylhydrazono)methyl)-1-(hex-5-enyl)-2H-pyrrolium-2-ylidene)-3-
oxocyclobut-1-enolate]

IH NMR (500 MHz, CDCls): §9.38-9.37 (d, 1H, J = 8.5 Hz), 8.25-8.23 (d, 1H, J = 8.5 Hz),
8.08-8.04 (d, 1H, J = 4.5 Hz), 7.95-7.93 (d, 1H, J = 8.5 Hz), 7.59- 7.44 (m, 6H), 7.34-7.29 (m,
2H), 7.22-7.18 (m, 4H), 7.15 (s, 1H), 6.98-6.96 (d, 1H, J = 8.5 Hz), 6.85-6.83 (d, 1H, J = 4.5
Hz), 5.85-5.79 (t, 1H), 5.05-5.01 (g, 2H), 4.98-4.96 (d. 2H), 3.29 (s, 6H), 2.2-1.9 (m, 6H), 1.30-
1.27 (t, 2H); HRMS-EI: Calculated molecular weight for C43H3zsN4O> is 642.7874, found =
642.3010.
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Chapter 3

Ultrafast Intermolecular Interaction Dynamics between

NIR—ADbsorbing Unsymmetrical Squaraines and PCBM:
Effects of Halogen Substitution
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3.1 Abstract

The NIR absorbing and emitting chromophores are essential for the applications of
optoelectronic devices. Understanding the structure—property relationships will help in
controlling the efficiency of such devices. Here USQ derivatives (ABSQs) with D-A-D’
architectures having anthracene and halogenated benzothiazole (ABSQ-H) with fluoride
(ABSQ-F), chloride (ABSQ-CI) and bromide (ABSQ-Br) were synthesized to understand the
effect of halogen on the photophysical properties and intermolecular interaction dynamics with
PCBM widely used as an electron acceptor in BHJ—based devices. Interestingly the ABSQ-H
exhibited intense absorption (¢~ 6.72 x10*M ~* cm™1) spectra centered at ~660 nm. Upon halogen
substitution, a red shift in the absorption spectra with an increase of molar absorptivity was

observed (¢ = 8.59 x10*M~tcm™?), which is beneficial for NIR light harvesting. The femtosecond
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transient absorption spectra of ABSQs revealed that the polarity of the solvent controlled the
excited state relaxation dynamics. Upon addition of PCBM, the fluorescence intensity and
dynamics of halogenated ABSQ derivatives were quenched and the formation of a squaraine
radical cation was observed, reflecting the occurrence of intermolecular charge transfer dynamics
between the ABSQs and PCBM. Thus the observation of red shift with intense absorption and
efficient charge—transfer upon halogenation of ABSQ derivatives provides a design strategy for
developing derivatives for BHJ-based optoelectronic devices. The ABSQ—H and ABSQ—CI were
applied into the OPD devices and showed sensitivity in the NIR region.
3.2 Introduction

The NIR dyes are significantly used as sensitizers in various optoelectronic applications!-
due to their efficient optical properties and high sensitivity in the 700-1500 nm range. Among the
various NIR dyes, the SQs possessing D—A-D’ architecture have been widely used in
optoelectronic devices due to their strong absorption (¢ > 10> Mt cm™)3 and high fluorescence
(@ = 0.8)* in the visible to NIR region and ease of synthesis with exceptional photostability.>-’
However, USQ dyes are emerged as versatile sensitizers®1° due to the unidirectional flow of
electron in the excited states upon excitation, yielding enhanced charge separation and leading to
higher photocurrents, compared to the symmetrical derivatives.® 1! Indeed, the USQ dyes have
been widely used in various applications including organic photovoltaic cells,'>6 optical data
storage,'” two-photon absorption,*® fluorescent labels 1°-2° and photodynamic therapy.?* However,
in the BHJ-based OPD devices using PCBM as an electron acceptor, the ultrafast processes of

photoinduced charge transfer, charge carrier generation and their recombination controls the
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efficiency of the devices. Though a large number of steady—state and time—resolved photophysical
properties of SQs derivatives were widely reported??-° the intermolecular interaction dynamics of
USQ derivatives with PCBM have not been investigated in detail.

Indeed, the structure—property relationship of the sensitizers plays a significant role in
designing suitable materials for optoelectronic devices. In this connection, Wirthner et al.!
reported exceptional NIR photophysical properties of SQ derivatives upon halogen substitution,
where a redshift of absorption with an increase of the extinction coefficient and improvement of
the fluorescence quantum yield was observed from fluorine over chlorine and bromine to iodine
substituted SQs derivatives. Here a series of USQ derivatives (ABSQs) having the D—A-D’
architecture comprising N,N—dimethyl aminoanthracene and benzothiazole (ABSQ-H)
halogenated with fluoride (ABSQ-F), chloride (ABSQ-CI) and bromide (ABSQ-Br) were
synthesized (Figure 3.1). The steady—state and time—resolved photophysical properties of ABSQ
derivatives were investigated to understand the effect of halogen on the photophysical properties
and intermolecular interaction dynamics with PCBM. It is found that upon halogenation of
ABSQs, the absorption spectra showed a red shift with an increase of molar absorptivity and firm

interaction with the PCBM.

+

‘] X=H (ABSQ-H)
X=F (ABSQ-F)
X=Cl (ABSQ-CI)
X=Br (ABSQ-Br)

<>

Figure 3.1  Chemical structure of ABSQ derivatives.
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3.3 Results and Discussion
3.3.1  Synthesis of ABSQ derivatives
Here a series of USQ derivatives (ABSQs) having the D—A-D' architecture comprising

N,N—dimethyl aminoanthracene and benzothiazole (ABSQ-H) halogenated with fluoride
(ABSQ-F), chloride (ABSQ-CI) and bromide (ABSQ-Br) were synthesized (Scheme 3.1). The
unsymmetrical ABSQ derivatives were synthesized by modifying the reported procedures.32-34 N,
N—dimethyl aminoanthracene semisquaraine was synthesized by the reduction and alkylation of
1-aminoanthroquinone and subsequent N,N-dimethyl aminoanthracene was reacted with
squarylium chloride. Then the halogenated N—ethyl benzothiazolium salt was refluxed with the N,
N—dimethyl aminoanthracene semisquaraine in benzene:butanol azeotropic mixture (1:1) resulting
the ABSQ derivatives. The structure of the derivatives were characterized by *H and **C NMR

and HRMS.

3.3.2 Steady-State Photophysical Characterization
3.3.2.1 Solution State
The absorption and emission spectra of ABSQ-H, ABSQ-F, ABSQ-CI and ABSQ-Br

derivatives with an increase in solvent polarity were recorded and shown in Figure 3.2-3.5
respectively. The ABSQ-H, ABSQ-F, ABSQ-Cl and ABSQ-Br exhibited an intense absorption
maximum at ~660, 674, 678 and 679 nm in toluene with a molar extinction coefficient of ~6.72,
7.15, 8.59 and 7.96 x 10* M cm™ respectively due to combined m—n* transition with
intramolecular charge transfer from N,N—dimethyl anthracene and benzothiazolium donors to the

central squaraine core.3-37
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Scheme 3.1  Synthetic Scheme of ABSQ Derivatives.

Interestingly it is found that upon substitution of halogen, the absorption maximum shifted
to the red region (~19 nm) compared to ABSQ-H consistent with the previous report.3* Upon
increasing the polarity of solvent (acetonitrile, ACN), the absorption maximum of ABSQ
derivatives shifted to the blue region (~60 nm), negative solvatochromism, indicating more
polarity of ground state compared to the excited state.*® The fluorescence spectra of ABSQ-H,
ABSQ-F, ABSQ-CI and ABSQ-Br in toluene exhibited maximum at around 733, 741, 736 and
743 nm respectively and showed the red shift with increase of polarity of the solvent. When
compared to other derivatives, there is a significant red shift of the emission spectra of ABSQ-CI
in ACN compared to toluene reflecting the stabilization of excited—state of the ABSQ-CI in a

highly polar solvent.
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Figure 3.2  Steady-state absorption and emission spectra of ABSQ—-H in solvents of various
polarities at room temperature.
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Figure 3.3  Steady-state absorption and emission spectra of ABSQ-F in solvents of various
polarities at room temperature.
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Figure 3.4  Steady-state absorption and emission spectra of ABSQ-CI in solvents of various
polarities at room temperature.
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Figure 3.5  Steady-state absorption and emission spectra of ABSQ-Br in solvents of various
polarities at room temperature.
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The fluorescence dynamics of ABSQ derivatives were measured in various solvents upon

excitation at 670 nm and the corresponding decay profiles are shown in Figure 3.6. The
fluorescence lifetime (t5) of ABSQ-H in toluene was obtained as ~2.27 + 0.20 ns, and with an
increase of solvent polarity, it decreased to ~0.63 + 0.20 ns in ACN. Though there are no significant
changes in the fluorescence lifetime upon halogenation in toluene, a difference of ~0.32 ns in the
fluorescence lifetime in the order of ABSQ-H (2.27 ns) < ABSQ-F (2.51 ns) < ABSQ-CI (2.59
ns) ~ ABSQ-Br (2.58 ns) were observed. The absolute fluorescence quantum yield (®) of
ABSQ-H in toluene was found to be ~0.46, which was reduced to ~0.14 in ACN. Such a similar
trend was observed for other derivatives revealing the contribution of a non—radiative transition
sensitive to the electronic redistribution in the excited ABSQ derivatives and/or formation of the
solute—solvent complexes with an increase of polarity.® The photophysical characterization data
of the absorption and emission maxima, Stokes shift, fluorescence lifetime and absolute quantum
yield of ABSQ-H, ABSQ-F, ABSQ-CI and ABSQ-Br are provided in Table 3.1-3.4
respectively. The radiative (kr) and non—radiative (knr) rate constants were also calculated using
the equation 1 provided in the Chapter 2.

3.3.2.2 Film State
The absorption spectra of ABSQ derivatives were measured in the thin film state by

drop—casting 1.5 mM of ABSQs in chloroform and shown in Figure 3.7. The absorption spectra
in the thin film state showed a broad band covering the wide range of ~475-775 nm with a
maximum at around 550 nm. When compared to the solution state, the appearance of absorption

maximum at ~560 nm showed a broad band in nature and shifted to the blue region by ~100 nm,
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suggesting the formation of H—aggregates by intermolecular n—n interaction®® in the thin film.
Indeed such a broad range of absorption wavelength with a high molar absorptivity will be

advantageous for light harvesting for optoelectronic devices.®
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Figure 3.6 Fluorescence decay profiles of ABSQ-H (a), ABSQ-F (b), ABSQ-CI (c) and
ABSQ-BFr (d) in solvents of varying polarities obtained upon excitation at 670 nm.
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Table 3.1 Absorption and Fluorescence Maxima, Lifetime and Quantum Yield and of ABSQ-H in Different Solvents

Absorption Fluorescence Stokes Fluorescence  Fluorescence Radiative Non-radiative
max, nm max, nm shift, cm™ quantum yield® lifetime®, ns  constant, x 10" st constant, x 107 s%
Solvents (Amax) (Amax) (4v) () (m) (Kr) (Kar)
Toluene 660 733 1509 0.46 2.27 +£0.20 20.26 23
Chloroform 651 737 1792 0.44 2.48 +0.25 17.74 22
THF 629 736 2311 0.32 2.06 £0.25 15.53 33
MeOH 599 735 3089 0.06 0.23+0.20 27.39 407
ACN 600 740 3153 0.14 0.63+0.20 22.22 136

aAbsolute fluorescence quantum yield attained by exciting at emission maximum using an integrating sphere. °Fluorescence lifetime
was obtained upon excitation at 670 nm and the y? value of fluorescence kinetics fit is between 1.0 and 1.2.
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Table 3.2 Absorption and Fluorescence Maxima, Lifetime and Quantum Yield and of ABSQ-F in Different Solvents

Absorption Fluorescence Stokes Fluorescence  Fluorescence Radiative Non-radiative
max, nm max, nm shift, cm™®  quantumyield® lifetime®, ns  constant, x 107 s  constant, x 107 s1
Solvents (Amax) (Amax) (4v) (&) (@) (Kr) (Kar)
Toluene 674 741 1341 0.42 2.51+0.20 16.73 23.10
Chloroform 669 743 1489 0.40 2.60+£0.25 15.38 23.07
THF 636 744 2282 0.36 2.11+£0.20 17.06 30.33
MeOH 609 745 2997 0.02 0.25+0.20 8.80 391
ACN 614 744 2845 0.08 0.63+0.25 12.85 145

aAbsolute fluorescence quantum yield attained by exciting at emission maximum using an integrating sphere. °Fluorescence lifetime
was obtained upon excitation at 670 nm and the 2 value of fluorescence kinetics fit is between 1.0 and 1.2.
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Table 3.3 Absorption and Fluorescence Maxima, Lifetime and Quantum Yield and of ABSQ-CI in Different Solvents

Absorption Fluorescence Stokes Fluorescence  Fluorescence Radiative Non-radiative
max, nm max, nm shift, cm™®  quantumyield® lifetime®, ns  constant, x 107 s  constant, x 107 s1
Solvents (Amax) (Amax) (4v) (&) (@) (Kr) (Kar)
Toluene 678 736 1162 0.42 2.59+0.25 16.21 22.39
Chloroform 676 747 1406 0.37 2.45 +0.25 15.10 25.71
THF 641 746 2196 0.42 2.27 +£0.20 18.50 25.51
MeOH 617 743 2749 0.003 0.11+0.10 2.72 906
ACN 620 749 2778 0.07 0.58 +0.20 13.62 158

aAbsolute fluorescence quantum yield attained by exciting at emission maximum using an integrating sphere. °Fluorescence lifetime
was obtained upon excitation at 670 nm and the y? value of fluorescence kinetics fit is between 1.0 and 1.2.
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Table 3.4 Absorption and Fluorescence Maxima, Lifetime and Quantum Yield and of ABSQ-Br in Different Solvents

Absorption Fluorescence Stokes Fluorescence  Fluorescence Radiative Non-radiative
max, nm max, nm shift, cm™®  quantumyield® lifetime®, ns  constant, x 107 s  constant, x 107 s1
Solvents (Amax) (Amax) (4v) (&) (2) (Kr) (Kar)
Toluene 679 743 1269 0.42 2.58 +0.20 16.21 22.39
Chloroform 675 747 1428 0.37 241 +0.25 15.35 26.14
THF 636 746 2318 0.32 2.21+0.20 14.48 30.76
MeOH 618 743 2722 0.02 0.18+0.10 11.11 544
ACN 620 746 2724 0.06 0.60 £ 0.25 11.33 155

aAbsolute fluorescence quantum yield attained by exciting at emission maximum using an integrating sphere. °Fluorescence lifetime
was obtained upon excitation at 670 nm and the y? value of fluorescence kinetics fit is between 1.0 and 1.2.
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Figure 3.7  Normalized absorption spectra of ABSQ-H (a), ABSQ-F (b), ABSQ-CI (c) and
ABSQ-Br (d) in the thin film and chloroform solution.
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3.3.2.3 Electrochemical Characterization

Likewise, in the previous Chapter, the redox potentials of the ABSQ derivatives were
determined using cyclic voltammetry and the corresponding voltammograms are depicted in
Figure 3.8a The HOMO and LUMO energy levels of ABSQ-H were found to be —4.78 and —3.04
eV respectively. Though there are no significant changes in the HOMO energy levels of ABSQ
derivatives, there is a remarkable reduction of LUMO energy levels and thus leading to the
decrease of the energy band gap energy of ABSQ derivatives upon substitution of halogen.
Interestingly HOMO and LUMO energy levels of ABSQ derivatives are higher than those of the
PCBM (Figure 3.8b), which is an essential requirement of the sensitizer to be used in the
BHJ-based optoelectronic devices with efficient intermolecular charge—transfer in the excited—
state. Hence these ABSQ derivatives are highly suitable for optoelectronic devices. The
electrochemical data of ABSQ derivatives are summarised in Table 3.5.

3.3.24 Interaction of ABSQs with PCBM
The absorption and fluorescence spectra of ABSQ-H, ABSQ-F, ABSQ-CI and

ABSQ-Br with an increase of concentration of PCBM (1.5 to 13.5 mM) in toluene were
investigated. Though there were no notable changes in the absorption spectra of ABSQ derivatives,
the decrease of fluorescence intensity of all the ABSQ derivatives upon the addition of PCBM was
observed (Figure 3.9), indicating the excited ABSQ derivatives interacting with PCBM. Upon
addition of PCBM, the fluorescence lifetime of ABSQ derivatives was recorded by the excitation
at 670 nm (left insets of Figure 3.9). The fluorescence lifetime of ABSQ-H, ABSQ-F, ABSQ-CI
and ABSQ-Br upon addition of PCBM (13.5 mM) was decreased from ~2.27 £ 0.20, 2.51 £ 0.20,
2.59 + 0.25 and 2.58 + 0.20 ns to 2.08 + 0.20, 1.86 + 0.20, 1.81 + 0.25 and 1.90 £ 0.20 ns

respectively, indicating the occurrence of dynamic quenching (diffusion controlled) in the excited
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state. It is important to note that the magnitude of quenching of fluorescence lifetime is higher in
the halogenated derivatives (~780 ps, ABSQ-CI) compared to the non—halogenated derivative

(330 ps, ABSQ-H) upon the addition of PCBM.
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Figure 3.8 Cyclic voltammogram of ABSQ-H, ABSQ-F, ABSQ-CIl and ABSQ-Br in ACN
using tetrabutylammonium hexafluorophosphate as supporting electrolyte at a scanning rate of 50

mV/sec (a) and HOMO and LUMO levels of ABSQ-H, ABSQ- F, ABSQ-CI and ABSQ-Br vs
PCBM (b).
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Table 3.5 Electrochemical data of ABSQ derivatives from cyclic voltammetry in ACN.

