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Abstract

Fundamental photophysical studies in eco-friendly as well as biocompatible quantum
dots (QDs) are essential to realize the unigue size dependent optoelectronic properties
of QDs in practical applications. In this regard, the current thesis focuses on
investigating the light harvesting properties in Copper Indium Sulphide (CulnSz) QDs.
A precise surface engineering helped in imparting aqueous stability and tuning of
surface charge of CulnS2/ZznS (CIS) QDs, with ~60% retention of its
photoluminescence quantum yield. Further, the ability of CIS QDs to participate in light
harvesting processes in agueous medium is investigated. A light induced electron
transfer in the Near Infrared (NIR) region is successfully demonstrated with CIS QDs
as the donor and Indocyanine green (ICG) dye as the acceptor. The process of
electron transfer was confirmed by carrying out quenching experiments under (i) Ar
atmosphere, (ii) varying temperature and (iii) different solvent polarity. The efficiency of
electron transfer was estimated to be as high as 85 % in agueous medium, which is
attributed to the strong electrostatic attraction between cationic CIS QD and anionic
ICG dye. The use of CIS QDs as an efficient electron donor was extended towards
methylene blue acceptor dye as well. Our studies help in expanding the scope of eco-
friendly CulnS2 QDs beyond organic solvents, thereby enabling its future potential use

in both optoelectronic and biomedical applications.



1. Introduction

Understanding the ‘nature’ has been of prime importance for mankind from time
immemorial. Researchers have worked relentlessly to get deeper insight on the diverse
processes occurring in nature. Of these, light induced processes pertain to a class of its
own. Over the years, vast research has been carried out centered on light induced
processes, specifically energy and electron transfer. “How to mimic photosynthesis?” is
considered as a golden question of the era. Even a complex process such as
photosynthesis when examined closely reveals an ensemble of fundamental light
induced processes, namely Forster Resonance Energy Transfer (FRET) and
Photoinduced Electron Transfer (PET).%? FRET is a light induced process that operates
through long range dipole-dipole interaction via a non-radiative transfer of energy from a
photoexcited donor to an acceptor in the ground state (Scheme 1.1).2 FRET finds its
application in a range of fields, from energy devices to biological rulers.*> Photoinduced
Electron Transfer (PET) involves the transfer of an electron from a photoexcited state of
the donor to the acceptor, resulting in transient redox species.® PET also possesses a

wide range of applicability especially in device fabrication and photosynthesis

mimetics.%’
Energy transfer: Electron transfer:
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Scheme 1.1: A schematic representation of Forster Resonance Energy Transfer (FRET) and
Photoinduced Electron Transfer (PET).8 (Adapted from ref. 8)

An ideal candidate for FRET and PET studies should possess a high absorption co-
efficient, a broad range of excitation, high photoluminescence quantum yield (PL QY),
and strong photo and chemical stability. A variety of materials, including organic,

inorganic, polymers, metal nanoparticles and quantum dots, has been proposed and



successfully tested to participate in efficient light harvesting studies. Among them,
guantum dots stand out due to its unique size dependent photophysical properties.
Quantum dots are semiconductor nanocrystals that exhibit size dependent quantum
confinement of the electron-hole pair when its size is reduced to a regime lower than the
Bohr excitonic radius (Scheme 1.2).° Quantum confinement is defined by the collapse
of the continuum of energy levels (in bulk materials) to discrete, atomic like levels of

energy accompanied with an increase in the energy bang gap, Eg.
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Scheme 1.2: A schematic showing the effect of quantum confinement on tuning the optical
properties in a size dependent manner, from molecule to bulk. (Redrawn from ref. 9)