Ao, Eoo, Eox VS. HOMO, LUMO,
ABSQs nm eV Ag/AgCl, eV eV
\Y
ABSQ-H 712 1.74 0.42 -4.78 -3.04
ABSQ-F 731 1.69 0.43 -4.79 -3.10
ABSQ-CI 749 1.65 0.42 -4.78 -3.13
ABSQ-Br 749 1.65 0.42 -4.78 -3.13

The Kq, (k= Ksv/ 10) and Ksv (to/t = 1 + Ksy x [PCBM]) were calculated and constants are
provided in Table 3.6. Where 1o and t are the fluorescence lifetime of ABSQ derivatives in the
absence and presence of PCBM. The kq and Ksy for the ABSQ-H are found to be 2.88 x 10° M
st and 6.54 M respectively. These constants are increased upon halogen substitution
(ABSQ-CI: 1.24 x 10 M~* stand 32.10 M), suggesting the occurrence of strong interaction
between the halogenated ABSQ derivatives and PCBM compared to that of the ABSQ—H with
PCBM. It is to be noted that the kq of the halogen substituted ABSQ derivatives is an order of
magnitude larger®® than that of normal diffusion controlled bimolecular quenching constant (2 x
10° Mt s1).3 However, ABSQ-F showed complete quenching of fluorescence intensity
compared to other derivatives, whereas ABSQ-CI showed fast decay time compared to other
derivatives. Such an observation of difference in the photophysical properties could be due to the
resultant competition between the electron-withdrawing (electronegativity) and electron-donating
(mesomeric effect) characteristics of halogens in nature.®! Overall, upon addition of PCBM, the

quenching of fluorescence intensity and a lifetime of ABSQ derivatives reveal the occurrence of
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the intermolecular charge—transfer between the ABSQ derivatives and PCBM?2 and consistent
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Figure 3.9  Fluorescence spectra of ABSQ-H (a), ABSQ-F (b), ABSQ-CI (c) and ABSQ-Br
(d) with different concentrations of PCBM in toluene 0 mM (black), 1.5 mM (blue), 4.5 mM
(magenta), 7.5 mM (olive), 13.5 mM (red). Insets: Fluorescence decay profiles obtained upon
excitation at 670 nm (left) and plot of to/t versus [PCBM] (right).
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Table 3.6 The Stern—Volmer quenching constant (Ksy) and bimolecular quenching rate
constant (kq) of ABSQ derivatives.

ABSQs Ksy, M1 To, NS T,NS kg, X 109 M1s?
ABSQ-H 6.54 227+x0.20 2.08+0.20 2.88
ABSQ-F 2650 251+0.20 1.86+0.20 10.55
ABSQ-CI 3210 259+0.25 1.81+0.25 12.39
ABSQ-Br 2640 258+0.20 1.90+0.20 10.23

3.4 Time—Resolved Photophysical Characterization

3.4.1 Femtosecond Transient Absorption Spectra of ABSQ derivatives

To understand the influence of solvent polarity on the excited state relaxation dynamics of
the ABSQ derivatives, femtosecond time—resolved transient absorption spectra were investigated
in nonpolar (toluene) and polar (acetonitrile, ACN) upon excitation at 670 nm using femtosecond
pump-—probe spectroscopy. The transient absorption spectra of ABSQ-H in ACN are shown in
Figure 3.10, where panel a shows the spectral evolution starting from 0.1 to 0.9 ps. At early time
scale of 100 fs, it shows the broad positive band at ~500 nm and two negative absorption bands at
around 630 and 730 nm. The positive band at 500 nm is due to the excited singlet state absorption
(ESA, Sn «S: transition) of the compound.“®-4* With an increase of delay time, at 900 fs the
negative band at 630 nm shifted to a blue region consistent with the ground—state bleaching (GSB)
of the absorption spectra ABSQ—-H. Whereas the negative transient absorption band at ~730 nm
evolved to attain the steady—state emission maximum at ~740 nm, corresponding to the SE. In

addition, peak formation at around 680 nm was observed. The panel b of Figure 3.10 exhibits the
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transient absorption spectra recorded from 1 ps to 1.47 ns, where the intensity of the ESA, GSB
and SE bands decreased with the delay time increase.

The femtosecond transient absorption spectra of ABSQ-H in toluene are shown at
representative delay time in Figure 3.11. The spectral evolution at early time scales shown in panel
a of Figure 3.11 exhibited dominant ESA at around 516 nm. Though the evolution of GSB is not
observed evidently due to the scattering of laser excitation at 670 nm and superimposing of SE
spectra, the evolution of SE was observed clearly at around 733 nm. In Figure 3.11, panel b shows
the spectral evolution from 13.0 ps to 1.55 ns where the intensity of ESA, GSB and SE bands
decreased with increase of the delay time. The femtosecond transient absorption spectra of
ABSQ-F, ABSQ-CIl and ABSQ-Br in ACN and toluene are shown in Figure 3.12—3.17 and the
spectral behaviors of ABSQ-F, ABSQ-CI and ABSQ-Br are observed to be similar to that of
ABSQ-H in ACN and toluene respectively. Though the spectral features of ESA, SE and GSB of
ABSQ-H in ACN resembled that of in toluene, the excited state relaxation dynamics are faster in
ACN compared to that in toluene ( Figure 3.18 ) due to the change in the solvation dynamics.*>48
Importantly to understand the intermolecular interaction dynamics between ABSQs and PCBM,
the transient absorption spectra of ABSQs with PCBM in toluene were recorded by exciting at 670
nm are shown in Figure 3.19-3.22. Since the excitation wavelength of 670 nm is used to measure
the transient absorption spectra of ABSQs upon addition of PCBM, where PCBM has a negligible
absorbance and ABSQs derivatives have high extinction coefficient (~7.5 x 10* Mt cm™), there

will be negligible signal contribution arising from PCBM alone in the probe range of wavelength.
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Figure 3.10  Femtosecond transient absorption spectra of ABSQ—H in ACN upon excitation at
670 nm at different delay times.
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Figure 3.11  Femtosecond transient absorption spectra of ABSQ-H in toluene upon excitation
at 670 nm at different delay times.
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Figure 3.12 Femtosecond transient absorption spectra of ABSQ-F in ACN upon excitation at
670 nm at different delay times.
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Figure 3.13 Femtosecond transient absorption spectra of ABSQ-F in toluene upon excitation
at 670 nm at different delay times.
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Figure 3.14 Femtosecond transient absorption spectra of ABSQ—CI in ACN upon excitation at
670 nm at different delay times.
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Figure 3.15 Femtosecond transient absorption spectra of ABSQ-CI in toluene upon excitation
at 670 nm at different delay times.
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Figure 3.16 Femtosecond transient absorption spectra of ABSQ-Br in ACN upon excitation at
670 nm at different delay times.
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Figure 3.17 Femtosecond transient absorption spectra of ABSQ-Br in toluene upon excitation
at 670 nm at different delay times.
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Figure 3.18 Femtosecond transient absorption decay of ABSQ-H (a), ABSQ-F (b), ABSQ-CI
(c) and ABSQ-Br (d) in toluene and acetonitrile upon excitation at 670 nm.
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When compared to the ABSQ-H, the transient absorption spectra showed narrow absorption
spectra at early dynamics (~500 fs) upon the addition of PCBM (Figure 3.19, right panel). With
an increase of delay time, the transient absorption spectrum became broader and the increase of
positive absorption in the red region at ~710 nm was observed at a longer time delay. The
appearance of positive transient absorption at around 710 nm is attributed to the formation of
radical cation of squaraine derivatives and consistent with the literature.? 4°-50 Similarly, for other
derivatives, changes in the spectral width of transient absorption spectra were observed upon
addition of PCBM. These observations could reflect the effect of intermolecular interaction
between the ABSQs and PCBM. It is to be noted that the concentration of PCBM was 13.5 mM
having high absorbance in the region of <390 nm. Since all the probe beam below 390 nm was
completely absorbed by PCBM, we could not observe any changes in the optical density in this
region. In addition, there is an artifact raised at ~433 nm due to the strong and narrow absorption
of PCBM. The excited—state relaxation dynamics probed at ESA maximum were quenched upon
addition of PCBM (Figure 3.23) as observed in the fluorescence dynamics (Figure 3.9).
Nevertheless, only a small change between the transient absorption decay of ABSQ-F with and
without PCBM was observed, despite significant quenching in the fluorescence data. This could
be due to the resultant of competition between the characters of fluoride by the

electron—withdrawing (electronegativity) and electron—donating (+ mesomeric effect) in nature.3!
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Figure 3.19 Femtosecond transient absorption spectra of ABSQ-H with PCBM in toluene
upon excitation at 670 nm in the shorter wavelength (left) and longer wavelength (right) region at
different delay times.
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Figure 3.20 Femtosecond transient absorption spectra of ABSQ-F with PCBM in toluene upon
excitation at 670 nm in the shorter wavelength (left) and longer wavelength (right) region at
different delay times.

118



Femtosecond transient absorption spectra of ABSQs

T T T T T T T T T T T T T T
30 | (a ABSQ-CI + PCBM r @ ABSQ-Cl + PCBM /\T})l\j
0 A
20
0.25 ps 020 ps
0.30 ps 5L O
0.95 gs BT ossps
10 | 0.70 ps
) 8 3.00 ps
% e 45.00 ps
; o -30 |
8 2
s 0 @ ! L
2300 | g | (b)
(@]
2 2.00 ps §
< 40.70 ps S 0
< 129.70 ps
20 - _
529.70 ps
779.70 ps 51.00 ps
1179.70 ps 12288 ps
1529.70 .00 ps
101 b 15 35000 ps 7]
1532.00 ps
O L N N 1 N 1 N N 1 L 1 L 1 N 1
350 400 450 500 550 600 650 700 750
Wavelength, nm Wavelength, nm

Figure 3.21 Femtosecond transient absorption spectra of ABSQ-CI with PCBM in toluene
upon excitation at 670 nm in the shorter wavelength (left) and longer wavelength (right) region at
different delay times.

119



A Absorbance, mOD

Femtosecond transient absorption spectra of ABSQs

T 15 (a)l T T T T T T T
20 L@ ABSQ-Br + PCBM Tol
0
15
10 0.25 ps L
828 ps | 0.30ps 4.00 ps
.50 ps -30 |- 0.60 ps 5.00 ps
5L a 0.80 ps 5.25 ps
% | 1.45ps 10.35 ps
o -45 | 2.45ps 19.35 ps
0 kL a o 1 . 1
[ ) £ |®
15| 12
5.20 ps
109.70 ps < 0
179.70 ps
10 = 32970 ps 1 " 23.35 ps
679.70 ps 100.35 ps
929.70 ps -15 | 280.35 ps
5L 1029.70 ps 630.35 ps
1529.70 ps 1530.35 ps
0L - - . . -30 : : : : ' :
350 400 450 500 550 600 650 700 750
Wavelength, nm Wavelength, nm

Figure 3.22 Femtosecond transient absorption spectra of ABSQ-Br with PCBM in toluene
upon excitation at 670 nm in the shorter wavelength (left) and longer wavelength (right) region
at different delay times.
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Figure 3.23  Femtosecond transient absorption decay of ABSQ-H (a), ABSQ-F (b), ABSQ-CI
(c) and ABSQ-Br (d) with and without PCBM in toluene upon excitation at 670 nm.

3.4.2 Analysis of the Transient Absorption Spectra of ABSQ Derivatives

The femtosecond transient absorption spectra were analyzed globally with the sequential
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model using Glotaran.>! Three exponential time constants were ideally determined to completely
describe the excited state relaxation dynamics of ABSQ derivatives in ACN and toluene and
PCBM in toluene. The obtained time constants are provided in Table 3.7 and their respective
DADS are shown for comparison in Figure 3.24-3.27. The DADS exhibited the amplitude of a
particular decay time constant as a function of the corresponding wavelength and reflected the
common features of transient absorption spectra.

The ABSQ-H is considered at first for the discussion of time constants obtained from the
global analysis. The fast component (t1 = 445 fs in ACN and t1= 2.22 ps in toluene) is attributed
to the solvation relaxation processes from the Franck—Condon state to solvent stabilized local
excited state based on the observation of dynamic redshift of SE with an increase of delay time.5
5 The time constant t2, 33.23 ps and 167 ps for ACN and toluene respectively, might be due to
the formation of the dark state resulting from the conformational changes of ABSQ-H. This state
enables the non—radiative deactivation to the ground state supporting the observation of a decrease
of fluorescence quantum yield and lifetime in ACN (Table 3.1-3.4). Finally, the longer time
constant t3 obtained from the global analysis is equivalent with the fluorescence lifetime obtained
from the TCSPC in a neat solvent (Table 3.1-3.4). Hence the time constant of 0.63 (2.50) ns is
attributed to the lifetime of the excited singlet state of ABSQ-H in ACN (toluene). A similar
excited state relaxation pathway is plausible to occur for other halogenated ABSQ derivatives. The
DADS are shown for comparison in Figure 3.24 and 3.25. The DADS exhibited the amplitude of

a particular decay time constant as a function of the corresponding wavelength and reflected the
common features of transient absorption spectra.

Interestingly the analysis of transient absorption measurements of all the derivatives upon
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the addition of PCBM exhibited the quenching of all the time constants (Table 3.7). For example,
the time constants of ABSQ-H were decreased from t1 = 2.22 ps, 2= 167 psand t3 = 2.50 ns to
11=1.81 ps, 12 = 76.92 ps and 13 = 2 ns upon addition of PCBM. Importantly the decrease of t3
for all the derivatives is consistent with the quenching of fluorescence dynamics observed in the

TCSPC. Such a decrease of all the time constants further supports the existence of the

intermolecular charge—transfer between ABSQ derivatives and PCBM.>®

Table 3.7

upon Excitation at 670 nm

Time Constants Attained from Global Analysis Using Glotaran®! for ABSQs

ABSQs

ACN

Toluene

- PCBM

+ PCBM

ABSQ-H

ABSQ-F

ABSQ-ClI

ABSQ-Br

11=0.44+0.12 ps
1, =33.23+1.20 ps
13=632+ 10 ps

11=0.43+£0.12 ps
T0=41.84 + 1.50 ps
13= 629 + 10 ps

11=0.45+0.12 ps
10=35%£1.35ps
13=577+£5ps

11=0.42+0.12 ps
1,=17.60 £ 0.82 ps
13=616 £ 10 ps

T1= 2.22+£0.12 ps
T2 = 167 £ 5.5 ps
13=2.50+0.25ns

11=2.31+0.12 ps
T2 = 151.51 £ 4.50 ps
13=2.41+£0.15ns

11=2.25+0.15ps
2= 140 £ 3.25 ps
13=2.62+£0.10 ns

11=2.39£0.15 ps
T2 =134.90 £ 3.15 ps
13=2.60 £0.10 ns

11=1.81+£0.12 ps
T0=76.92+ 2.5 ps
13=2+0.15ns

11=1.89+0.12 ps
10=83.34 £+ 2.35 ps
13=1.96 £ 0.10 ns

11=1.15%£0.12 ps
12=85.85 + 3.25 ps
13=1.85£0.15ns

11=1.18 £0.12 ps
172=91.19 + 4.05 ps
13=1.97 £0.15ns

The occurrence of the charge—transfer dynamics is further confirmed by the formation of
radical cations of squaraine derivatives exhibiting positive transient absorption at around 710 nm,

consistent with the literature,?3 4°-50 upon addition of PCBM at a longer time delay. Further to
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shed more light on the charge—transfer dynamics, a global target analysis has been carried out to
extract the time constant of charge—transfer and spectral signatures of each excited species. The
species associated difference spectra (SADS) of ABSQ derivatives upon addition of PCBM are
shown in Figure 3.26 and 3.27. The rate constant of a particular process can be obtained from the
fraction of population conversion from one state to another divided by the associated time constant
of the state.6-%° The relative fraction of population is tested by multiplying the amplitude of each
of the Kinetic traces with the corresponding species associated spectrum and summing the result,
leading to the observed transient absorption spectra within the experimental noise.®° Thus, based
on the target analysis, the charge transfer proposed to occur from the solvent-stabilized local
excited state with the relative population of ~89% and the time constants of charge transfer from
ABSQ-H, ABSQ-F, ABSQ-CIl and ABSQ-Br to PCBM were found to be ~86.43, 93.72, 96.52,
and 102.56 ps, respectively. The transient absorption spectra showing the anion radical of PCBM
in the NIR region®-62 would be advantageous in supporting the occurrence of the intermolecular
charge transfer process in the mixture. Thus, based on the spectral observations and kinetic
analysis, the excited—state relaxation dynamics of the ABSQs are proposed in Scheme 3.2 upon
ultrafast laser excitation.

Thus upon halogenation of ABSQ derivatives, the red shift with an increase of molar
absorptivity, high bimolecular quenching constant and efficient intermolecular charge transfer
with PCBM were observed. These effects could be due to the transfer of electron density from the
halogen substituents to the benzothiazole moiety core which increases with an increase of

polarizability of the halogen substituents. This is consistent with the report of Frank Wirthner et
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al.

31 that a redshift of absorption with an increase of the molar extinction coefficient and

enhancement of the fluorescence quantum yield was observed from fluorine over chlorine and

bromine to iodine substituted NIR-SQ derivatives.
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Figure 3.24 Decay associated difference spectra of ABSQ-H (left) and ABSQ-F (right) in
ACN (a), toluene (b) and with PCBM (c) obtained by global analysis.
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Figure 3.25 Decay associated difference spectra of ABSQ-CI (left) and ABSQ-Br (right) in
ACN (a), toluene (b) and with PCBM (c) obtained by global analysis.
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Scheme 3.2 Proposed Excited—State Relaxation Dynamics of ABSQ Derivatives upon Ultrafast
Excitation?. ®FC—Franck—Condon state, LE—Local Excited State, CR—Conformationally Relaxed
State and CT—Charge—Transfer.

3.5 Characterization of Photodetector
The BHJ-based OPDs were fabricated using ABSQ—-H and ABSQ-CI derivatives as

donor materials and its architecture and the corresponding energy level diagram are represented in
Figure 3.28. In the device, molybdenum trioxide (MoOs3) and zinc oxide act as a hole and electron
transporting layer respectively.

The results of preliminary characterization of the spectral response of the OPDs under unbiased
conditions are shown in Figure 3.29. Interestingly, the devices showed sensitivity in the NIR

region and needed further investigation.
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3.6  Summary

The USQ derivatives consisting of N,N-dimethyl aminoanthracene and benzothiazole
(ABSQ-H) halogenated with fluoride (ABSQ-F), chloride (ABSQ-CI) and bromide
(ABSQ-Br) were synthesized to understand the effect of halogen on the intermolecular interaction
dynamics between the ABSQ derivatives and PCBM. Interestingly the ABSQ-H exhibited
intense absorption (¢ ~6.72 x 10* Mt cm™) in the NIR region with maxima centered ~660 nm.
Upon halogen substitution, red shift in the absorption spectra with an increase in molar absorptivity
was observed. The excited—state relaxation dynamics of ABSQ derivatives in acetonitrile are faster
when compared to that in toluene due to the change in the solvation relaxation dynamics. The
quenching of fluorescence intensity and lifetime of ABSQs upon addition of PCBM revealed the
occurrence of intermolecular charge transfer between the ABSQs and PCBM. The ABSQ-H and
ABSQ-CI were applied to the OPD devices and showed sensitivity in the NIR region. These
results will help for the development of efficient USQ derivatives for optoelectronic devices.
3.7 Experimental Section
3.7.1 Materials and Methods
1 General Details: The reagents and chemicals used for synthesis were purchased from
Merck, Sigma—Aldrich, and TCI. Dry solvents were prepared by following the reported
procedures.® The material characterization techniques, steady—state measurements,
electrochemical measurements, TCSPC measurements, femtosecond transient absorption

measurements details were provided in the experimental section of Chapter 2.
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2. Device Fabrication: The OPDs were fabricated in the device architecture, glass/ indium
tin oxide (ITO)/ zinc oxide (ZnO)/ ABSQ-H (Cl): PCBM/ molybdenum trioxide (MoO3)/ silver
(Ag). ITO —coated glass substrates (Kintec Company, Hong Kong) were cleaned in a liquid
detergent solution (Alkanox) and subsequently sonicated in deionized water and 2-propanol. After
drying, the substrates were UV—-ozone—treated (Novascan). The ZnO solution was spin—coated
onto the substrates and annealed for 30 minutes at 170° C. The ABSQ—-H(CI): PCBM (1:6 ratio)
blend in toluene (42 mg/mL) was spin—coated on top of ZnO, inside a N filled glovebox system.
A hole transporting layer of 10 nm MoOs; and back contact Ag of 100 nm were deposited by
thermal evaporation (Angstrom Inc.) The evaporation process was automatically controlled by

Inficon software and thickness of films were optimized using Dektak XT stylus profilometer.

3 Device Characterization: The incident photon—to—current conversion efficiency (IPCE)
measurements were carried out in DC mode using the constant light source as 350 W Xenon arc
lamp (6258, Newport, lamp house S/N: 876). The Cornerstone TM 260 UV-vis monochromator
is used to get the monochromatic light for the measurement, the reference is recorded using the
detector (818-UV, S/N: 10878) calibrated and provided by Newport. The power meter (Model:
1918-R, S/N: 17953, Newport) is used for recording the measurement in each wavelength
synchronized to the Cornerstone TM Monochromator using TracQ TM 6.5 data acquisition
software provided by Newport. The measurement of the reference silicon solar cell (QE Solar Cell,
Newport) is being carried out to verify the measurement conditions. The dark current was

measured by using a Keithley 2400 source meter.
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3.8 Synthesis and Characterization of ABSQ Derivatives

1. The synthetic procedure and characterization details of 1-Aminoanthracene, N, N-
Dimethylanthracen-1-amine and 3-(4-(dimethylamino) anthracen-1-yl)-4-hydroxycyclobut-

3enel, 2dione were provided in the experimental section of Chapter 2.

2. Synthesis of 3-ethyl-2-methylbenzo[d]thiazol-3-ium

A mixture of 2-methylbenzo[d]thiazole (1.17 g, 3.3 mmol), and ethyl iodide (0.7g, 4.95
mmol) was taken in a pressure tube. To this 4 ml of dry acetonitrile was added and the mixture
was heated at 80° C for 15 h. The solvent was removed under reduced pressure. The residue was
washed several times with diethyl ether to give the desired product. (0.6 g, 43.16%).
IH NMR (500 MHz, DMSO-ds): 57.97-7.95 (d, 1H, J= 7.5 Hz), 7.85-7.62 (m, 3H), 4.51-4.46 (q,
2H,J=7.5Hz), 2.82 (s, 3H), 1.46-1.43 (t, 3H, J= 7.5 Hz); HRMS-EI: Calculated molecular weight

for C10H12SN™*is 178.2734, found=178.0693.

3 General procedure for the quaternization of 5-halo-2-methylbenzo[d]thiazole

A suspension of 5-halo-2-methylbenzo[d]thiazole (1 equivalent) and ethyl iodide (1.5
equivalent) was taken in a pressure tube. To this dry acetonitrile was added and the mixture was
heated at 80° C for 15 h. The solvent was vacuum eliminated and the residue was washed several
times with diethyl ether to give the desired product.
3.1 Characterization details of 3-ethyl-5-fluoro-2-methylbenzo[d]thiazol-3-ium
INMR (500 MHz, DMSO—ds): §6.75 (s, 1H,), 6.88-6.82 (d, 2H, J= 7.5 Hz), 4.49-4.43 (q, 2H, J=
7.5 Hz), 2.79 (s, 3H), 1.45-1.41 (t, 3H, J= 7.5 Hz). HRMS-EI: Calculated molecular weight for

C10H11FSN*is 196.2639, found = 196.0570.
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3.2 Characterization details of 3-ethyl-5-chloro-2-methylbenzo[d]thiazol-3-ium

IH NMR (500 MHz, DMSO—de): §7.23 (s, 1H,), 67.12-6.98 (d, 2H, J= 7.5 Hz), 4.50-4.44 (q, 2H,
J= 7.5 Hz), 2.85 (s, 3H), 1.47-1.43 (t, 3H, J= 7.5 Hz); HRMS—EI: Calculated molecular weight
for C1o0H11CISN*is 212.7185, found = 212.0270.

3.3 Characterization details of 3-ethyl-5-bromo-2-methylbenzo[d]thiazol-3-ium

IH NMR (500 MHz, DMSO—ds): 57.51 (s, 1H,), §7.37-7.34 (d, 2H, J= 7.5 Hz), 4.47-4.41 (q,
2H, J=7.5Hz), 2.80 (s, 3H), 1.42-1.39 (t, 3H, J= 7.5 Hz); HRMS-EI: Calculated molecular
weight for C1oH11BrSN*is 257.1695, found = 257.9730.

4 Characterization details of ABSQ-H [(Z)-2-(4-(dimethylamino) anthracen-1-yl)-4-
((3-ethylbenzo[d]thiazol-3-ium-2-yl) methylene)-3-oxocyclobut-1-enolate]

A mixture of 3-(4-(dimethylamino) anthracen-1-yl)-4-hydroxycyclobut-3enel, 2dione
(0.179g, 0.56 mmol), and 3-ethyl-2-methylbenzo[d]thiazol-3-ium (0.1g, 0.56 mmol) was dissolved
in a 1:1 benzene: butanol azeotropic mixture (30 ml) to that 1 or 2 drops of quinoline was added
and refluxed at 90° C in a Dean—Stark apparatus for about 8 h. After the reaction, the mixture is
allowed to cool to room temperature and then the solvent is removed under reduced pressure. Then
the residue was purified by column chromatography. (Silica gel, Ethyl acetate,), followed by

recrystallization with chloroform. (0.07 g, 26.92%).

IH NMR (500 MHz, CDCls): 8.86-8.85 (d, 1H, J= 8Hz),8.76 (s, 1H), 8.15-8.14 (d, 1H, J= 8 H2),
8.08-8.07 (d, 1H, J= 8.5 Hz), 7.66-7.65 (d, 1H, J= 7.5 Hz), 7.59-7.51 (m, 5H), 7.47-7.44 (dd, 1H,
J= 6.5 Hz), 7.11-7.09 (d, 1H, J= 8 Hz), 6.49 (s, 1H), 4.51-4.46 (q, 2H), 3.17 (s, 6H),1.56-1.53 (t,
3H); 3C NMR (125 MHz, CDCls): 5187.8, 172.5, 152.3, 143.3, 132.1, 127.8, 122.9, 113.6, 57.5,

46.2, 16;
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HRMS-EI: Calculated molecular weight for C3oH224N20S is 476.5888, found = 476.1574.

5 General procedures for the synthesis of ABSQ-F, ABSQ-CIl and ABSQ-Br

A suspension of 3-(4-(dimethylamino) anthracen-1-yl)-4-hydroxycyclobut-3enel, 2dione
(1 equivalent), and 3-ethyl-2-methylbenzo[d]thiazol-3-ium (1 equivalent) was dissolved in a
required amount 1:1 benzene: butanol azeotropic mixture, to that 1 or 2 drops of quinoline was
added and refluxed at 90° C in a Dean—Stark apparatus for about 8 h. After the reaction, the mixture
was allowed to cool to room temperature and the solvent was vacuum eliminated. Then the residue
was purified by column chromatography. (Silica gel, Ethyl acetate) followed by recrystallization
with chloroform.

5.1 Characterization details of ABSQ-F [ (Z)-2-(4-(dimethylamino) anthracen-1-yl)-4-
((3-ethyl-5- fluorobenzo[d]thiazol-3-ium-2-yl) methylene)-3-oxocyclobut-1-enolate]

IH NMR (500 MHz, CDCls): 58.96-8.94 (d, 1H, J= 8Hz), 8.65 (s, 1H), 8.24-7.67 (m, 4H), 7.66-
7.65 (d, 2H, J= 7.5 Hz), 7.52 (s, 1H), 7.49-7.46 (d, 2H, J= 7.5 Hz), 6.43 (s, 1H), 4.37-4.35 (q, 2H),
3.12 (s, 6H), 1.55-1.52 (t, 3H); 3C NMR (125 MHz, CDCls): 5188.5, 173, 162.9, 152.6, 145.6,
1313, 127.3, 1225, 114, 56.7, 458, 17; HRMS-EI: Calculated molecular weight for

C30H23FN20O,S is 494.5792, found = 494.1397.

5.2  Characterization details of ABSQ-CI [(Z)-4-((5-chloro-3-ethylbenzo[d]thiazol-3-
ium-2-yl) methylene)-2-(4-(dimethylamino) anthracen-1-yl)-3-oxocyclobut-1-enolate]

IH NMR (500 MHz, CDCl3): 58.92-8.90 (d, 1H, J= 8Hz), 8.63 (s, 1H), 7.48-7.47 (m, 4H), 7.22-
7.21(d, 2H, J= 7.5 Hz), 7.20 (s, 1H), 6.96-6.95 (d, 2H, J= 7.5 Hz), 6.41 (s, 1H), 4.33-4.28 (q, 2H),
3.12 (s, 6H), 1.51-1.48 (t, 3H); 13C NMR (125 MHz, CDCls): 5191.1, 187.6, 172.5, 134.3, 131.1,

128.1, 123.6, 113, 57.5, 46.2, 15.9;

135



References

HRMS—EI: Calculated molecular weight for CzoH23CIN20,S is 511.0338, found = 510.1101.

5.3 Characterization details of ABSQ-Br [(Z)-4-((5-bromo-3-ethylbenzo[d]thiazol-3-
ium-2-yl) methylene)-2-(4-(dimethylamino) anthracen-1-yl)-3-oxocyclobut-1-enolate]

IH NMR (500 MHz, CDCls): 58.94-8.92 (d, 1H, J= 8Hz), 8.64 (s, 1H), 8.24-7.99 (m, 4H), 7.52-
7.51(d, 2H, J= 7.5 Hz), 7.50 (s, 1H), 7.40-7.38 (d, 2H, J= 7.5 Hz), 6.41 (s, 1H), 4.33-4.31 (q, 2H),
3.12 (s, 6H), 1.52-1.49 (t, 3H); 23C NMR (125 MHz, CDCls): 5192, 188.5, 179, 131.6, 128.9,
125.6, 112.5, 56.8, 46.1, 14.9; HRMS-EI: Calculated molecular weight for CsgH23BrN2O>S is

555.4848, found = 556.0659.
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Chapter 4

Excited State Relaxation Dynamics of Indolium—Based
Unsymmetrical Squaraine Derivatives
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4.1 Abstract

The distinctive optical features of symmetrical SQs exhibiting strong NIR absorption
and emission are extensively used as a sensitizer for optoelectronic devices. However, the
usage of USQ dyes towards OPDs are limited. In this connection, the USQ derivatives
comprising of N,N-dimethyl aminoanthracene and various N-alkylated indolium [ethyl
(AISQ-¢t), hexyl (AISQ—-hex) and hexenyl (AISQ-hexen)] were synthesized and their steady
and excited state relaxation dynamics were investigated. The absorption spectra of the
AlISQ-et exhibited an intense absorption maximum at ~676 nm in toluene with a high
extinction coefficient, ~8.0 x 10* Mcm™!. The absorption spectra showed a negative
solvatochromic shift with an increase of solvent polarity. When compared to the neat solvents,
the absorption spectra in the thin film exhibited broad in nature, covering a wide range of

wavelength starting from 500—800 nm due to the formation of aggregations. Such a wide range
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of wavelengths with high extinction coefficient will be significantly beneficial for
optoelectronic devices. The femtosecond transient absorption spectra of AISQ derivatives
were measured in nonpolar (toluene) and polar (acetonitrile, ACN) solvents upon excitation at
600 nm using femtosecond pump—probe spectroscopy. It revealed that the polarity of the
solvent controlled the excited state relaxation dynamics. The observation of quenching of
fluorescence intensity and fluorescence lifetime upon the addition of PCBM reflected the
occurrence of intermolecular charge—transfer dynamics between the AISQs and PCBM. The
AISQ—et derivative was applied to the PD devices and showed sensitivity in the NIR region.
4.2 Introduction

The development of organic chromophores that enables the efficient conversion of light
in the NIR region is of great attention devoted to the design and synthesis of various functional
dyes such as porphyrin,:? phthalocyanine,® perylene*® and SQs.6”Among these, USQ dyes
have been successfully employed as sensitizers in optical data storage,® two—photon
absorption,® fluorescent probes in bio labeling,’%-** photodynamic therapy'? and solar cells
applications.*>14 However, in the BHJ-based and OPD devices using PCBM as an electron
acceptor, the understanding of the charge carrier dynamics which is an important tool to
enhance the efficiency and stability of the devices Though a large number of steady—state and
time—resolved photophysical properties of SQs were widely reported 123 the intermolecular
interaction dynamics of USQ derivatives with PCBM have not been investigated in detail.
Indeed, the structure—property relationship of the sensitizers plays a significant role in
designing suitable materials for optoelectronic devices. In this connection, Rana et al.'’
investigated the charge carrier and polaron dynamics for the SQs and SQs:PC71:BM using

ultrafast transient absorption spectroscopy resulting in the formation of polaron with a lifetime
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of 550 ps leads to create the free electrons in the solar cell. Huang et al.?* successfully
fabricated BHJ solar cells by incorporating SQs in PsHT:PCs1BM blend to improve the photon
absorption range to NIR region and exciton harvesting. The femtosecond transient absorption
studies revealed the highly efficient excitation energy from PsHT to SQs occurring on a
picosecond time scale by Forster resonance energy transfer (FRET). Their results opened a new
paradigm for improving efficient polymer solar cells. Paterno et al.?® reported novel
indoline—based SQs, with dicyanovinylene core substituted and unsubstituted dyes. Their
spectroscopic investigation suggested the deactivation pattern involving a dark state for the
unsubstituted dyes and the lack of such a deactivation pathway in the core substituted dyes.
These findings would be beneficial in minimizing the deactivation losses and thereby
enhancing the efficiency of SQs—based optoelectronic devices. Here the USQ derivatives
(AISQs) consisting of N,N-dimethyl aminoanthracene and N-alkylated indolium to
[ethyl-(AISQ-et); hexyl-(AISQ-hex) and hexenyl-(AlSQ-hexen)] were synthesized. The
steady—state and time—resolved photophysical characterization of AISQ derivatives were
carried out to understand the effect of solvents (toluene and ACN) on the excited state
relaxation dynamics. The fluorescence spectra and lifetime measurements of AISQs with
PCBM deduce the occurrence of intermolecular charge transfer via a dynamic quenching

mechanism in the excited state deactivation.

R= ethyl (AISQ-et)
R=hexyl (AISQ-hex)
R= hexenyl (AISQ-hexen)

<>

Figure 4.1  Chemical structure of AISQ derivatives.
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4.3 Results and Discussion

4.3.1 Synthesis of AISQ Derivatives
The AISQ derivatives (Figure 4.1) were synthesized by modifying the previously

reported procedures.?5-2 The N,N—dimethyl aminoanthracene semisquaraine was obtained by
reducing and methylation of 1-aminoanthroquinone and resulted N,N—dimethyl
aminoanthracene treated with squarylium chloride. The indolium guaternization was generally
performed with an excess alkylating agent in polar solvent. Then the alkyl and alkenylated
indolium salt was refluxed with the N,N—dimethyl aminoanthracene semisquaraine in benzene:
butanol azeotropic mixture (1:1), yielding the corresponding AISQ derivatives (Scheme 4.1).

The structure of the compounds was characterized by NMR spectroscopy and HRMS.

NH, O NH2

NaOH Zn dust Mel, K2C03 DMF )i
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o 6 OH Ny 85°C,11h N
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o R R = hexyl (65%)
‘ ‘ R = hexenyl (53%)
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NT

\ \
N R R=cthyl (ATSQ-et, 30%)
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R= hexenyl (AISQ-hexen, 31%)

Scheme 4.1  Synthetic Scheme of AISQ Derivatives.
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4.3.2 Steady-State Photophysical Characterization

4321 Solution state
The steady-state absorption and emission spectra of AlISQ-et, AISQ-hex and

AlSQ-hexen were measured with an increase of solvent polarity and shown in Figure 4.2—4.4
respectively. The AISQ-et, AISQ-hex and AISQ-hexen showed intense absorption
maximum at ~ 676, 668 and 670 nm in toluene with the molar extinction coefficient of ~8.00,
9.05 and 7.50 x 10* Mt cm respectively. The intense absorption is due to combined n—n*
transition with intramolecular charge transfer from N,N—dimethyl aminoanthracene and
indolium donors to the central squaraine core.?*3! The AISQ derivatives having such high
extinction coefficient will be used as an effective sensitizer in the form of thinner photoactive
film in the optoelectronic devices.3 Upon increasing the polarity of solvent (acetonitrile,
ACN), the absorption maximum shifted to the blue region (~46 nm), hypsochromic shift,
indicating more polarity of ground state compared to the excited state.3® Upon increasing the
alkyl chain length, the absorption maximum shifted to blue side (~8 nm) compared to A1SQ—et.
The fluorescence spectra of AISQ-et, AISQ-hex and AISQ-hexen in toluene showed a
maximum at ~726, 732 and 734 nm with Stokes shift of ~1018, 1308 and 1301 cm™
respectively and showed red shift with the increase of polarity of the solvent.