The interesting size tunable optoelectronic properties of QDs have been explored in
broad areas of science and technology ranging from bio-imaging to light harvesting.%:1
However, the pragmatic use of QDs are still limited as most of the studies have been
carried out primarily on highly toxic metal ion based QDs such as CdTe, CdSe, PbS,
PbSe, ZnSe etc.'2'2 This has diverted the attention of researchers in the search of
environmentally friendly and less toxic metal ion based QDs. In this regard, InP/ZnS and
CulnS2/ZnS based QDs have emerged as promising alternates in the recent years.'#°
Appreciable knowledge has been gained over the last decade on the fundamental
photophysical and light harvesting properties on such eco-friendly QDs in organic

solvents.'®> However, similar knowledge is scarcely known in aqueous medium, which is
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crucial to expand the scope of eco-friendly QDs to biomedical research. Thus, attempts
have been made recently to address this challenge and have shown the successful use
of InP/ZnS QDs as an efficient FRET donor in agueous medium.'® Many more such
studies with different donor-acceptor systems (visible and NIR emitting dyes,
biomolecules etc.) are still required to understand and optimize various light harvesting
processes. In this regard, the present study focuses on ternary CulnS2/ZnS QDs and
tests their ability to act as donors in light harvesting studies, in agueous medium. Apart
from being environmentally friendly, CulnSz QDs also exhibit a tunable PL emission
from visible to NIR region which renders them all the more favorable for biological
studies. The NIR emitting eco-friendly CulnS2 QDs were successfully transferred from
organic to aqueous medium using a place exchange protocol, with ~60% retainment of
its photoluminescence quantum yield. All the photophysical studies confirm a highly
efficient electrostatically driven photoinduced electron transfer process between
oppositely charged CulnS2 QD donor and Indocyanine green (ICG) acceptor molecules.

2. Experimental section:

Chemicals: Indium acetate (In(Ac)s), Copper acetate (Cu(Ac)2), 1- Dodecanethiol
(DDT), 1-Octadecene (ODE), Oleic acid (OA), Zinc stearate (Zn(St)2), Oleylamine
(OAm), Sodium (Na), Trimethylamine hydrochloride (TMAH), 11-Bromoundecene,
Thioacetic acid (TA), Azobisisobutyronitrile (AIBN), Indocyanine green (ICG) and
Methylene Blue (MB) were purchased from Sigma-Aldrich and were used without further
purification. N,N,Ntrimethyl(11-mercaptoundecyl)ammonium chloride (TMA) was
synthesized using a reported procedure.’

2.1. Synthesis of CIS QDs: CulnS2/ZnS core-shell quantum dots were synthesized
following a reported protocol.'® Briefly, In(Ac)s (0.2mmol, ~58mg) and Cu(Ac):
(0.2mmol, ~36mg) were mixed with DDT (8.35mmol, 2mL), 0.3mL OA and 3mL ODE in
a 50mL three-neck RB and gently stirred under N2 atmosphere. The reaction mixture
was heated at 100°C for 10 min until a clear solution was obtained. Subsequently,
vacuum was applied for 30 min and the reaction temperature was raised to 230°C to
allow the growth of CulnS2z QDs for 15 min. With the increase in temperature, the

reaction solution changed color from light yellow to yellow to red and finally dark red,
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indicating nucleation and formation of CulnSz QDs. The reaction was quenched by
lowering the temperature to 50°C using a water bath. For in-situ ZnS overcoating, a
solution of ODE and OAm (4:1 ratio, 1.6mL and 0.4 mL respectively) containing Zn(St)2
(0.2mmol, ~125mg) was added dropwise to the reaction mixture at 160°C under N2 flow
over a period of 30 min. Subsequently, the reaction temperature was increased to
230°C and retained for 2 h to allow for shell growth. The reaction was quenched by
lowering the temperature to 50°C and precipitating with ethanol. The precipitates were
purified three times by centrifugation at 7500rpm for 10 min and redispersed in

chloroform for further studies.