The fluorescence dynamics of AISQ derivatives were recorded in various solvents upon

excitation at 670 nm and decay profiles are shown in Figure 4.5. The fluorescence lifetime (ty)

of AISQ-et, AISQ-hex and AISQ-hexen in toluene was found to be around ~2.14 + 0.25,

2.07 £0.20 and 2.06 + 0.25 ns respectively. With an increase of solvent polarity, it is decreased

to ~0.34 £ 0.20, 0.36 + 0.20 and 0.58 £ 0.20 ns in acetonitrile. Such observations reveal the
involvement of a non—radiative pathway sensitive to the electronic redistribution in the excited

AISQ derivatives and/or formation of the solute—solvent complexes by shortening the
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fluorescence lifetimes with an increase of solvent polarity.®* The details of the absorption and
emission maxima, Stokes shift, fluorescence lifetime and absolute quantum yield of AISQ-et,
AlISQ-hex and AISQ-hexen are given in Table 4.1-4.3 respectively. The radiative and
non-radiative rate constants were also calculated from fluorescence quantum yield (®) and

lifetime (tr) using the equations 1 provided in chapter 2.
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Figure 4.2  Steady-state absorption and emission spectra of AISQ—et in solvents of various
polarities at room temperature.
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Figure 4.3  Steady-state absorption and emission spectra of AISQ-hex in solvents of
various polarities at room temperature.
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Figure 4.4  Steady-state absorption and emission spectra of AISQ—hexen in solvents of
various polarities at room temperature.
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Figure 4.5 Fluorescence decay profiles of AISQ-et (a), AISQ—hex (b) and AISQ—hexen
(c) in solvents of varying polarities obtained upon excitation at 670 nm.
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Table 4.1 Absorption and Fluorescence Maxima, Lifetime and Quantum Yield and of AISQ—et in Various Solvents

Absorption Fluorescence Stokes Fluorescence  Fluorescence Radiative Non-radiative
max, nm max, nm shift, cm™  quantumyield® lifetime®, ns constant, x 10" s  constant, x 107 51
Solvents (Amax) (Amax) (4v) (&) (@) (Kr) (Knr)
Toluene 676 726 1018 0.28 2.14+0.25 13.08 33.64
Chloroform 670 728 1189 0.20 1.82+0.20 10.98 43.95
THF 648 730 1733 0.20 1.49 £0.15 13.42 53.69
MeOH 638 728 1937 0.01 0.12+0.10 8.33 825
ACN 630 730 2174 0.02 0.34+0.20 5.89 288

aAbsolute fluorescence quantum yield attained by exciting at emission maximum using an integrating sphere. °Fluorescence lifetime was obtained
upon excitation at 670 nm and the 2 value of fluorescence kinetics fit is between 1.0 and 1.2.
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Table 4.2 Absorption, Fluorescence Maxima and Lifetime of AISQ-hex in Various
Solvents

Absorption Fluorescence Stokes shift, Fluorescence
Solvents max, max, cmt (4v) lifetime?,
nm (/lmax) nm (ﬂmax) ns (Tf)

Toluene 668 732 1308 2.07£0.20
Chloroform 668 734 1346 1.62 +0.25
THF 646 735 1874 1.36 £ 0.20
MeOH 633 734 2173 0.25+0.15
ACN 634 735 2167 0.36 £0.20

Table 4.3 Absorption, Fluorescence Maxima and Lifetime of AISQ—hexen in Various
Solvents

Absorption Fluorescence Stokes shift, Fluorescence
Solvents max, max, cmt (4v) lifetime?,
nm (/lmax) nm (ﬂmax) ns (Tf)

Toluene 670 734 1301 2.06 £0.25
Chloroform 666 735 1409 1.95+0.20
THF 649 739 1876 1.67 £0.25
MeOH 642 736 1989 0.35+0.15
ACN 632 736 2235 0.58 £0.20

aFluorescence lifetime was obtained upon excitation at 670 nm and the 2 value of fluorescence
Kinetics fit is between 1.0 and 1.2.

4322 Film State

Figure 4.6 shows normalized absorption spectra of AISQ derivative in thin films

recorded by drop—casting AISQs (1.5 mM) in chloroform. When compared to the neat solvent,
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the absorption spectra in the thin film exhibited broad band ranging from 500-800 nm,
indicating the formation of both H— and J—type aggregates by the strong intermolecular forces
between the AISQ molecules.>-3° Indeed, such a broad range of absorption wavelength with a

high molar absorptivity will be advantageous for light harvesting for optoelectronic devices.
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Figure 4.6  Normalized absorption spectra of AISQ-et (a), AISQ-hex (b) and
AISQ-hexen (c¢) in a thin film and in chloroform solution.
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43.2.3 Electrochemical Properties of AISQ Derivatives

Similarly, to the previous chapter the redox potentials of the AISQ derivatives were
determined using cyclic voltammetry in acetonitrile using ferrocene as standard and the
corresponding voltammograms are given in Figure 4.7a. The HOMO energy levels of
AISQ-et, AISQ-hex and AISQ-hexen are found to be -4.82, —4.80 and -4.84 eV
respectively and the LUMO energy levels of Al SQ—et, AISQ-hex and AlSQ—-hexen are found
to be —3.16, —3.05 and —3.19 eV respectively. It is interesting to note from the Figure 4.7b
that the LUMO energy levels of all the derivatives are higher in energy compared to that of the
PCBM (-3.7 eV) and simultaneously the HOMO energy level of the PCBM (-6.1 eV) is lower
compared to that of AISQ derivatives, which is the important requirement of the sensitizer to
be used in the BHJ-based optoelectronic devices for the efficient intermolecular
charge—transfer in the excited state. Thus the energy levels of all the derivatives are suitable
to act as donor materials in the BHJ-based OPD with PCBM as an acceptor. The
electrochemical data of AISQ derivatives are summarised in Table 4.4.
4324 Interaction of AISQs with PCBM

The absorption and fluorescence spectra of AISQ—et, AISQ-hex and AlSQ-hexen
with increased concentration of PCBM (1.5 to 13.5 mM) in toluene were measured. Though
there were no notable changes in the absorption spectra of AISQ derivatives, the decrease of
fluorescence intensity of all the AISQ derivatives upon the addition of PCBM were observed
(Figure 4.8), reflecting the excited AISQ derivatives interacting with PCBM. Upon addition
of PCBM, the fluorescence lifetime of AISQ derivatives was also measured by the excitation
at 670 nm (left insets of Figure 4.8). In the presence of the PCBM (13.5 mM)), the fluorescence

lifetime is decreased from ~2.14 + 0.25, 2.07 £ 0.20 and 2.06 £ 0.20 nsto ~1.49 + 0.25,
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1.54 £ 0.20 and 1.52 + 0.20 ns for AISQ—et, AISQ-hex and AISQ-hexen respectively. The
decrease in fluorescence intensity and lifetime deduces the occurrence of intermolecular

charge—transfer from AlISQs to PCBM.
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Figure 4.7  Cyclic voltammogram of AISQ-et, AISQ-hex and AlISQ-hexen in ACN
using tetrabutylammonium hexafluorophosphate as supporting electrolyte at a scanning rate of
50 mV/sec (a). HOMO and LUMO levels of AISQ—et, AISQ-hex and AISQ—hexen vsPCBM
(b).
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Table 4.4 Electrochemical data of AISQ derivatives from cyclic voltammetry in ACN

AlISQs Aoo, Eoo, Eox vs Ag/AQCI, HOMO, LUMO,
nm eV V eV eV
AISQ—et 744 1.66 0.46 —4.82 -3.16
AlISQ-hex 750 1.65 0.44 -4.80 -3.05
AlSQ- hexen 750 1.65 0.48 -4.84 -3.19

The Stern—Volmer plot (right insets of Figure 4.8) for fluorescence quenching of
AISQs with the increase of concentration of PCBM showed linear behaviour suggesting the
occurrence of a dynamic quenching mechanism in the excited state deactivation. The kg, (kq=
Ksv/to) and Ksy, (to/t = 1 + Ksy x [PCBM]) were calculated and constants are provided in
Table 4.5. Where 19 is the fluorescence lifetime of AISQ derivative in the absence of PCBM
and to/t is the ratio of the fluorescence lifetime of AISQs in the absence and presence of
PCBM. The kq and Ksy for the AISQ—-et, AISQ-hex and AISQ-hexen are found to be 14.71,
12.12, 12.67 (x 10° M1 s71) and 31.50, 25.10, 26.10 (M) respectively. These constants are
an order of magnitude larger 4° than that of normal diffusion controlled bimolecular reaction
constant (2 x 10° M1 s71).40 Overall, upon addition of PCBM, the quenching of fluorescence
intensity and a lifetime of AISQ derivatives reveal the occurrence of the intermolecular

charge—transfer from the AI1SQs to the PCBM.
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Figure 4.8  Fluorescence spectra of AISQ-et (a), AISQ-hex (b), AISQ-hexen (c) with
different concentrations of PCBM in toluene 0 mM (black), 1.5 mM (blue), 4.5 mM (olive),
13.5 mM (red). Insets: fluorescence decay profiles recorded upon excitation at 670 nm (left)
and plot of 1o/t versus [PCBM] (right).
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Table 4.5 The Stern—Volmer quenching constant (Ksyv) and bimolecular quenching rate
constant (kq) of AISQ derivatives

AISQs Ksy, M1  To, NS T, NS Kg,x 10° ML 51
AISQ-et 3150 214025 149x0.25 14.71
AlISQ-hex 2510 2.07x0.20 1.54%0.20 12.12
AISQ-hexen 26.10 2.06+0.20 1.52+0.20 12.67

4.4  Time-Resolved Photophysical Characterization
4.4.1 Femtosecond Transient Absorption Spectra of AISQ derivatives

Femtosecond time-resolved transient absorption spectra were measured in nonpolar
(toluene) and polar (acetonitrile, ACN) solvents upon excitation at 600 nm using femtosecond
pump—probe spectroscopy to understand the effect of solvent polarity on the excited state
relaxation dynamics of AISQ derivatives. The transient absorption spectra of AISQ—et in
toluene are shown in Figure 4.9, where panel a shows the spectral evolution starting from —50
fsto 10.70 ps. At the early time scale, it shows the broad positive band at ~496 nm and at the
200 fs two distinct negative absorption bands at around 627 and 710 nm were observed. The
positive band at ~496 nm is attributed to the excited singlet state absorption (ESA, Sn <-S1
transition) of the compound.*-*> Though the evolution of GSB is not observed evidently due
to the superimposing of SE, the evolution of SE was observed clearly at around 724 nm. In
Figure 4.9, panel b shows the spectral evolution from 12.70 ps to 1.56 ns where the intensity
of ESA, GSB and SE bands decreased with the increase of the delay time.

The transient absorption spectra of AISQ—-et in ACN are shown in Figure 4.10, where
panel a shows the spectral evolution starting from —50 fs to 10.30 ps. At early time scale, it

shows the broad positive band at ~490 nm and after the time scale of 200 fs, a distinct negative
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absorption bands at around 720 was formed. The positive band at 490 nm is due to the excited
singlet state absorption (ESA, Sn «—S: transition). With an increase of delay time, at 10.30 ps
the negative transient absorption band evolved to attain the steady —state emission maximum at
727 nm, corresponding to the SE. The evolution of GSB is not observed evidently due to the
scattering of laser excitation and superimposing of SE. The panel b of Figure 4.10 exhibits the

transient absorption spectra recorded from 11.35 psto 1.56 ns where the intensity of the ESA,

GSB and SE bands decreased with increase of the delay time.
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Figure 4.9 Femtosecond transient absorption spectra of AISQ-et in toluene upon
excitation at 600 nm at different delay times.
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The fs—TAS of AISQ-hex and AISQ-hexen derivatives in toluene and ACN are shown in
Figure 4.11-4.14. The spectral behaviors of AISQ-hex, and AISQ-hexen in toluene and
ACN are similar to that of AISQ-et in toluene and ACN respectively. Though the spectral
features of ESA, SE and GSB of AISQ-et in toluene have resembled that of in ACN, the

excited state relaxation dynamics are faster in ACN (Figure 4.15) when compared to that in

toluene due to the change in the solvation dynamics.*6-4°
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Figure 4.10 Femtosecond transient absorption spectra of AISQ—etin ACN upon excitation

at 600 nm at different delay times.
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Figure 4.11  Femtosecond transient absorption spectra of AISQ-hex in toluene upon
excitation at 600 nm at different delay times.
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Figure 4.12 Femtosecond transient absorption spectra of AISQ-hex in ACN upon
excitation at 600 nm at different delay times.
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Figure 4.13  Femtosecond transient absorption spectra of AISQ-hexen in toluene upon
excitation at 600 nm at different delay times.
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Figure 4.14  Femtosecond transient absorption spectra of AISQ-hexen in ACN upon
excitation at 600 nm at different delay times.
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Figure 4.15 Femtosecond transient absorption decay of AISQ-et (a), AISQ-hex (b), and
AlISQ-hexen (c) in toluene and acetonitrile upon excitation at 600 nm.

4.4.2 Analysis of the Transient Absorption Spectra of AISQ Derivatives
The femtosecond transient absorption spectra were analyzed globally with the

sequential model using Glotaran.>® Three exponential components were optimally obtained to
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describe the relaxation dynamics of AISQ derivatives in toluene and ACN. The resulted time
constants are given in Table 4.6 and the corresponding DADS are shown for comparison in

Figure 4.16-4.17.

Table 4.6 Time Constants Attained from Global Analysis Using Glotaran> for AISQs
upon Excitation at 600 nm

AlISQs ACN Toluene
11=0.43+0.10 ps 11=2.19 £ 0.20 ps
AlSQ-et 72=40 % 1.00 ps T2=-106.44 + 2.20 ps
13 =338.45 £ 2.30 ps 13 =2.14+£0.10 ns
11= 0.42+0.15ps 11 = 2.46 £ 0.25 ps
AlSQ-hex 72 =30.90 + 1.00 ps 12=121.41 £3.20 ps
13 =362.64 £ 2.15 ps 13=2.19+£0.10 ns
11= 0.44 £ 0.12 ps 11 = 2.31+0.26 ps
AISQ-hexen T2=139.26 + 1.00 ps 12 =112.50 + 1.20 ps
13=579.55 £ 3.20 ps 13=2%0.10ns

As there are no significant changes in the dynamic of AISQ derivatives by changing

the alkyl and alkenyl substituents, the time constants obtained for AISQ—et is considered for
discussion and those are t1 = 431 fs, 12 = 39.98 ps, and t3 = 338.45 ps in ACN and t1 = 2.19
ps, T2 = 106.44 ps and 13 = 2.14 ns in toluene. Based on the observation of dynamic redshift
of SE (=710 nm) with an increase of delay time,>->3 the fast component (t1 = 431 fs in ACN
and 1 = 2.19 ps in toluene) obtained upon excitation at 600 nm corresponds to the solvation

relaxation processes from Franck—Condon state to solvent stabilized local excited state. The
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time constant t> = 39.98 and 106.44 ps for ACN and toluene respectively, could be attributed

to the formation dark state resulting from the conformational changes of AISQ-et. This state
enables the non-radiative deactivation to the ground state supporting the observation of a
decrease of fluorescence quantum vyield and lifetime in ACN (Table 4.1-4.3). Finally, the
longer time constant t3, obtained from the global analysis is consistent with the fluorescence
lifetime obtained from the TCSPC in neat solvents (Table 4.1—4.3). Hence the time constant

(0.33) 2.14 ns is attributed to the lifetime of the excited singlet state in ACN (toluene)
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Figure 416 Decay associated difference spectra of AISQ-et (a), AISQ-hex (b),
AlISQ-hexen in toluene obtained by global analysis.
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Figure 4.17 Decay associated difference spectra of AISQ-et (a), AISQ-hex (b),
AISQ-hexen (c) in ACN obtained by global analysis.