2.2. Preparation of water soluble CIS QDs: Water soluble cationic [+] CIS QDs were
prepared via a place exchange reaction (Scheme 2.1). To a solution containing
cationic TMA ligand (100mg) dissolved in 1:1 ratio of methanol: water, OAm capped
CIS QDs in chloroform (1pM, 5mL) were added and stirred for ~4 h. The progress of
the phase transfer reaction can easily be monitored by observing the color changes in
the lower organic (dark red to colorless) and upper aqueous (colorless to dark red)
phases. The TMA ligand aided in stabilization of the QDs (through the thiol group) as
well as in phase transfer (through the quaternary ammonium group) imparting cationic
surface charge to the QDs. The aqueous layer was carefully removed and precipitated
using isopropanol at 7500rpm for 10 min. Finally, the precipitates were redispersed in
deionized water, yielding [+] CIS QDs. A similar procedure was adapted for preparing
[-] charged CIS QDs by using a basic solution of [-] MUA ligand where the thiol group
aided in surface functionalization and the carboxylic group assisted in imparting the [-]

charge.
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Scheme 2.1: Schematics representing the place exchange reaction between oleylamine amine
(OAmM) capped CIS QDs and [+] TMA / [-] MUA ligands, yielding water soluble [+] / [-] CIS QDs.

2.3. Photoluminescence quenching experiments: In a typical experiment, a 3mL
aqueous solution of charged CIS QDs was prepared by optimizing the optical density
at the excitation wavelength (450nm) to be ~0.1, corresponding to a concentration of
~0.6uM. With the QDs acting as donors, aliquots of acceptor dye molecules were
sequentially added to the QD solution and the spectral changes were monitored, both
in terms of absorbance and steady state photoluminescence quenching.
Correspondingly, time resolved measurements via Time Correlated Single Photon
Counting (TCSPC) system were carried out using 459nm laser as the excitation
source. The fluorescence decay curves were fitted with tri-exponential functions with
minimum x? value. Similar procedure was adopted for the temperature dependent
studies where the sample was allowed to equilibrate for 3 min at the set temperature
before the measurement with a tolerance range of 0.5°C. In the same manner, polarity
dependent studies were also carried out where the [+] CIS QDs were dispersed in a
mixture of acetonitrile (ACN) and water of varying ratios. Experiments under inert
conditions were also performed in a similar manner where the optical density of [+] CIS
QDs were optimized to be ~0.1 at the excitation wavelength, following which 0.7uM of
[-] ICG dye was added. The steady state and lifetime measurements were taken. After
the measurements, the solution was purged with Ar for a period of 1h and the

measurements were repeated.

2.4. Stern-Volmer Analysis: The nature of photoluminescence quenching between

the donor and acceptor was analyzed using the Stern-Volmer equation?®:
Iy
T 1+ Kgy[Q]
where lo and | are the donor fluorescence intensity in the absence and presence of the
guencher, respectively.
[Q] is the quencher concentration (M).

Ksv is the Stern-Volmer constant (M1).

From the plot of lo/l vs. the quencher concentration, with the intercept as 1, Ksv can be
obtained from the slope. The Stern-Volmer constant, Ksv, is given as:

12



KSV = kq. To
where Kq is the bimolecular quenching constant (M-1s™).

To is the lifetime of the donor (ns).

3. Instrumentation and Techniques used:

3.1. UV-Vis absorption studies: The absorption studies were performed in Shimadzu
UV-3600 Plus UV-Vis/NIR spectrophotometer in a quartz cuvette of path length 1cm.
The absorption was monitored over an entire range of 300nm - 1000nm. The
concentration of the CIS QDs?° was determined by using the Beer-Lambert law:
A=¢-c-L

where A is the optical density (absorbance) at absorption maxima.

€ is the molar extinction coefficient at a particular wavelength (M-tcm-?).

c is the concentration of the solution (M).

L is the optical path length (cm).
3.2. Photoluminescence studies: The photoluminescence experiments were carried
out in Flurolog-3 spectrofluorometer (HORIBA Scientific) with Xe- lamp as the
excitation source. The sample was excited at a wavelength of 450nm where the dye
acceptor molecules (ICG and MB) had negligible absorption.
3.3. Time resolved measurements: Time resolved studies were performed by using
Time Correlated Single Photon Counting (TCSPC) system. The experiments were
carried out using a 459nm NanoLED as the excitation source with a time-to-amplitude
converter (TAC) range of 1000ns for 10,000 counts. The decay curves were de-
convoluted and fitted using DAS analysis software v.6.5.6.
3.4. Zeta potential measurements: Zeta potential ({) was used to characterize the
surface charge on the CIS QDs. The measurements were carried out in Zetasizer
Nano series, Nano-2590 (Malvern instruments, U.K.) having a 655nm laser. The zeta
potential is measured in terms of the electrophoretic mobility (Ue) (the velocity with
which the charged particles are attracted to the oppositely charged electrodes) and is

calculated using Henry’s equation??:
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_ 2&{f(ka)
= 3
where ¢ is the dielectric constant of the medium.