45 Characterization of Photodetector

The BHJ-based OPDs were fabricated using AISQ-et as donor materials and its
architecture and the corresponding energy level diagram are represented in Figure 4.18. In the
device, molybdenum trioxide (MoOs3) and zinc oxide act as a hole and electron transporting

layer respectively.
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The results of preliminary characterization of the spectral response of the OPDs under
unbiased conditions are shown in Figure 4.19. Interestingly, the devices showed sensitivity in

the NIR region and needed further investigation.
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Figure 4.18  a) Fabricated OPD structure, b) band diagram for fabricated OPD.
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46 Summary

Here the USQ derivatives comprising N,N—dimethyl aminoanthracene and various
N-alkylated indolium (AISQ) were synthesized and their steady and excited state relaxation
dynamics were investigated. The absorption spectra of the AISQ derivatives exhibited a strong
absorption maximum at ~630-676 nm in toluene with a high extinction coefficient, ~10°
M-cm™. When compared to the neat solvents, the absorption spectra in thin film exhibits
broad in nature covering a wide range of wavelength starting from 500—-800 nm due to the
formation of H—and J-type aggregates. Such a wide range of wavelengths with a high
extinction coefficient will be significantly beneficial for optoelectronic devices. The energy
levels of all the AISQ derivatives are suitably placed to act as donor materials in the BHJ—based
OPD with PCBM as an acceptor. The quenching fluorescence intensity and lifetime upon the
addition of PCBM reflects the occurrence of intermolecular charge transfer dynamics between
the AISQs and PCBM. It is found that over all the transient absorption spectral features of all
the AISQ derivatives in toluene appeared to be the same as in ACN. However, the excited state
relaxation dynamics of AISQ derivatives in ACN are faster when compared to that in toluene
due to the change in the solvation relaxation dynamics. The AISQ derivatives were applied
into the PD devices and showed sensitivity in the NIR region.
4.7 Experimental Section
4.7.1 Materials and Methods
1 General Details: The reagents and chemicals used for synthesis were purchased from
Merck, Sigma—Aldrich, and TCI. Dry solvents were prepared by following the reported
procedures.>* The material characterization techniques, steady—state measurements,

electrochemical measurements, TCSPC measurements, femtosecond transient absorption
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measurements details were provided in the experimental section of Chapter 2. The device

fabrication and characterization details were provided in the experimental section of Chapter 3

4.8 Synthesis and Characterization of AISQ Derivatives

1. The synthetic procedure and characterization details of 1-Aminoanthracene, N, N-
Dimethylanthracen-1-amine and 3-(4-(dimethylamino) anthracen-1-yl)-4-hydroxycyclobut-
3enel, 2dione were provided in the experimental section of Chapter 2.
2. General procedure for the quaternization reaction of 2,3,3-trimethylindoline

A mixture of 2,3,3-trimethylindoline (1 equivalent), and alkyl/alkenyl iodide (1.5
equivalent) was taken in a pressure tube. To this 4 ml of dry Acetonitrile was added and the
mixture was heated at 80° C for 15 Hrs. The solvent was removed under reduced pressure. The
residue was washed several times with Diethyl ether to give the desired product.
2.1  Characterization details of 1-ethyl-2,3,3-trimethyl-3H-indol-1-ium.
IH NMR (500 MHz, DMSO—dg): §7.97-7.95 (d, 1H, J =7.5 Hz), 7.85-7.62 (m, 3H), 4.51-4.46
(g, 2H), 2.82 (s, 3H), 1.53 (s, 6H), 1.46-1.43 (t, 3H); HRMS-EI: Calculated Molecular weight
for C13H1gN ™ is 188.1434, Found=188.1440.
2.2 Characterization details of 1-hexyl-2,3,3-trimethyl-3H-indol-1-ium
'H NMR (500 MHz, DMSO-dg): 67.95-7.92 (d, 1H, J =7.5 Hz), 7.83-6.99 (m, 3H), 4.37-4.33
(t, 2H), 2.81 (s, 3H), 1.50 (s, 6H), 1.46-1.43 (t, 3H), 1.33-1.27 (m, 4H), 1.20-0.97 (m, 2H),
0.90-0.87 (t, 3H); HRMS-EI: Calculated Molecular weight for Ci7H26N* is 244.2060,
Found=244.2069.
2.3 Characterization details of 1-(hex-5-en-1-yl)-2,3,3-trimethyl-3H-indol-1-ium
IH NMR (500 MHz, DMSO—de): 57.9.8-7.96 (d, 1H, J=7.5 Hz), 7.89-7.83 (m, 3H) 5.82-5.78
(m, 1H), 5.02-4.99 (d, 2H), 2.84 (s, 3H), 1.75-1.70 (m, 4H), 1.52 (s, 6H); HRMS-EI:

Calculated Molecular weight for C17H24N* is 242.1903, Found = 242.1890.
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3 General procedure for the synthesis of AISQ-et, AISQ-hex and AISQ-hexen

A suspension of 3-(4-(dimethylamino) anthracen-1-yl)-4-hydroxycyclobut-3enel,
2dione (1 equivalent), and the quaternized indolium salt (1 equivalent) was dissolved ina 1:1
benzene: butanol azeotropic mixture (30 ml), and refluxed at 90° C in a Dean—Stark apparatus
for about 8 hrs. After the reaction, the mixture is allowed to cool to room temperature and the
solvent is removed under reduced pressure. Then the residue was purified by column
chromatography. (silica gel, hexane: ethyl acetate, 20:80), followed by recrystallization with
chloroform.
3.1 Characterization details of AISQ-et [(Z2)-2-((3-(4-(dimethylamino) anthracen-1-
yl)-2-hydroxy-4-oxocyclobut-2-en-1-ylidene) methyl)-1-ethyl-3,3-dimethyl-3H-indol-1-
ium]
IH NMR (500 MHz, MeOD): &8.86-8.85 (d, 1H, J = 8Hz), 8.76 (s, 1H), 8.15-8.14 (d, 1H, J
=8 Hz), 8.08-8.07 (d, 1H, J = 8.5 Hz), 7.66-7.65 (d, 1H, J = 7.5 Hz), 7.59-7.51 (m, 5H), 7.47-
7.44 (dd, 1H, J = 6.5 Hz), 7.11-7.09 (d, 1H, J = 8Hz), 6.49 (s, 1H), 4.51-4.46 (g, 2H), 3.17 (s,
6H), 1.90 (s, 6H), 1.56-1.53 (t, 3H); HRMS—EI: Calculated Molecular weight for C3z3HzoN204

is 486.2307, Found=487.2374.

3.2 Characterization details of AISQ-hex [(E)-2-(4-(dimethylamino)anthracen-1-yl)-
4-((1-hexyl-3,3-dimethyl-3H-indol-1-ium-2-yl)methylene)-3-oxocyclobut-1-en-1-olate]

IH NMR (500 MHz, MeOD): 58.84-8.82 (d, 1H, J = 8Hz), 8.71 (s, 1H), 8.19-8.16 (d, 1H, J =
8Hz), 8.12-88.10 (d, 1H, J = 8.5 Hz), 7.62-7.61 (d, 1H, J = 7.5 Hz), 7.60-7.54 (m, 5H), 7.45-
7.41 (dd, 1H, J = 6.5 Hz), 7.09-7.07 (d, 1H, J = 8Hz), 6.51 (s, 1H), 4.01-3.97 (t ,2H), 3.15 (s,
6H), 1.93 (s, 6H), 1.29 (m, 6H), 1.17 (m, 2H), 0.81-0.78 (t, 3H); HRMS-EI: Calculated
Molecular weight for Cz7H3sN202 is 542.7098, Found= 543.3016.

3.3 Characterization details of AISQ-hexen [(E)-2-(4-(dimethylamino)anthracen-1-

yl)-4-((1-(hex-5-en-1-yl)-3,3-dimethyl-3H-indol-1-ium-2-yl)methylene)-3-oxocyclobut-1-
en-1-olate]
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IH NMR (500 MHz, MeOD): §8.88-8.87 (d, 1H, J = 8Hz), 8.79 (s, 1H), 8.18-8.15 (d, 1H, J =
8Hz), 8.10-8.08 (d, 1H, J = 8.5 Hz), 7.68-7.66 (d, 1H, J = 7.5 Hz), 7.60-7.56 (m, 5H), 7.49-
7.47 (dd, 1H, J = 6.5 Hz), 7.10-7.08 (d, 1H, J = 8Hz), 6.51 (5,1H), 5.82 (m, 2H), 5.14 (t, 1H),
4.05-3.98 (t, 2H), 2.18-2.14 (m, 6H), 1.90 (s, 6H), 1.25 (m, 6H); HRMS-EI: Calculated
Molecular weight for C37H3sN202 is 540.2777, Found= 541.1341.
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Title of the thesis: Aminoanthracene Appended Unsymmetrical Squaraine Derivatives: Synthesis and Ultrafast
Time—Resolved Photophysical Characterization for NIR Photodetectors.

The major objectives of the thesis are to design and synthesis of N,N—dimethyl amino anthracene based USQ
derivatives by covalently linking the various aromatic donors such as pyrrole attached phenyl hydrazine, benzothiazolium
and indolium moieties to obtain the spectral sensitivity of OPDs in the NIR regime. Since the ultrafast processes of
photoinduced charge—transfer, charge carrier generation and their recombination control the efficiency of the devices,
steady—state and excited—state relaxation dynamics of USQ derivatives with and without PCBM have been investigated
using femtosecond pump—probe spectroscopy. Finally, all the USQ derivatives were applied to the optoelectronic
devices. The details of the results of each chapter are provided below.

In Chapter 1, an overview of SQs dyes and their optical and electronic properties, fundamentals of OPDs and
NIR sensitizers used in OPDs are discussed.

In Chapter 2, the USQ derivatives (APSQs) consisting of N,N-dimethyl aminoanthracene and pyrrole
appended aryl hydrazine with various alkyl chain lengths [ethyl (APSQ-et), hexyl (APSQ-hex), and hexenyl
(APSQ-hexen)] attached to the pyrrolic nitrogen were synthesized. The absorption spectra of the derivatives exhibited
strong absorption maximum at around 760 nm with high extinction coefficient, ~1.26 x10° M~tcm. Femtosecond
transient absorption and TCSPC measurements exhibited the quenching of time constants, reflecting the occurrence of
intermolecular charge—transfer dynamics between the APSQs and PCBM. NIR—-OPDs were fabricated using APSQs as
electron donors in BHJ mode. The NIR-OPDs showed a broad—band response that extends to ~950 nm. At a reverse bias
of =1V, the device with an APSQ—et exhibited a maximum shot-noise-limited specific detectivity of ~6 x 10** cm Hz*?
W-1 (Jones) at a working wavelength of 840 nm.

In Chapter 3, the USQ derivatives (ABSQs) comprising of N,N—dimethyl aminoanthracene and benzothiazole
(ABSQ-H) halogenated with fluoride (ABSQ-F), chloride (ABSQ-CI) and bromide (ABSQ-Br) were synthesized to
understand the effect of halogen on the photophysical properties and intermolecular interaction dynamics with PCBM.
Interestingly the ABSQ-H exhibited an intense absorption (g ~ 6.72 x 10* M~* cm™?) spectra centered at ~660 nm. Upon
halogen substitution, a red shift in the absorption spectra with an increase of molar absorptivity was observed (g ~8.59 x
10* M cm™®) which is beneficial for NIR light harvesting. Upon the addition of PCBM, the fluorescence intensity and
dynamics of halogenated ABSQs were quenched and the formation of a squaraine radical cation was observed, reflecting
the occurrence of intermolecular charge transfer between the ABSQs and PCBM. The ABSQ-H and ABSQ-CI
derivatives were applied to the OPD devices and showed sensitivity in the NIR region.

In Chapter 4, the USQ derivatives (A1SQs) having of N,N—dimethyl aminoanthracene and various N—-alkylated
indolium [ethyl (AISQ—-et), hexyl (A1SQ-hex) and hexenyl (AISQ-hexen)] were synthesized. The absorption spectra
of the AISQs exhibited intense absorption maximum at ~676 nm in toluene with high extinction coefficient, ~8.0x10*
M~tcm L. When compared to the neat solvents, the absorption spectra in the thin film exhibited a broad in shape, covering
a wide range of wavelength starting from 500-800 nm due to the formation of aggregations. The femtosecond transient
absorption spectra of AISQ derivatives revealed that the polarity of solvent controlled the excited—state relaxation
dynamics. The AISQ—et derivative was applied to the OPD devices and showed sensitivity in the NIR region.
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ABSTRACT: An unsymmetrical squaraine (SQ) derivative containing anthracene and phenyl hydrazine (ANPHSQ) units linked to
the central SQ was synthesized and used as electron donors in bulk heterojunction photovoltaic mode organic photodetectors
(OPD), containing PCBM as the electron acceptor. Although the ANPHSQ exhibited a strong narrow band in the near infrared
peaking at ~760 nm in solution, the OPD constructed with this dye exhibited a broad spectral response extending to 950 nm. The
enhanced sensitivity in the long wavelength region could be attributed to formation of ANPHSQ_ aggregates within the devices. A
photocurrent of 1.3 mA/cm?, almost 3—5 orders of magnitude larger than the dark current (~50 nA/cm?), was observed in the
presence of light at —1 V bias condition. Devices showed an increase in external quantum efficiency from ~4 to ~12% as the bias
varied from 0 to —1 V. At a reverse bias of —1 V, the device with a ANPHSQ exhibited a maximum shot-noise-limited specific
detectivity of 6 X 10'" cm Hz"> W' (Jones) @ 840 nm with an ultrafast photoresponse in the range of ~15 ns. The study of
relaxation dynamics of the ANPHSQ excited state using femtosecond pump—probe spectroscopy and time-correlated single-photon
counting indicated efficient charge transfer between the excited state of ANPHSQ and PCBM.

1. INTRODUCTION of ambipolar molecules, namely, symmetric SQ dyes. These
dyes possess a unique electron donor—acceptor—donor
molecular architecture, consisting of a central electron-
deficient four-membered ring connected to two electron-
donating chromophores. Such symmetrical SQ’s exhibit sharp
and intense light absorption (¢ > 200,000 M~' cm™"), high
emission yield (® ~ 0.8) in the visible—NIR region,"” and
large two photon absorption cross-sections (~10* GM).”"*'
Binda et al. developed fast, air stable, and efficient NIR planar
photodetector based on bulk heterojunction (BHJ) operating
in air without encapsulation of devices, showing an external
quantum efficiency (EQE) of 3.5% at 670 nm with response
speed in the range of 240 ns. Recently, they reported an OPD
using hydrazine-based symmetric SQ dyes with PCBM,
exhibiting an EQE of 15% with detectivity and a dark current

The detection of near-infrared (NIR) photons in the range of
700—1500 nm is important for the development of photo-
detectors, which are used for a variety of applications including
vivo imaging,1 biomedicine, > therapeutic,‘*’5 optical commu-
nications,” remote monitoring,7’8 and night vision.” The
potential of NIR imaging has however not been fully realized
mainly because of the high cost of conventional inorganic
semiconductor-based NIR photodetectors arising from diffi-
culties involved in their fabrication and requirement of low-
temperature operations. In view of this, there is a growing
interest in the use of organic semiconductors which can be
solution-processed onto large-area flexible surfaces using
conventional printing technologies to provide affordable
photodetectors. Although the use of several NIR dyes
including cyanines,'’~"’ phthalocyanines,'*'* and porphyr-
ins'®'"” as organic semiconductors for the development of NIR
organic photodetectors (OPDs)'® has been explored, several
issues including low solubility, decreased stability with decrease
in the band gap, and inability to form uniform films have
remained as important issues that need to be addressed.
Recently, there has been a growing interest in the use of a class
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of 34 x 10" Hz® cm/W at 700 nm and 2 nA/cm’
respectively.”” Bellani et al.”’ developed a OPD using indole-
based SQ_ derivative with PCBM showing the EQE of 12% at
590 nm, and charge transport properties of these devices in the
dark were also characterized using admittance spectroscopy.
Most of the OPDs based on SQ have utilized symmetrical
squaraines, and their spectral window was limited to ~800 nm.
Here, we report the design of an unsymmetrical SQ which can
extend the spectral window of OPDs based on SQ to ~950
nm. Unsymmetrical squaraine dyes can be more versatile for
optoelectronic applications in view of the tunability of their
absorption and excited state properties easily brought about by
varying the difference in the electron-donating ability of the
peripheral substituents.”* Moreover, in unsymmetrical SQ
derivatives, the unidirectional flow of electron in the excited
state can lead to improved charge separation, resulting in
higher photocurrents, compared to the symmetrical deriva-
tives.” In view of this, we have synthesized the unsymmetrical
SQ dye (ANPHSQ) comprising of N,N dimethylated
aminoanthracene and aryl hydrazine-appended pyrrole with
the ethyl group attached to the pyrrolic nitrogen. This
compound exhibited intense NIR absorption (¢ ~ 10° M~}
cm™") at 760 nm, and the optical band gap was estimated to be
1.52 eV which is ideal for designing fullerene-based BHJ
optoelectronic devices. Photodetectors developed using the
ANPHSQ sensitizer exhibited a high detectivity of 6 X 10'' cm
Hz'> W™ (Jones) @ 840 nm with an ultrafast photoresponse
in the range of ~15 ns.

The excited state relaxation dynamics of symmetric SQs,”
SQ polymers,””*® and SQ in optoelectronic devices’” have
been extensively studied in order to explore the relationship
between efficiency of devices and charge carrier dynamics.”~>*
With a view to understanding these aspects, we have also
undertaken a detailed study of the photophysical properties
including excited state dynamics of ANPHSQ and these
aspects are also reported.

2. EXPERIMENTAL SECTION

2.1. General Details. The chemicals and reagents used for
synthesis were purchased from Sigma-Aldrich, Merck, and
TCIL Dry solvents were prepared by following the reported
procedures.” "H NMR spectra were measured using Bruker
AMX 500 MHz spectrometer using tetramethylsilane as the
internal standard. High-resolution mass spectra of the
compounds were recorded using the Thermo Scientific
Exactive—liquid chromatography—mass spectrometry. The
solvents used for the spectroscopic measurements were of
high-performance liquid chromatography grade (Merck) and
used as received.

2.2. Synthesis of Unsymmetrical Squaraine. The
synthetic route and chemical structure of intermediates and
the desired ANPHSQ derivative are shown in Scheme S1, and
experimental details are provided in Supporting Information.
The unsymmetrical ANPHSQ derivative was synthesized by
modifying previously reported procedures.”*™*® N,N-Dimethyl
aminoanthracene semisquaraine was obtained by the reduction
and methylation of 1-aminoanthraquinone, and resultant N,N
dimethyl aminoanthracene reacted with squarylium chloride.
The ethyl pyrrole-appended arylhydrazine was refluxed with
the N,N-dimethyl aminoanthracene semisquaraine in benzene:
butanol azeotropic mixture (1:1) yielding the ANPHSQ
derivative. The structure of the compounds is characterized
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by 'H and "*C NMR and high-resolution mass spectrometry,
and spectral data are provided in Supporting Information.

2.3. Thin-Film Preparation. The thin film of ANPHSQ
was prepared by the drop-casting method. A solution of
ANPHSQ in chloroform with a concentration of 1.5 mM was
used to prepare the thin film. The solution was dropped on the
quartz window and allowed to dry for an hour in room
temperature.

2.4. Steady-State Measurements. Absorption spectra
were recorded using a Shimadzu UV-2600 UV-—visible
absorption spectrophotometer. Steady-state fluorescence ex-
periments were performed with a Fluorolog-3 (Horiba) which
was equipped with a 450 W Xe arc lamp. The fluorescence
quantum yields in different solvents were measured by using
the integrating sphere (Quanta—@, Horiba) following a
reported procedure.’”

2.5. Electrochemical Measurements. Cyclic voltamme-
try experiments were performed using a BAS CV-S0W
voltammetric analyzer with three electrode cell assemblies.
Glassy carbon electrode, Ag/AgCl electrode, and platinum
wire were used as working, reference, and counter electrodes,
respectively. The measurements were carried out in DCM with
tetrabutylammoniumhexafluorophosphate (TBAPF;) as the
supporting electrolyte at a scan rate of SO mV s~'. The
ferrocene/ferrocenium (Fc/Fc*) redox couple was used as an
external standard. All solutions for the electrochemical studies
was degassed with argon before the measurements.

2.6. Time-Correlated Single-Photon Counting. Fluo-
rescence decays were measured using a picosecond single-
photon counting system (Horiba, DeltaFlex) with the 670 nm
light-emitting diode (LED) as the excitation source and the
picosecond photon detection module (PPD-850) as the
detector. Time resolution of the TCSPC experimental setup
is <200 ps with the 670 nm LED source. The fluorescence time
constants are obtained by deconvoluting with the LED profile.
The decay of the fluorescence intensity (I) with time (f) was
fitted by single exponential function

(1)

where 7 and A are the fluorescence lifetime and its amplitude
of the compound, respectively.

2.7. Femtosecond Transient Absorption Measure-
ments. The instrument details for measuring the femtosecond
transient absorption spectra have been discussed elsewhere.*®
It is a Ti:sapphire laser (MaiTai HP, Spectra Physics, USA)
centered at 800 nm, having 80 MHz repetition rate with a
pulse width of <100 fs. The amplified laser was split into two,
and the high-energy beam was used as the pump (670 nm) for
exciting the sample by using TOPAS (Prime, Light
Conversion). The other part of the amplified beam (200
mW) focused on a 1 mm-thick CaF, plate to generate white
light continuum (340—1000 nm) which further split into two
beams (sample and reference probe beams). The sample cell
(0.4 mm path length) was refreshed by rotating at a constant
speed. Finally, the white light continuum was focused into a
100 pm optical fiber coupled to an imaging spectrometer after
passing through the sample cell. The pump—probe spectro-
photometer (ExciPro) setup was purchased from CDP
Systems Corp, Russia. Normally 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°). All the transient absorption spectra
obtained from the equipment is compensated for chirp of the

I=Ae™'"
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white light by determining the time zero using the coherent
artefact observed in the solvent.”” The absorbance of the
solution used was ~0.5 OD in 1 mm path length, and the
excitation energy was ~2 pJ for all the measurements. The
effective time resolution of the ultrafast spectrometer is
determined to be about <120 fs. The concentration of
ANPHSQ derivatives used for transient absorption measure-
ment was ~40 M. The integrity of the sample is tested by
measuring the absorption spectra of the sample before and
after the experiments, and no significant changes were found in
the absorption spectra.

2.8. Device Fabrication. Photodetectors were fabricated
in the device architecture, glass/indium tin oxide (ITO)/zinc
oxide (ZnO)/ANPHSQ:;PCBM/molybdenum trioxide
(MoO,)/silver (Ag). ITO-coated glass plates were cleaned
using detergent and deionized water. Further, the samples were
ultrasonicated for 30 min each in acetone, isopropanol, and
methanol, respectively. Just before making devices, the ITO
glass plate was dried in a vacuum oven for 1 h. A 30 nm-thick
ZnO films are spin-coated on ITO by using a ZnO
nanoparticle solution, as mentioned previously.” The
ANPHSQ:PCBM (1:6 ratio) blend in toluene (42 mg/mL)
was spin-coated on top of ZnO to make a 100 nm-thin active
layer film. A hole transporting layer of 10 nm MoOj; and back
contact Ag of 100 nm were deposited by thermal evaporation.
A shadow mask was used for thermal evaporation to make an
active area of 3 X 3 mm.

2.9. Device Characterization. Current—voltage (J—V)
characteristics of OPD was recorded in dark and light using a
Keithley 6430 source measuring unit (Tektronix USA). Oriel
class 3A solar simulator of intensity 100 mW/cm” with AM 1.5
G filter was used as a light source for conducting light J=V
measurements. EQE spectra of OPDs are measured using a
lock in technique. In this method, the photocurrent is
measured with respect to wavelength using a lock-in amplifier
(Stanford Research SR830), which is locked at a nonharmonic
light-chopping frequency. A Xenon lamp coupled with a
monochromator and order sorting filters was used as the light
source (250 W Xenon lamp). All the measurements were
calibrated with a NREL-calibrated silicon solar cell. The
specific detectivity was calculated without measuring the noise
current. Even though the determination of noise current is
essential for the accurate measurement of specific detectivities,
it is not always performed because of its challenging
experimental techniques. Instead, the dark current ij is often
assumed to be the dominant contribution to noise current.*’
Hence, the specific detectivity [D*(1)] of the OPDs was
calculated using by simplifying the shot-noise-limited specific
detectivity equation as given below."”

_ R(1)VAB _ R(1)VA _ R
inoise \/% m (2)

where R(4), A, and B represent responsivity, area, and dark
current density of the device, respectively. i,y i and Jg
represent the noise current, dark current, and dark current
density, respectively, whereas q represents the charge of
electron. Response time of the OPDs was measured using
photovoltage and photocurrent transient measurements. A 532
nm picosecond pulsed laser (Ekspla Nd:YAG laser delivering
pulses of duration 100 ps) was used as an excitation pulse with
a repetition rate of 10 Hz. Transient signals were measured
using 1 GHz, Tektronix MDO3104 oscilloscope. All the

D>1<

measurements were performed under ambient condition
without noticeable degradation of the devices.

3. RESULTS AND DISCUSSION

3.1. Steady-State Photophysical Characterization.
3.1.1. Solution State. The steady-state absorption and
emission spectra of ANPHSQ were measured in solvents of
varying polarities (Figures 1 and S1). Solutions of ANPHSQ in
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Figure 1. Steady-state absorption and emission spectra of ANPHSQ
in toluene (black) and ACN (red) at room temperature. Inset shows
the fluorescence decay profiles obtained by exciting at 670 nm.

toluene showed a sharp and intense absorption band in the
NIR region with a maximum at around 762 nm (e = 1.26 X
10° M~ cm™). The absorption maximum of the derivative did
not change significantly with increase in solvent polarity,
indicating negligible solvent reorganization during the
electronic transition.”*** The fluorescence spectra of
ANPHSQ in toluene exhibited a maximum at around 788
nm, indicating a Stokes shift of ~430 cm™ . The observation of
similar spectral features in the absorption and emission spectra
of ANPHSQ and small Stokes shift reflect the comparable
molecular configurations in the ground and excited states. The
fluorescence lifetime of ANPHSQ in various solvents was
measured by exciting at 670 nm, and decay profiles in toluene
and acetonitrile (ACN) are shown in the inset of Figure 1. The
fluorescence lifetime of ANPHSQ in toluene was found to be
around 0.83 ns, and with increase in solvent polarity, it
decreased to 0.14 ns in ACN. The absolute fluorescence
quantum yield of ANPHSQ also decreased with increase of the
solvent polarity from 0.28 in toluene to 0.02 in ACN. The
observation of decrease of fluorescence quantum yield and
lifetime reveal the involvement of a nonradiative pathway
sensitive to the electronic redistribution in the excited
ANPHSQ derivative and/or formation of the solute—solvent
complexes with increase of polarity.”"** The details of the
absorption and emission maxima, Stokes shift, fluorescence
lifetime, and absolute quantum yield of ANPHSQ are
summarized in Table 1. The radiative and nonradiative rate
constants for ANPHSQ (Table 1) were calculated from the
fluorescence quantum yield (®) and lifetime (z;) values using
the following equation

(O] 1
K, = —and K, = —K,
7 7t (3)
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Table 1. Absorption and Fluorescence Maxima, Quantum Yield, and Lifetime of ANPHSQ in Different Solvents

absorption max, fluorescence max,  stokes shift, fluorescence fluorescence radiative constant,  nonradiative constant,
solvents nm (Apa) nm (A cm™! (Av) quantum yield” (@) lifetime®, ns (r) x107 s7! (K,) x107 s7! (K,,)
toluene 762 788 433 28.79 0.83 34 85
chloroform 764 790 431 20.83 0.43 48 184
THEF 766 790 397 20.87 0.56 37 141
MeOH 761 793 531 1.15 0.08 15 1412
ACN 758 798 661 2.75 0.15 19 695

“Absolute fluorescence quantum yield obtained upon excitation at 600 nm using an integrating sphere. bFluorescence lifetime was obtained upon
excitation at 670 nm, and the y? value of fluorescence kinetics fit is between 1.0 and 1.2.

where k, and k,, represent the radiative and nonradiative rate
constants, respectively.

3.1.2. Film State. Figure 2 shows normalized absorption
spectra of the ANPHSQ derivative in films formed by drop-

1.0 ANPHSQ ~

Absorbance (Kubelka-Munk), norm
&
T
1

0.0 i . 1 . 1 .
600 700 800 900

Wavelength, nm

Figure 2. Absorption spectra of ANPHSQ in the thin film (black) and
chloroform solution (gray) normalized at 766 nm.

casting a solution of the compound (1.5 mM) in chloroform.
The absorption spectra of the film exhibited a broad band
ranging from 600—900 nm, indicating the formation of both
H- and J-type aggregates.”* ™" by the strong intermolecular
forces between the ANPHSQ molecules. Such a wide range of
wavelengths with a high extinction coeflicient will be
significantly beneficial for light harvesting.”' It is to be noted
that as the absorption spectra of ANPHSQ_ in the thin film is
broad in nature and its emission intensity quenches drastically
(Figure S2) due to the formation of various degrees of
aggregates, it would be difficult to distinguish the effect of
solvent in the thin film made from the solution of ANPHSQ
dissolved in different solvents.

3.2. Electrochemical Properties. Cyclic voltammetry of a
1 mM solution of ANPHSQ in ACN was measured using
ferrocene as the standard, and the voltammograms obtained
are shown in Figure S3a. The highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels of the ANPHSQ derivative in eV can
be obtained from the following equations

HOMO(ANPHSQ)
= —[4.8 — E, (Fc/Fc" vs Ag/AgCl)
+ E, (ANPHSQ vs Ag/AgCl)] (4)

LUMO(ANPHSQ) = Eyono + Eoo (s)

where Ey = 1242/, The HOMO and LUMO energy levels
of the ANPHSQ derivative are found to be around —4.79 and
—3.26 eV, respectively. The LUMO energy level of the
derivative was higher compared to that of the PCBM (—3.7
eV), and the HOMO energy level of the PCBM (—6.1 eV) was
also lower compared to that of the ANPHSQ derivative. Thus,
the energy levels of the derivative is suitable for it to act as a
donor material in the BHJ-based photodetector with PCBM as
an acceptor.

3.3. Interaction with PCBM. The absorption and
fluorescence spectra of ANPHSQ upon addition of PCBM
(4.5—13.5 mM) in toluene were measured. With increase of
concentration of PCBM, there were no significant changes in
the absorption spectra of ANPHSQ derivative, whereas the
fluorescence intensity of the ANPHSQ_ derivative decreased
significantly (Figure 3), indicating the possibility of excited

6 T T T T T T T T T T

ANPHSQ : PCBM

48 uM :0mM

48 uM :4.5mM
[ 48 uM :7.5mM
48 M :13.5mM

I

Fluorescence Intensity, a. u
LS}

730 750 770 790 810 830 850
Wavelength, nm

Figure 3. Fluorescence spectra of ANPHSQ containing PCBM in
toluene. The inset shows the plot of F,/F vs [PCBM].

state interactions between ANPHSQ and PCBM. The Stern—
Volmer plot (inset, Figure 3) for fluorescence quenching of
ANPHSQ with increase of concentration of PCBM showed a
nonlinear behavior (positive deviation), suggesting the
occurrence of both the static and dynamic quenching
mechanism in the excited state deactivation. The fluorescence
lifetime of ANPHSQ derivative in the presence of PCBM was
measured by exciting the solution at 670 nm. In the presence
of PCBM (13.5 mM), the fluorescence lifetime decreased from
750 to 660 ps, reflecting the occurrence of dynamic (diffusion
controlled) quenching in the excited state. The bimolecular
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quenching rate constant (K;) obtained from the relationship,
K, = Kgy/7p was 5.11 X 10" M 57!, where 7, is the
fluorescence lifetime of the ANPHSQ derivative in the absence
of PCBM. The Stern—Volmer quenching constant (K)
obtained from the equation Fy/F = 1 + Kgy X [PCBM] was
42.4 X 10> M™". The decrease of fluorescence intensity and
lifetime of ANPHSQ upon addition of PCBM can be
attributed to the charge transfer from the excited state of
ANPHSQ to PCBM.

3.4. Time-Resolved Photophysical Characterization.
3.4.1. Femtosecond Transient Absorption Spectra of
ANPHSQ. Femtosecond time-resolved transient absorption
spectra were measured in nonpolar (toluene) and polar
(ACN) solvents upon excitation at 670 nm using femtosecond
pump—probe spectroscopy in order to understand the effect of
solvent polarity on the excited state relaxation dynamics of the
excited state of ANPHSQ. Transient absorption spectra of
ANPHSQ in toluene covering the wavelength range of ~345—
585 nm are shown in Figure 4. In Figure 4, panel a shows the
spectral evolution of ANPHSQ recorded from 900 fs to 1.47
ns. At the early time scales, two transient absorption bands
centered at around 421 and 525 nm are observed. As the decay
profile of the peaks at ~ 421 and 525 nm is found to be the

: : :
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Figure 4. Femtosecond transient absorption spectra of ANPHSQ in
toluene upon excitation at 670 nm in the shorter (a) and longer (b)
wavelength regions at different delay times.

same, the positive bands are attributed to the excited singlet
state absorption of the molecule (S, < S, transition). The
transient absorption spectra in the longer wavelength region
(~585—788 nm, Figure 4b) indicating the negative transient
absorption peak at ~788 nm which coincided with the steady-
state emission maximum attributed to stimulated emission.
Similar results were obtained for the transient absorption
spectra of ANPHSQ in ACN on excitation at 670 nm (Figure
S4). However, the excited state relaxation dynamics of the
ANPHSQ derivative are faster in ACN when compared to
toluene (Figure SSa) because of the change in the solvation
relaxation processes.”” >*

The dynamics of photogenerated charge separation between
the excited state of ANPHSQ and PCBM was investigated by
measuring the transient absorption spectra of ANPHSQ_ and
PCBM mixture upon excitation at 670 nm. The transient
absorption spectral features of the mixture (Figure S6) are
found to be the same when compared to the ANPHSQ alone
in toluene. However, the decay profile of ANPHSQ with the
PCBM mixture probed at 525 and 760 nm in toluene (Figure
SSb,c) indicated significant reduction in lifetime when
compared to that of ANPHSQ alone.

The femtosecond transient absorption spectra were analyzed
using GLOTARAN®® by global analysis, and three exponential
components were optimally obtained to completely describe
the excited relaxation dynamics. The resultant time constants
are given in Table 2, and the corresponding decay associated
spectra are shown in Figure S7 in Supporting Information. The
fast component (r; = 412 fs in ACN and 7; = 2.5 ps in
toluene) can be assigned to the solvation relaxation processes
from the Franck—Condon state to the solvent-stabilized local
excited state’®” based on the observation of the redshift of
stimulated emission (~763 nm) and blueshift of excited state
absorption (~525 nm) with increasing time. The time constant
75, 10.78 and 114.8 ps, for ACN and toluene respectively,
could be attributed to the dark state, resulting from the
conformational changes of ANPHSQ, as result of a charge
transfer stabilization in the polar solvent. This state facilitates
the nonradiative deactivation to the ground state supporting
the observation of decrease of fluorescence quantum yield and
lifetime in ACN (Table 1). Finally, the longer time constant 7;
resulted from the global analysis is consistent with the
fluorescence lifetime obtained from the TCSPC in neat
solvents (Table 1). Hence, the time constant of 122 (747)
ps is attributed to the lifetime of excited singlet state of
ANPHSQ in ACN (toluene). Interestingly, upon addition of
PCBM, the transient absorption measurements exhibited the
quenching of all the time constants especially 7; consistent
with the quenching of fluorescence dynamics observed in the
TCSPC. Such decrease of time constants further supports the
occurrence of the charge transfer between ANPHSQ and
PCBM.

3.5. Characterization of the Photodetector. The
favorable charge transfer properties of ANPHSQ in the
presence of PCBM was explored to make OPDs. OPDs were
fabricated using ANPHSQ as sensitizers, and its device
structure and the corresponding energy level diagram are
depicted in Figure Sab respectively. The ratio between the
ANPHSQ and PCBM was optimized to balance exciton
dissociation and free carrier transport across the OPDs. The
current density versus voltage (J—V) characteristics of the
OPDs are shown in Figure Sc. The asymmetric J—V
characteristics are attributed to the different hole-tunneling
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Table 2. Time Constants Obtained by Global Analysis Using GLOTARAN®® for the ANPHSQ Derivative Upon Excitation at

670 nm
Toluene
sample ACN —PCBM +PCBM
ANPHSQ 7 = 041 £ 0.10 ps 7; = 2.53 £ 0.20 ps 7; = 1.50 £ 0.20 ps
7, = 10.78 + 0.50 ps 7, = 114.81 + 2.20 ps T, = 62.52 + 1.20 ps
73 = 122.20 + 2.30 ps T3 = 747.84 + 6.20 ps 73 = 625.05 + 5.20 ps
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Figure 5. (a) Fabricated OPD structure, (b) band diagram for fabricated OPD, and (c) J—V characteristics in dark and light in semi-logarithmic.
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Figure 6. EQE spectra (a) and spectral responsivity (b) of devices using ANPHSQ: PCBM at different bias conditions. Insets of (a,b) show EQE
and specific detectivity of devices at negative bias voltage at 532 nm, respectively. TPC (c) and photovoltage decay (d) and their rise time

responses (insets) of OPD detectors.

injection barriers at the electrode/active layer interface. The
hole-tunneling injection from the silver (Ag) electrode is easier
than that from the ITO electrode. Hence, the dark current in
the reverse bias is much lesser than in the forward bias. The
light current densities of the OPDs are markedly increased
under white light illumination compared to dark current. A

21735

current value of 1.3 mA/cm? is observed in the presence of
light, which is almost 3—35 orders of magnitude larger than the
dark current (~50 nA/cm®) at —1 V bias condition (with
respect to ITO) of the OPD. In the presence of light, current

shows a gradual increase with increase of the reverse bias. This
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can be attributed to enhanced charge extraction and decrease
of nongeminate losses in the presence of high electric field.”®

The spectral response of the OPDs under different bias
conditions is shown in Figure 6a. The EQE spectrum follows
the absorption spectra of the blend, showing the features of
both PCBM and ANPHSQ. EQE in the wavelength (1) range
300 nm < 4 < 500 nm is attributed to the PCBM and that in
the 4 range 600 nm < 4 < 950 nm is attributed to ANPHSQ, It
is to noted that the cause of the dip is due to the low
absorbance of the ANPHSQ and PCBM mixture at around
550 nm. The photocurrent is due to efficient photogenerated
exciton dissociation at the ANPHSQ/PCBM interface and its
transfer to the external circuit through the interface layers. It is
observed that the EQE values increase with the increasing
reverse bias voltages. Devices showed an EQE increase from
~4% at short circuit condition to ~12% at —1 V in the NIR
region, with the peak EQE at ~840 nm. Field-dependent
dissociation of bound electron—hole pairs, the increased hole-
transport velocity in the active layer with increasing electric
field, and increased hole-tunneling injection can be the reason
for such an increase in EQE.”