E

( is the zeta potential (mV).
f(ka) is the Henry’s function (value from Smoluchowski’s approximation).
n is the viscosity of the medium (Pa.s).
3.5. X-Ray Diffraction (XRD) measurements: Powder XRD was performed to confirm
the crystal lattice structure of CIS QDs. The measurements were carried out in Bruker
D8 Advanced X-Ray Diffractometer using Cu Ka (A = 1.54 A°) rays. The lattice spacing
(d) in the crystalline sample was estimated using Bragg’s law:
nd = 2dsin 6
where n is the order of diffraction.
A is the wavelength of incident X-rays (nm).
0 is the scattering angle.
By scanning the sample through a range of 26 angles, all the possible diffraction
angles can be obtained which can used to confirm the crystal structure of the sample.
3.6. High Resolution Transmission Electron Microscopy (HRTEM): The sample
was prepared by drop casting 10pL of CIS QDs solution on a 400-mesh carbon coated
copper TEM grid (Ted Pella, Inc.). The sample was allowed to dry under ambient
conditions and was further dried under vacuum. The image was taken in TECNAI G2
20 TWIN at 200keV.

4. Results and Discussion:
4.1. Characterization of CIS QDs: The positively ([+]) and negatively ([-]) charged CIS

QDs were prepared through a place exchange reaction, and well characterized using
various spectroscopic and microscopic techniques (Figure 4.1). The steady state
photophysical measurements showed negligible changes in the absorption and PL
maxima of the CIS QDs upon place exchange reaction. The first excitonic peak and PL
maxima of CIS QDs were observed ~534nm and ~680nm respectively, with a full width
at half maxima (fwhm) of ~75 nm. The broad emission spectra with a high fwhm value

is attributed to the absence of near-band edge emission in case of QDs such as CIS
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owing to the higher proportion of surface defects such as Cu and In vacancies and
interstitials. As a result, the emission observed is generally from the surface related
trap states.???® Interestingly, ~60% of the PL QY was retained after the place

exchange reaction with both, [+] TMA and [-] MUA, ligands.

4
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Figure 4.1: Spectroscopic and microscopic characterization of water soluble CIS QDs.
(@) The normalized absorption and PL spectra of CIS QDs before and after water
solubilization. (b) The PL decay profiles of CIS QDs before and after place exchange reaction.
(c) A representative HRTEM of [+] CIS QDs. (d) Zeta potential of [+] and [-] CIS QDs. (e) XRD
data of CIS QDs.

The tri-exponential PL decay profile was retained in [+] and [-] CIS QDs as well, with
an average lifetime value of ~120 ns and ~ 100 ns, respectively. The core diameter of
CIS QDs was estimated to be 3.3 £ 1.3nm from HRTEM studies. XRD data confirmed
the chalcopyrite structure of the CIS QDs, which is in agreement with the literature
reports.?* The surface charges on CIS QDs were characterized by zeta potential
measurements, which showed a zeta potential of +28.3 + 0.4 mV and -32.6 £ 1.3 mV

for [+] and [-] CIS QDs, respectively.
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4.2. Photoluminescence quenching studies: The photoluminescence quenching
studies were undertaken with the motivation of developing efficient light harvesting
systems based on CIS QDs in the NIR region, in aqueous medium. The NIR emitting
Indocyanine green (ICG) was selected as the acceptor molecule. ICG dye exhibit the
absorption and emission maxima ~ 779nm and 803nm in aqueous solvent,
respectively (Figure 4.2). Also, ICG possess a net negative charge which can

participate in strong electrostatic attraction with [+] CIS QDs.

Norm. Abs.
Norm. PL. Intensity

500 600 700 800 900 1000
Wavelength (nm)

Figure 4.2: Characteristics of ICG dye molecule. (a) Chemical structure of ICG dye. (b) The
absorption and emission spectra of ICG dye in water.

An in-depth analysis on the photophysics and energetics of CIS QDs and ICG dye
revealed the following points. The spectral overlap integral (J) between the PL of CIS
QDs and the absorption of ICG dye was estimated to be ~6.78 x 10> M-tcm™nm?,
indicating that CIS and ICG forms an effective FRET donor-acceptor pair (Figure
4.3a). At the same time, the calculation of energy values (from absorption and cyclic
voltammetry measurements) showed that an electron transfer from the photoexcited
CIS QDs to ICG dye is thermodynamically feasible (AG = -41.5 kJ/mol) (Figure 4.3b).
Hence, it can be concluded that the CIS QD - ICG pair can, in principle, participate in
both energy and electron transfer processes. Accordingly, detailed photophysical
studies based on both steady state and time resolved spectroscopy were carried out to
understand the mode of interaction between the [+] CIS QDs and [-] ICG dye

molecules.
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Figure 4.3: Conditions for plausible energy and electron transfer processes. (a) A
schematic representation of the plausible PL quenching process occurring between [+] CIS
QDs and [-] ICG dye. (b) Spectral overlap between the PL of [+] CIS QDs and the absorption
of [-] ICG dye. (c) Energy levels of [+] CIS QDs and [-] ICG dye.

Systematic photoluminescence quenching studies were performed by titrating small
aliquots (3uL of 0.14 mM) of [-] ICG dye molecules to ~0.6 uM [+] CIS QDs (Figure
4.4). A bathochromic shift of ~27 nm was observed in the absorption of [-] ICG dye
molecules in the presence of [+] CIS QDs, indicating the possibility of a strong ground
state interaction. A steady and gradual decrease in the PL of [+] CIS QDs was
observed upon the addition of ICG molecules, without the emergence of any PL
corresponding to ICG. This rule out the possibility of FRET as the main mechanism for
the quenching the PL of CIS QDs. The ground state interaction was further confirmed
through Stern-Volmer analysis. The Stern-Volmer (Ksv) and the bimolecular quenching
(kq) constants were determined from the lo/l vs quencher concentration plot (Figure
4.4c). The high kq value of ~ 4 x 1013 M1 s (greater than the diffusion controlled kq; ~
1 x 10%° M1s1) confirms a strong ground state interaction between the [+] CIS QD
donor and [-] ICG acceptor molecules. The steady state quenching efficiency'®, E, was
calculated to be ~85% using the formula:
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E=1 !
= I

where, | and lo are the PL intensity of the donor in the presence and absence of the

acceptor.
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Figure 4.4: Photoluminescence quenching studies in [+] CIS QD - [-] ICG dye nanohybrid.

(a) The absorption spectra of [-] ICG dye in absence and presence of [+] CIS QDs. (b) Spectral
changes in the PL of [+] CIS QDs upon sequential addition of [-] ICG dye. (c) Stern-Volmer plot
corresponding to PL quenching of [+] CIS QDs by [-] ICG dye. (d) PL decay profile of [+] CIS
QDs in the absence and presence of [-] ICG dye, collected at the QD emission of 680 nm.

The quenching of CIS QD PL was confirmed using Time-Correlated Single Photo
Counting (TCSPC) studies. A clear quenching in the PL decay of [+] CIS QDs was
observed in the presence of [-] ICG dyes. The lifetime of [+] CIS QDs was estimated to
be ~36 ns in the presence of ~1.4 uM of [-] ICG dye. An efficiency'® of ~70% was

estimated from time resolved PL quenching studies using the following formula:

T
E=1——
Tp
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where, T and To are the lifetime of the donor in the presence and absence of the

acceptor. This is in good agreement with the steady state quenching studies.

Now, there can be two main mechanisms for the quenching of [+] CIS QD PL by [-]
ICG molecules: namely FRET and electron transfer. The absence of ICG acceptor
peak in the steady state and time-resolved PL studies rules out the possibility of FRET
as the main mechanism for the quenching of CIS QDs. Thus, the role of electron

transfer as the main quenching mechanism was investigated further.