Figure 6b shows the responsivity curve of the OPDs, which
clearly shows a broad spectral range response extending to 4 ~
950 nm. The spectral profile of responsivity peaks around 700
and 840 nm. The responsivity is 25 and 70 mA/W for unbiased
and biased (—1 V) devices, respectively (Figure 6b) at A ~ 840
nm. The responsivity of the OPD is greatly enhanced with an
increase in reverse bias, consistent with the increase in
photocurrent with reverse bias. The combination of reduced
dark current and enhanced EQE led to a dramatically
improved shot-noise-limited specific detectivity (D*¥) in the
NIR region. At a reverse bias of —1 V, the device with a
ANPHSQ exhibited a maximum D* of 6 X 10" cm Hz!/2 W™!
(Jones) at a working wavelength of 840 nm (Figure 6b inset).
It is worth noting that D* monotonically increases as the
reverse bias increases for all the devices.

Transient photovoltage (TPV) and transient photocurrent
(TPC) measurements are an established technique for probing
the charge carrier dynamics of photodetector devices.

The TPC signal is used to reveal the charge extraction
dynamics, whereas the TPV signal is a good measure of the
charge carrier density in the OPD. A combination of TPC and
TPV studies shows insié%ht into the recombination rate of the
photogenerated charge.” Figure 6¢,d shows the TPC and TPV
for the ANPHSQ_devices under 532 nm laser light pulses. A
double exponential equation as shown below is used to fit the
light OFF decay transient curve to determine the decay time
constants.

y= Ale(—x/tl) + Aze(_x/tZ) + % ©6)

The response envelope of both the TPC and TPV transients
is similar. However, the TPC decay time is typically 2—3 order
of magnitude faster than the TPV time. The difference can be
due to the (i) TPV signal is measured at approximately open
circuit, so the decay primarily represents the charge
recombination dynamics and the (ii) TPC signal is measured
close to short circuit, so the signal decay predominantly
represents the charge extraction (which occurs on a faster
timescale).®" All the transient measurements are done in short-
circuit condition. The devices display a fast pulse response with
short rise times and longer fall times. From the insets of Figure
6¢,d, it is clear that both the current and the voltages are rising
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within few nanoseconds. Hence, the OPDs in the photovoltaic
mode shows an ultrafast response in the range of ~15 ns.

4. CONCLUSIONS

The unsymmetrical SQ derivative (ANPHSQ) possessing
anthracene and phenyl hydrazine as donor moieties was
synthesized, and their steady-state and excited state relaxation
dynamics were investigated. The absorption spectra of the
ANPHSQ _derivative exhibited strong absorption maximum at
around 760 nm with a high extinction coeflicient, ~1.26 X 10°
M™' cm™'. Femtosecond transient absorption and TCSPC
measurements revealed the quenching of time constants
reflecting the occurrence of charge transfer dynamics between
the ANPHSQ and PCBM. OPDs were fabricated using
asymmetric ANPHSQ_ working in the photovoltaic mode.
The OPDs showed a broad spectral response extending to 4 ~
950 nm. A photocurrent value of 1.3 mA/cm’ is observed in
the presence of light, which is almost 3—S orders of magnitude
larger than the dark current (~50 nA/cm?) at —1 V bias
condition of the OPD. Devices showed an EQE increase from
~4% at short circuit condition to ~12% at —1 V in the NIR
region, with the peak EQE at ~840 nm. At a reverse bias of —1
V, the device with a ANPHSQ exhibited a maximum shot-
noise-limited specific detectivity of 6 x 10" cm Hz!/?> W~!
(Jones) at a working wavelength of 840 nm. The OPDs show
an ultrafast photoresponse in the range of ~15 ns. To best of
our knowledge, these will be the first OPDs with unsym-
metrical SQ dyes showing ultrafast high detectivity in the NIR
range of 760 nm.
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ABSTRACT: Among near-infrared (NIR) dyes, squaraine derivatives are applied as efficient sensitizers in optoelectronic and
biomedical devices due to their simple synthesis, intense absorption, and emission and exceptional photochemical stability. The
fundamental understanding of the structure—property relationships of sensitizers provides the insight to increase the efficiency of
such devices. Here, unsymmetrical squaraine derivatives (ABSQs) with donor—acceptor—donor (D—A—D’) architectures having
N,N-dimethyl amino anthracene and benzothiazole (ABSQ-H) halogenated with fluoride (ABSQ-F), chloride (ABSQ-Cl), and
bromide (ABSQ-Br) were synthesized to understand the effect of halogen on the photophysical properties and intermolecular
interaction dynamics with phenyl-Cg,-butyric acid methyl ester (PCBM), which is used widely as an electron acceptor in bulk
heterojunction-based devices. Interestingly, ABSQ-H exhibited intense absorption (¢ ~ 6.72 X 10* M™' cm™) spectra centered at
~660 nm. Upon halogen substitution, a bathochromic shift in the absorption spectra with an increase of molar absorptivity was
observed (& ~ 8.59 X 10* M™! cm™), which is beneficial for NIR light harvesting. The femtosecond transient absorption spectra of
ABSQs revealed that the polarity of the solvent controlled the excited-state relaxation dynamics. Upon addition of PCBM, the
fluorescence intensity and dynamics of halogenated ABSQs were quenched, and the formation of a squaraine radical cation was
observed, reflecting the occurrence of intermolecular charge-transfer dynamics between ABSQs and PCBM. Thus, the observation of
a bathochromic shift with intense absorption and an eflicient intermolecular interaction with PCBM upon halogenation of ABSQs
provide a design strategy for the development of unsymmetrical squaraine derivatives for bulk heterojunction-based optoelectronic
devices.

B INTRODUCTION ties of the symmetrical squaraines dyes can be easily modified
by changing the electron-donating capability of aromatic or
heterocyclic peripheral substituents. However, unsymmetrical
squaraines emerged as versatile sensitizers'”~ "> due to the
unidirectional flow of electrons in the excited states upon

Near-infrared (NIR) dyes are significantly used as sensitizers in
various optoelectronic applications"” due to their efficient
optical properties with high sensitivity in the range of 700—
1500 nm. Among the various NIR dyes, the squaraine
derivatives possessing an electron—acceptor—donor architec-
ture have been widely applied in organic photovoltaic cells,* Received: December 24, 2021
optical data storage,” two-photon absorption,® fluorescent Revised: ~ May 21, 2022

labels,”"® and photodynamic therapy'' due to their strong Published: June 9, 2022

absorption (¢ > 10° M~ cm™) and high fluorescence (® = ok
0.8) in the region of visible to NIR and ease of synthesis with -
exceptional photostability.'> The optical and electrical proper-

© 2022 American Chemical Society https://doi.org/10.1021/acs.jpcb.1c10840
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Scheme 1. Synthetic Scheme of ABSQ Derivatives
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excitation, yielding enhanced charge separation and leading to
higher photocurrents, compared to the symmetrical deriva-
tives.'”"” Indeed, the unsymmetrical squaraines have been
widely used in various optoelectronic'®*' and biomedical
devices." However, in the bulk heterojunction-based photo-
voltaic and photodetector devices using phenyl-Cq;-butyric
acid methyl ester (PCBM, an electron acceptor), the ultrafast
processes of photoinduced charge transfer, charge carrier
generation, and their recombination control the efficiency of
the devices. Though a large number of steady-state and time-
resolved photophysical properties of squaraine derivatives were
widely reported,”” " the intermolecular interaction dynamics
of unsymmetrical squaraine derivatives with PCBM have not
been investigated in detail.

Here, a series of unsymmetrical squaraine derivatives
(ABSQs) having the D—A—D’ architecture comprising N,N-
dimethylated amino anthracene and benzothiazole (ABSQ-H)
halogenated with fluoride (ABSQ-F), chloride (ABSQ-CI),
and bromide (ABSQ-Br) were synthesized (Scheme 1). The
steady-state and time-resolved photophysical characterization
of ABSQ derivatives and with PCBM were carried out to
understand the effect of halogen on the photophysical
properties and intermolecular interaction dynamics with
PCBM to improve the efficiency of the devices. It is found
that upon halogenation of ABSQs, the absorption spectra
showed a bathochromic shift with an increase of molar
absorptivity and firm interaction with the PCBM.

B EXPERIMENTAL SECTION

General. The reagents and chemicals used for synthesis
were procured from TCI, Sigma-Aldrich, and Merck. Dry
solvents were made by following the literature studies.”’ 'H
NMR spectra were recorded using a Bruker AMX 500 MHz
spectrometer with tetramethylsilane as the internal standard.
The Thermo Scientific Exactive-LC—MS by the electrospray
ionization method with ions given in m/z using an Orbitrap
analyzer was used to record the high-resolution mass spectra of
the derivatives. The spectroscopic measurements were made
by using the solvents of HPLC grade (Merck) and used as
received.

Preparation of Thin Films. A drop casting method was
followed to prepare the thin films of ABSQ derivatives. ABSQ
derivatives in chloroform (1.5 mM) were used to make thin
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films. The above solution was dropped on the thin quartz
window, which was dried for 1 h at 25 °C.

Steady-State Photophysical Measurements. Steady-
state absorption spectra were recorded using a UV-2600
(Shimadzu) UV—vis absorption spectrophotometer. The
fluorescence spectra were recorded with a Fluorolog-3
(HORIBA) having a 450 W Xe arc lamp. The fluorescence
quantum yields were recorded using the integrating sphere
(Quanta-g, HORIBA).”

Electrochemical Measurements. The BAS CV-50W
voltammetric analyzer with three-electrode cell assemblies
was used to perform cyclic voltammetry. The Ag/AgCl
electrode, glassy carbon electrode, and platinum wire were
used as the reference, working, and counter electrodes
respectively. Measurements were performed in 1 mM ABSQ
solution in ACN using tetrabutylammonium hexafluorophos-
phate (TBAPF, supporting electrolyte) with a scan rate of 50
mV s”'. The ferrocene/ferrocenium (Fc/Fc*) redox couple
was used as the external standard.

Time-Correlated Single-Photon Counting Spectrom-
eter. The fluorescence lifetime was recorded upon excitation
at 670 nm (LED) using a picosecond single-photon counting
system (HORIBA, DeltaFlex) with a PPD-850 detector. The
instrument response function (IRF) of time-correlated single-
photon counting (TCSPC) is found to be <200 ps. The
fluorescence time constants are attained by deconvoluting with
the profile of LED source. Single exponential function was
used to fit the decay of the fluorescence intensity (I) with time

()

I=Ae"" (1)
where A and 7 are the amplitude and lifetime of the derivative,
respectively.

Femtosecond Pump-Probe Spectrometer. The details
of the femtosecond pump-probe spectrometer were provided
elsewhere.”® The seed laser is the Ti:sapphire laser (MaiTai
HP, Spectra Physics, USA) having a center wavelength of 800
nm with a pulse width of <100 fs and a repetition rate of 80
MHz. The amplified laser was divided into two and the beam
with high energy was used for exciting the compounds (670
nm) using TOPAS (prime, light conversion). The other
portion (200 mW) of the amplified beam was focused on a
CaF, plate (1 mm) to obtain a white light continuum (340—
1000 nm) that further divided into two beams (reference and
sample probe beams). The sample (0.4 mm thickness) was

https://doi.org/10.1021/acs.jpcb.1c10840
J. Phys. Chem. B 2022, 126, 4509—4519
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Figure 1. Absorption and emission spectra of ABSQ-H (a), ABSQ-F (b), ABSQ-Cl (c), and ABSQ-Br (d) in ACN (red) and toluene (black) at
room temperature. The emission spectra were obtained upon excitation at the corresponding absorption maximum of the derivatives. The inset

shows the fluorescence decay profiles obtained upon excitation at 670 nm.

refreshed by spinning at a constant speed. After passing
through the sample, the white light continuum was focused
into an optical fiber (100 pm) attached to the imaging
spectrometer. The spectrophotometer setup is ExciPro, CDP
Systems Corp, Russia. The transient absorption spectra were
recorded at a magic angle (54.7°) by averaging about 2000
excitation pulses for each delay time. All the transient
absorption spectra are corrected for chirp of the white light
by estimating the time zero with the coherent artifact found in
the solvent.”* The laser fluence used for all the transient
absorption measurements is ~3 uJ/cm® The IRF of the
ultrafast spectrometer is found to be about <120 fs. The
stability of the sample is checked by recording the absorption
spectra of the sample (before and after the measurements) and
observed to have no substantial differences in the absorption
spectra. The concentration of ABSQ_derivatives was ~80 M
for femtosecond transient absorption measurements.

B RESULTS AND DISCUSSION

Synthesis of ABSQ Derivatives. The synthetic scheme
and the chemical structure of the intermediates and ABSQ
derivatives are provided in Scheme 1. The unsymmetrical
ABSQ_derivatives were synthesized by altering the reported

35-37 . . ;
procedures. N,N-Dimethyl aminoanthracene semisquar-
aine was synthesized by reducing and methylating 1-amino-
anthraquinone, and the obtained N,N-dimethyl aminoanthra-
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cene was added with squarylium chloride. The halogenated N-
ethyl benzothiazolium salt was refluxed with the N,N-dimethyl
aminoanthracene semisquaraine in a butanol:benzene azeo-
tropic mixture (1:1) yielding the ABSQ derivatives.”” The
structure of each compound is analyzed by 'H and *C NMR
and HRMS, and spectral data are given in the Supporting
Information.

Stationary Photophysical Characterization. /n Solu-
tion. The absorption and emission spectra of ABSQ derivatives
with the increase of solvent polarity were recorded and are
shown in Figures 1 and S1—S4 in the Supporting Information.
ABSQ-H, ABSQ-F, ABSQ-Cl, and ABSQ-Br exhibited an
intense absorption maximum at ~660, 674, 678, and 679 nm
in toluene with a molar extinction coeflicient of ~6.72, 7.15,
8.59, and 7.96 x 10* M™' cm™, respectively, due to the
combined 7—7z* transition with intramolecular charge transfer
from N,N-dimethyl anthracene and benzothiazolium donors to
the central squaraine core. 8740 Interestingly, it is found that
upon substitution of halogen, the absorption maximum shifted
to the red region (~19 nm) compared to ABSQ-H consistent
with the literature.*’ Upon increasing the polarity of the
solvent (acetonitrile, ACN), the absorption maximum of
ABSQ_ derivatives shifted to the blue region (~60 nm),
negative solvatochromism, indicating that the ground state is
more stabilized compared to the excited state.*”

https://doi.org/10.1021/acs.jpcb.1c10840
J. Phys. Chem. B 2022, 126, 4509—4519


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c10840/suppl_file/jp1c10840_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c10840/suppl_file/jp1c10840_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c10840/suppl_file/jp1c10840_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10840?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10840?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10840?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10840?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c10840?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Table 1. Absorption and Fluorescence Maxima, Lifetime, and Quantum Yield of ABSQ-H in Various Solvents

fluorescence
absorption max, fluorescence Stokes shift, quantum yield” fluorescence radiative constant,  non-radiative constant,
solvents nm (Apa) max, nm (A,,,,) cm™! (Av) (@) lifetime”, ns (7) x 107 s7! (K,) x 107 s7! (K,,)
toluene 660 733 1509 0.46 227 +0.20 20.26 23
chloroform 651 737 1792 0.44 248 + 0.25 17.74 22
tetrahydrofuran 629 736 2311 0.32 2.06 + 0.25 15.53 33
MeOH 599 73S 3089 0.06 0.23 + 0.20 27.39 407
ACN 600 740 3153 0.14 0.63 + 0.20 22.22 136

“Absolute fluorescence quantum yield attained by exciting at emission maximum using an integrating sphere. bFluorescence lifetime was attained

upon excitation at 670 nm (y* = 1.0—1.2).

The fluorescence spectra of ABSQ-H, ABSQ-F, ABSQ-Cl],
and ABSQ-Br in toluene exhibited maximum at around 733,
741, 736, and 743 nm, respectively, and showed a bath-
ochromic shift with an increase in the polarity of the solvent
(Figure 1). When compared to other derivatives, there is a
significant red shift of the emission spectra of ABSQ-Cl in
ACN compared to toluene, reflecting the stabilization of
excited state of ABSQ-Cl in a highly polar solvent.

The fluorescence dynamics of ABSQ derivatives were
measured (Figure SS) upon excitation at 670 nm, and the
corresponding decay profiles in toluene and ACN are provided
for comparison in the inset of Figure 1. The fluorescence
lifetime (7;) of ABSQ-H in toluene was obtained as ~ 2.27 +
0.20 ns, and with the increase of solvent polarity, it was
decreased to 0.63 + 0.20 ns in ACN. Though there are no
significant changes in the fluorescence lifetime upon
halogenation in toluene, a difference of ~0.32 ns in the
fluorescence lifetime in the order of ABSQ-H (2.27 ns) <
ABSQ-F (2.51 ns) < ABSQ-Cl (2.59 ns) ~ ABSQ-Br (2.58
ns) was observed. The absolute fluorescence quantum yield
(®) of ABSQ-H in toluene was found to be ~0.46, which was
reduced to 0.14 in ACN. Such a similar trend was also
observed for other derivatives, revealing the contribution of a
non-radiative decay sensitive to the electronic redistribution in
the excited ABSQs and/or the formation of the solute—solvent
complexes upon increase of polarity.'””” The photophysical
characterization data of the absorption and emission maxima,
Stokes shift, absolute quantum yield, and fluorescence lifetime
of ABSQ-H, ABSQ-F, ABSQ-Cl, and ABSQ-Br are provided
in Tables 1 and S1—S3, respectively. The radiative (K,) and
non-radiative (K,,) rate constants were also determined from
the fluorescence quantum yield (®) and lifetime (7;) using the
following equations

1
— —K,
Tt

D
—and K,
%

K =

r

2)

Film State. The absorption spectra of ABSQ_ derivatives
were recorded in the film state by drop-casting 1.5 mM ABSQs
in chloroform and are shown in Figure 2. The absorption
spectra in the film state showed a broad band covering a wide
range of ~475—775 nm with a maximum at around 550—570
nm. When compared to the solution state, the appearance of
absorption maximum at ~560 nm showed a broad band in
nature and shifted to the blue region by ~100 nm, suggesting
the formation of H-aggregates by the intermolecular 7—7x
interaction®” in the thin film. Indeed, such a broad range of
absorption wavelengths with a high molar absorptivity will be
advantageous for light harvesting for optoelectronic devices."”