4.3. Proof for photoinduced electron transfer (PET): In an electron transfer process
an electron is transferred from the photoexcited state of donor to the acceptor,
resulting in the formation of transient radical cation and radical anion respectively. The
oxygen content, solvent polarity and temperature are well known to affect the efficiency
of all the electron transfer processes. Accordingly, the PL quenching of [+] CIS QDs by

[-] ICG molecules was studied by varying the above-mentioned parameters.

4.3.1. Comparison of photoluminescence quenching studies in ambient and inert
conditions: Molecular oxygen is a well-known fluorescence quencher for almost all
the known fluorophores.?> The quenching of fluorescence by the paramagnetic oxygen
is by directing the photoexcited fluorophore to undergo an intersystem crossing from a
singlet to a triplet state.1® Moreover, molecular oxygen is a highly reactive diatomic gas
that can act as an efficient electron acceptor. Thus, molecular oxygen can act as an
‘electron scavenger?® in the present study as well. Hence, comparing the PL
guenching efficiencies under ambient and oxygen free (inert) conditions can serve as a
direct evidence for electron transfer process between [+] CIS QD and [-] ICG.
Photoluminescence quenching studies were performed under ambient and inert (Ar
purging) conditions with ~0.6 uM [+] CIS QD solution containing 0.7 puM of [-] ICG dye
(Figure 4.5). A steady state quenching efficiency of 25% was obtained in ambient
condition, which increased to 45% upon Ar purging (Table 4.1). Complementing the
trend observed in steady state, lifetime efficiencies also showed an increase in the
guenching efficiency from 23% in ambient condition to 42% with Ar purging. The

increase in the quenching efficiencies, under inert condition, can be attributed to the
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absence of an additional quencher (Oz2), thereby favoring a more efficient photoinduced
electron transfer from [+] CIS QD donor to [-] ICG dye acceptor molecules.
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Figure 4.5: PL quenching studies in ambient and inert conditions. (a) Steady state and (b)
Time resolved PL quenching of [+] CIS QDs by [-] ICG dye, before and after purging with
Argon.

Table 4.1: Comparison of steady state and PL decay quenching efficiencies of [+] CIS QDs by
[-] ICG dye before and after purging with Ar.

[+] IS QD :: [-] ICG Before Ar purging After Ar purging
PL. quenching Efficiency 25% 45%
(Steady State)
PL. quenching Efficiency 23% 42%
(Lifetime)

4.3.2. Effect of solvent polarity on photoluminescence quenching studies: The
effect of solvent polarity on the rate of electron transfer can be understood in terms of
solvent reorganization energy. The solvent molecules play an important role in
stabilizing the radical cation and radical anion formed during the electron transfer
process. The charge transfer complex formed as a result of the excited state electron
transfer process is more stabilized in a polar medium compared to a non-polar solvent,
resulting in a higher efficiency of electron transfer in polar solvents.?” The

reorganization energy associated with polar solvents is higher than that of a non-polar
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solvent.?8 In a non-polar medium, the free energy associated with the radical ion pair
state is higher than that of the locally excited state, and the charge transfer reaction
becomes thermodynamically unfavorable.?® This can be explained on the basis of
Rehm-Weller equation where the change in free energy for the formation of the charge
transfer complex is higher in a polar medium due to the higher dielectric constant.'®
Hence, the effect of varying the solvent polarity can be used as a validation for the PET
process occurring in the present system.

Accordingly, systematic PL quenching studies were performed in aqueous solution
(dielectric constant, € = 78.36 at 293K)?° as well as in a mixture of 1:1 ratio of ACN:
water (dielectric constant, € = 53.17 at 293K)?°. In both the solvent media, a gradual
decrease in the steady-state PL intensity of [+] CIS QDs was observed upon addition
of [-] ICG molecules. The PL quenching in both the solvent media is summarized in
terms of Stern-Volmer plot (Figure 4.6). A higher quenching efficiency of ~80% was
observed in aqueous solution as compared to that of ~65% in ACN: water mixture
(Table 4.2). A similar trend was also observed in the lifetime quenching efficiencies,
with an efficiency of ~70% in aqueous solution and ~60% in ACN: water mixture.

The above results confirm the occurrence of a more efficient quenching process in a
more polar system. As mentioned earlier, PET is highly dependent on the solvent
polarity and is more favored in a polar system. Hence, it is possible to further ascertain
that the mode of interaction between [+] CIS QD donor and [-] ICG dye acceptor is
PET.
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Figure 4.6: Effect of solvent polarity on PL quenching. Steady state PL spectral changes of
[+] CIS QDs upon the addition of [-] ICG dye in (a) water and (b) 1:1 water:ACN solvent
mixture. The corresponding Stern-Volmer plots are showed in (c). (d) PL decay profile of [+]
CIS QDs in the presence and absence of [-] ICG dye, as a function of solvent polarity.

Table 4.2: Comparison of steady state and PL decay quenching efficiencies of [+] CIS QDs by
[-] ICG dye as function of solvent polarity.

PL. quenching Efficiency PL. quenching Efficiency
Sample (steady state) (lifetime)
QD - Water
(e = 78.36) 80% 70%
QD -1:1-
Water:ACN 65% 60%
(e =53.17)
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4.3.3. Effect of temperature on photoluminescence quenching studies: The
efficiency of electron transfer depends on temperature and Gibb’s free energy change
of the process.®® The temperature dependence of PET can be explained in terms of
the activation energy. A rise in temperature increases helps in crossing the activation
barrier, thereby increasing the rate of electron transfer.3! Accordingly, the effect on
temperature on the PL quenching of [+] CIS QDs by [-] ICG was investigated.

The steady state PL quenching studies were performed at three different
temperatures: 283K, 298K, and 308K (Figure 4.7.1).
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Figure 4.7.1: Effect of temperature on PL quenching. The steady state PL quenching of [+]
CIS QDs by [-] ICG dye molecules in different temperatures are shown in (a) 283 K. (b) 298 K.
(c) 308 K.

The PL quenching at different temperatures is summarized in terms of Stern-Volmer
plot (Figure 4.7.2). It was observed that the slope of the Stern-Volmer plot increased
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as the temperature increased, confirming an increase in the quenching efficiencies. All
the above PL quenching studies confirm that the PL quenching in [+] CIS QD by [-]

ICG is predominantly through a photoinduced electron mechanism.
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Figure 4.7.2: Effect of temperature on PL quenching. (a) Stern-Volmer plot and (b) table
showing the PL quenching of [+] CIS QD by [-] ICG dye at different temperatures.

4.4. Mode of interaction between CIS QD donor and ICG acceptor molecules. The
() large bathochromic shift in the absorption of ICG dye in the presence of CIS QDs
and (ii) high bimolecular quenching constant indicate a strong binding interaction
between CIS and ICG. The presence of [+] and [-] charges on CIS QDs and ICG
molecules point to the possibility of electrostatic attraction as the main mode of
interaction for the formation of a strong ground state complex. The following control
experiments were performed to ascertain the role of electrostatics in the efficient

electron transfer process between [+] CIS QDs and [-] ICG molecules.

4.4.1. Reduction in electrostatic attraction: One of the strategies which were
adopted to portray the significance of electrostatic interaction was the introduction of
electrostatic repulsion to the system under study. This was achieved by using [-] CIS
QDs instead of [+] CIS QDs as the donor moiety. Photoluminescence quenching
studies were carried out by titrating small aliquots of [-] ICG dye to an aqueous solution

of [-] CIS QDs. The PL quenching was monitored using both steady state and time

24



resolved techniques (Figure 4.8).
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Figure 4.8: PET between [-] CIS QDs and [-] ICG dye. (a) Absorption spectra of ICG dye in
the absence and presence of [-] CIS QDs. (b) Spectral changes in steady state PL emission of
[-] CIS QDs upon addition of varying concentrations of [-] ICG dye, and (c) the corresponding
Stern-Volmer plot. (d) PL decay profile of [-] CIS QDs in the absence and presence of [-] ICG
dye.