Electrochemical Characterization. In order to obtain the
highest occupied molecular orbital (HOMO) and the lowest
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Figure 2. Normalized absorption spectra of ABSQ-H (a), ABSQ-F
(b), ABSQ-CI (c), and ABSQ-Br (d) in a thin film (black) and

chloroform solution (gray).

unoccupied molecular orbital (LUMO) energy levels of the
ABSQ_derivatives, cyclic voltammetry was performed using
ferrocene as the standard, and the results are shown in Figure
S6a. The HOMO and LUMO energy levels were calculated
using the following equations and are provided in Figure S6b
along with PCBM.

HOMO (ABSQs)

= —[4.8 — E,, (Fc/Fc" vs Ag/AgCl) + E,
(ABSQs vs Ag/AgCl)] (3)
LUMO (ABSQs) = Eyopmo + Ego (4)

where Eyy = 1242/ e

The HOMO and LUMO energy levels of ABSQ-H were
found to be —4.78 and —3.04 eV, respectively. Though there
are no significant changes in the HOMO energy levels of
ABSQ _derivatives, there is a remarkable reduction of LUMO
energy levels and thus leading to the decrease of energy of
band gap of ABSQ derivatives upon substitution of halogen.
Interestingly, the HOMO and LUMO energy levels of ABSQ
derivatives are higher than those of the PCBM, which is the
important requirement of the sensitizer to be used in the bulk
heterojunction-based optoelectronic devices with efficient
intermolecular charge transfer in the excited state. Hence,

https://doi.org/10.1021/acs.jpcb.1c10840
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Figure 3. Fluorescence spectra of ABSQ-H (a), ABSQ-F (b), ABSQ-Cl (c), and ABSQ-Br (d) with different concentrations of PCBM in toluene 0
mM (black), 1.5 mM (blue), 4.5 mM (magenta), 7.5 mM (olive), and 13.5 mM (red). Insets: fluorescence decay profiles obtained upon excitation

at 670 nm (left) and plot of 7o/7 vs [PCBM] (right).

these ABSQ_derivatives are highly suitable for the optoelec-
tronic devices.

Interaction with PCBM. The absorption and fluorescence
spectra of ABSQ-H, ABSQ-F, ABSQ-CI, and ABSQ-Br with
an increase of the concentration of PCBM (1.5 to 13.5 mM) in
toluene were recorded. Though there were no significant
changes in the absorption spectra of ABSQ_ derivatives, the
decrease of fluorescence intensity of all the ABSQ_derivatives
upon addition of PCBM was observed (Figure 3), reflecting
the excited ABSQ_derivatives interacting with PCBM. Upon
addition of PCBM, the fluorescence lifetime of ABSQ
derivatives was also measured by the excitation at 670 nm
(left insets of Figure 3). The fluorescence lifetime of ABSQ-H,
ABSQ-F, ABSQ-Cl, and ABSQ-Br upon addition of PCBM
(13.5 mM) was decreased from 2.27, 2.51, 2.59, and 2.58 ns to
2.08, 1.86, 1.81, and 1.90 ns, respectively, suggesting the
occurrence of dynamic quenching (diffusion controlled) in the
excited state. It is important to note that the magnitude of
quenching of fluorescence lifetime is higher in the halogenated
derivatives (780 ps, ABSQ-Cl) compared to the non-
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halogenated derivative (330 ps, ABSQ-H) upon addition of
PCBM. However, ABSQ-F showed complete quenching of
fluorescence intensity compared to other derivatives, whereas
ABSQ-Cl showed fast decay time compared to other
derivatives. Such an observation of difference in the photo-
physical properties could be due to the resultant of
competition between the electron-withdrawing (electronega-
tivity) and electron-donating (mesomeric effect) characteristics
of halogens in nature."'

The bimolecular quenching rate constant, K, (Kq = Kgy/79),
and the Stern—Volmer quenching constant, Ky (/7 = 1 +
Kgy X [PCBM]), were calculated, and the constants are
provided in Table S4, where 7, and 7 are the fluorescence
lifetimes of ABSQ_derivatives in the absence and presence of
PCBM. The K, and Kgy values for ABSQ-H are found to be
288 x 10° M™' s7' and 6.54 M, respectively. These
constants are increased upon halogen substitution (ABSQ-CI
124 x 10" M s7' and 32.10 M™'), suggesting the
occurrence of a strong interaction between the halogenated
ABSQs and PCBM compared to that of ABSQ-H with PCBM.
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It is to be noted that the K, value of the halogen-substituted
ABSQ derivatives is an order of magnitude larger43 than that of
a normal diffusion-controlled bimolecular reaction constant (2
x 10° M™' s7!). Overall upon addition of PCBM, the
quenching of fluorescence intensity and the lifetime of
ABSQ derivatives reveal the occurrence of the intermolecular
charge transfer between ABSQs and PCBM”” and consistent
with their electrochemical data (Table S5).

Time-Resolved Photophysical Characterization. Fem-
tosecond Transient Absorption Spectra. In order to explore
the influence of solvent polarity on the excited-state relaxation
dynamics of the ABSQ derivatives, the femtosecond time-
resolved transient absorption spectra were recorded in ACN
and toluene upon excitation at 670 nm using femtosecond
pump-probe spectroscopy. The transient absorption spectra of
ABSQ-H in ACN are shown in Figure 4, where panel a shows
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Figure 4. Femtosecond transient absorption spectra of ABSQ-H in
ACN at different delay times upon excitation at 670 nm.

the spectral evolution starting from 0.1 to 0.9 ps. At an early
time scale of 100 fs, it shows the broad positive band at ~500
nm and two negative absorption bands at around 630 and 730
nm. The positive band at ~500 nm is due to the excited
singlet-state absorption (ESA, S, « S, transition) of the
compound.*”**~*” With the increase of delay time, at 900 fs,
the negative band at 630 nm shifted to the blue region (600
nm) consistent with the ground-state bleaching (GSB) of the
absorption spectra of ABSQ-H, whereas the negative transient
absorption band at 730 nm evolved to attain the steady-state
emission maximum at 740 nm, corresponding to the stimulated
emission (SE). In addition, a formation of peak at around 680
nm was observed. Panel b of Figure 4 exhibits the transient
absorption spectra recorded from 1 ps to 1.47 ns where the
intensity of the ESA, GSB, and SE bands decreased with the
increase of the delay time.

The femtosecond transient absorption spectra of ABSQ-H
in toluene are shown at a representative delay time in Figure 5.
The spectral evolution at early time scales shown in panel a of
Figure 5 exhibited dominant ESA at around 516 nm. Though
the evolution of GSB is not observed evidently due to the
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Figure S. Femtosecond transient absorption spectra of ABSQ-H in
toluene upon excitation at 670 nm at different delay times.

scattering of laser excitation at 670 nm and superimposing of
SE spectra, the evolution of SE was observed clearly at around
730 nm. In Figure S, panel b shows the spectral evolution from
13.0 ps to 1.55 ns where the intensity of ESA, GSB, and SE
bands decreased with the increase of the delay time. Though
the spectral features of ESA, SE, and GSB of ABSQ-H in
toluene are resembled to that in ACN, the excited-state
relaxation dynamics are slower in toluene when compared to
that in ACN (Figure 6) due to the change in the solvation
dynamics.**™* The femtosecond transient absorption spectra
of other ABSQ derivatives in ACN and toluene are provided in
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Figure 6. Femtosecond transient absorption decay of ABSQ-H (a),
ABSQ-F (b), ABSQ-Cl (c), and ABSQ-Br (d) in toluene and
acetonitrile upon excitation at 670 nm.
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the Supporting Information (Figures S7—S12). The spectral
behaviors of ABSQ-F, ABSQ-CI, and ABSQ-Br in ACN and
toluene are observed to be similar to that of ABSQ-H in ACN
and toluene, respectively.

Importantly, to understand the intermolecular interaction
dynamics between ABSQs and PCBM, the transient
absorption spectra of ABSQs with PCBM in toluene were
recorded by exciting at 670 nm and are provided in the
Supporting Information as Figures S13—S20. Since an
excitation wavelength of 670 nm is used to measure the
transient absorption spectra of ABSQs upon addition of
PCBM, where PCBM has a negligible absorbance and ABSQ
derivatives have a high extinction coefficient (~7.5 X 10* M~
cm™'), there will be a negligible signal contribution arising
from PCBM alone in the probe range of wavelength. When
compared to ABSQ-H, the transient absorption spectra
showed narrow absorption spectra at early dynamics (~500
fs) upon addition of PCBM (Figure S13). With the increase of
delay time, the transient absorption spectrum became broader,
and the increase of positive absorption in the red region at
~710 nm was observed at longer time delay. The appearance
of positive transient absorption at around 710 nm is attributed
to the formation of a radical cation of squaraine derivatives and
consistent with the literature.”**** Similarly, for other
derivatives, changes in the spectral width of transient
absorption spectra were observed upon addition of PCBM.
These observations could reflect the effect of intermolecular
interaction between ABSQs and PCBM. It is to be noted that
the concentration of PCBM was 13.5 mM, having high
absorbance in the region of <390 nm. Since all the probe beam
below 390 nm was completely absorbed by PCBM, we could
not observe any changes in the optical density in this region. In
addition, there is an artifact raised at ~433 nm due to the
strong and narrow absorption of PCBM. The excited-state
relaxation dynamics probed at the excited-state absorption
maximum were quenched upon addition of PCBM (Figure 7)
as observed in the fluorescence dynamics (Figure 3).
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Figure 7. Femtosecond transient absorption decay of ABSQ-H (a),
ABSQ-F (b), ABSQ-CI (c), and ABSQ-Br (d) with and without
PCBM in toluene upon excitation at 670 nm.
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Nevertheless, only a small change between the transient
absorption decay of ABSQ-F with and without PCBM was
observed, in spite of significant quenching in the fluorescence
data. This could be due to the resultant of competition
between the electron-withdrawing (electronegativity) and
electron-donating (+ mesomeric effect) characteristics of
fluoride in nature.*'

Analysis of the Transient Absorption Spectra. The
femtosecond transient absorption spectra were analyzed
globally with the sequential model using Glotaran.”> Three
exponential time constants were ideally determined to
completely describe the excited-state relaxation dynamics of
ABSQ derivatives in ACN and toluene as well as with PCBM
in toluene. The obtained time constants are provided in Table
2, and the corresponding decay-associated difference spectra
(DADS) are shown for comparison in the Supporting
Information (Figures S21—S24). The DADS exhibited the
amplitude of a particular decay time constant as a function of
the corresponding wavelength and reflecting the common
features of transient absorption spectra.

ABSQ-H is considered at first for the discussion of time
constants attained from the global analysis. The fast
component [z, = 445 fs (222 ps) in ACN (toluene)] is
attributed to the solvation dynamics from the Franck—Condon
state to the local excited state (solvent stabilized) based on the
appearance of a dynamic red shift of SE with the increase of
delay time.””**” The time constant 7,, 33.23 ps (167.04 ps)
for ACN (toluene), might be due to the formation of the dark
state arising from the conformational changes of ABSQ-H.
This state enables the non-radiative deactivation to the ground
state, supporting the appearance of reduction of fluorescence
lifetime and quantum yield in ACN (Tables 1 and S1-S3).
Last, the longer time constant 7; obtained from the global
analysis is equivalent with the fluorescence lifetime attained
from the TCSPC in neat solvent (Tables 1 and S1-S3).
Hence, a time constant of 0.63 (2.50) ns is assigned to the
lifetime of the excited singlet state of ABSQ-H in ACN
(toluene). A similar excited-state relaxation pathway is
plausible to occur for other halogenated ABSQ_derivatives.
Thus, based on the spectral observations and kinetic analysis,
the excited-state relaxation dynamics of the ABSQs are
proposed in Scheme 2 upon ultrafast laser excitation.

Interestingly, the analysis of transient absorption measure-
ments of all the derivatives upon addition of PCBM showed
the quenching of all time constants (Table 2). For example, the
time constants of ABSQ-H were decreased from 7, = 2.22 ps,
7, = 167.04 ps, and 73 = 2.50 ns to 7, = 1.81 ps, 7, = 76.92 ps,
and 7; = 2.07 ns upon addition of PCBM. Importantly, the
decrease of 75 for all the derivatives is consistent with the
reduction of fluorescence dynamics observed in the TCSPC.
Such a decrease of all the time constants supports the
occurrence of the intermolecular charge transfer between
ABSQs and PCBM.>® The occurrence of the charge-transfer
dynamics is further confirmed by the formation of radical
cations of squaraine derivatives exhibiting positive transient
absorption at around 710 nm, consistent with the liter-
ature,”>>>>* upon addition of PCBM at a longer time delay
(Figure S14). However, the transient absorption spectra
showing the anion radical of PCBM in the NIR regions%0
would be advantageous to support the occurrence of the
intermolecular charge-transfer process in the mixture.

Further, to shed more light on the charge-transfer dynamics,
global target analysis has been carried out to extract the time
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Table 2. Time Constants Attained from Global Analysis Using Glotaran® for ABSQ Derivatives upon Excitation at 670 nm

toluene
derivatives ACN — PCBM + PCBM
ABSQ-H 7, = 044 + 0.12 ps T, =222+ 0.12 ps 7, = 1.81 £ 0.12 ps
7, = 33.23 + 1.20 ps 7, = 167.04 + 5.5 ps T, = 76.92 + 2.5 ps
73 = 632 + 10 ps 73 = 2.50 £ 0.25 ns 73 = 2.07 £ 0.15 ns
ABSQ-F 7, = 043 + 0.12 ps 7, =231 +0.12 ps 7, = 1.89 + 0.12 ps
7, = 41.84 = 1.50 ps 7, = 151.51 + 4.50 ps 7, = 83.34 £ 2.3S ps
73 = 629 + 10 ps 73 =241 = 0.15 ns 73 = 1.96 + 0.10 ns
ABSQ-Cl 7, = 045 + 0.12 ps 7) =225+ 0.1S ps 7, =115 +£0.12 ps
7, = 35.07 £ 1.3S5 ps 7, = 139.95 £ 3.25 ps 7, = 85.85 £ 3.25 ps
73=577 £ S ps 73 = 2.62 = 0.10 ns 73 = 1.85 £ 0.1S ns
ABSQ-Br 7, =042 + 0.12 ps 7; =239 + 0.15 ps 7; = 1.18 + 0.12 ps

7, = 17.60 + 0.82 ps
73 = 616 + 10 ps

7, = 134.90 + 3.1S5 ps
73 = 2.60 = 0.10 ns

7, = 91.19 + 4.0S ps
73 =197 £ 0.15 ns

Scheme 2. Proposed Excited-State Relaxation Dynamics of
ABSQ Derivatives upon Ultrafast Excitation®

“FC—Franck—Condon state, LE—local excited state, CR—con-
formationally relaxed state, and CT—charge transfer.

constant of charge transfer and spectral signatures of each
excited species. The species-associated spectra of ABSQ
derivatives upon addition of PCBM are provided in Figures
§25—528 in the Supporting Information. The rate constant of
a particular process can be obtained from the fraction of
population conversion from one state to another divided by
the associated time constant of the state.”'~®* The relative
fraction of population is tested by multiplying the amplitude of
each of the kinetic traces with the corresponding species-
associated spectrum and summing the result, leading to the
observed transient absorption spectra within the experimental
noise.® ™ Thus, based on the target analysis, the charge
transfer proposed to occur from the solvent-stabilized local
excited state with the relative population of ~89% and the time
constants of charge transfer from ABSQ-H, ABSQ-F, ABSQ-
Cl, and ABSQ-Br to PCBM were found to be 86.43, 93.72,
96.52, and 102.56 ps, respectively.

Thus, upon halogenation of ABSQs, the bathochromic shift
with the increase of molar absorptivity, high bimolecular
quenching constant, and efficient intermolecular charge
transfer with PCBM were observed. These effects could be
due to the transfer of electron density from the halogen
substituents to the benzothiazole moiety core, which increases
with the increase of polarizability of the halogen substituents.
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This is consistent with the report of Wiirthner et al.*' that a
bathochromic shift of absorption with the increase of the molar
absorptivity and enhancement of the fluorescence quantum
yield were observed from fluorine over chlorine and bromine
to iodine-substituted NIR squaraine derivatives.

B CONCLUSIONS

The unsymmetrical squaraine derivatives having N,N-dimethy-
lated anthracene and benzothiazole (ABSQ-H) halogenated
with fluoride (ABSQ-F), chloride (ABSQ-CI), and bromide
(ABSQ-Br) were synthesized to understand the effect of
halogen on the intermolecular interaction dynamics between
the ABSQ derivatives and PCBM. Interestingly, ABSQ-H
exhibited intense absorption (& ~ 10* M™' cm™) in the NIR
region with maxima centered at ~660 nm. Upon halogen
substitution, a bathochromic shift in the absorption spectra
with an increase of molar absorptivity was observed. The
excited-state relaxation dynamics of ABSQ derivatives in
acetonitrile are faster when compared to that in toluene due
to the change in the solvation relaxation dynamics. The
quenching of fluorescence intensity and lifetime of ABSQs and
the formation of squaraine radical cation upon addition of
PCBM revealed the occurrence of intermolecular charge
transfer between ABSQs and PCBM. These results will help
for the development of efficient unsymmetrical squaraine
derivatives for optoelectronic devices.
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