A lower bathochromic shift of ~20nm was observed in the absorption spectra of [-]
ICG dye in the presence of [-] CIS QDs, as compared to a shift of ~27nm in the
presence of [+] CIS QDs. A careful examination of the structure of ICG molecule
reveals that it has two [-] charges (via sulphonate groups) and one [+] charge (via
guarternary amine group). This can lead to the complexation between [-] CIS QD and [-
] ICG dye through the weak electrostatic attraction (Scheme 4.1). The PL quenching
efficiencies between [-] CIS QD and [-] ICG molecules was estimated to be ~75% and

~60% using steady state and lifetime studies, respectively. There is an appreciable
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decrease in the quenching efficiency compared to [+] CIS - [-] ICG donor-acceptor
system. This confirms a comparatively weaker electrostatic attraction between [-] CIS
QDs and [-] ICG molecules.

Energy/Electron transfer
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Scheme 4.1: A schematic representation of the electrostatic attraction and repulsions possible
between [-] CIS QD donor and [-] ICG acceptor dye.

4.4.2. Photoinduced electron transfer studies in organic solvent: To further
confirm and understand the significance of electrostatics, PL quenching studies were
carried out with oleyalamine (OAm) capped CIS QDs and ICG dye in chloroform
(CHCIs) solvent (Figure 4.9). The absence of a bathochromic shift in the absorption
spectra of ICG dye in the presence of CIS QDs in CHClIs, indicates the absence of any
strong ground state interaction between the CIS QDs and ICG dye molecules.
Furthermore, the PL quenching efficiency of CIS QDs by ICG dye was less in CHCIs as
compared to water. For instance, a steady state efficiency of ~75% was estimated in
CHCIs as compared to that of ~ 85% in water. The PL quenching efficiency estimated

from the lifetime studies corroborate the steady state results (®ercHcly) = 20% vs
DeriH,0) = 70 %). The large disparity between the two PL quenching efficiencies, in

CHCIs, estimated from steady state and lifetime studies confirm the role of non-
radiative pathways in the PL quenching of CIS QD. A detailed analysis of the Stern-
Volmer plot also shows a non-linear curvature towards the y-axis, confirming the

involvement of both static and dynamic process in the quenching mechanism. Thus,

26



the decrease in the quenching efficiencies and absence of complex formation can be
correlated to the lack of any specific interaction (such as electrostatic) between CIS
QD donor and acceptor ICG dye in CHCls.
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Figure 4.9: PET in CIS QD - ICG dye nanohybrid in CHCIs. (a) Absorption spectra of ICG
dye in the absence and presence of OAm capped CIS QDs. (b) Spectral changes in steady
state PL emission of OAm capped CIS QDs upon addition of ICG dye, and (c) the
corresponding Stern-Volmer plot. (d) PL decay profile of OAm capped CIS QDs in the absence
and presence of ICG dye.

4.5. Photoinduced electron transfer between [-] CIS QD and [+] Methylene blue
dye: In order to demonstrate the generality of our study as well as the exclusivity of
electrostatic effect, PET studies were performed between [-] CIS QDs as donor and
singly [+] charged methylene blue (MB) as the acceptor. MB dye has an absorption
maximum ~ 665nm and an emission maximum ~ 683nm in aqueous medium (Figure
4.10).
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Figure 4.10: Characteristics of methylene blue (MB) dye. (a) Chemical structure of MB dye.
(b) The absorption and emission spectra of MB dye in water.

A detailed analysis of the fundamental photophysics and energetics of [-] CIS QDs and
[+] MB dye revealed that the pair forms efficient candidates for both FRET as well as
PET (Figure 4.11).
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Figure 4.11: Conditions for plausible energy and electron transfer processes in [-] CIS
QD - [+] MB dye nanohybrid. (a) A schematic representation of the plausible PL quenching
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process occurring between [-] CIS QDs and [+] MB dye. (b) Spectral overlap between the PL
of [-] CIS QDs and the absorption of [+] MB dye. (c) Energy levels of [-] CIS QDs and [+] MB
dye.

The high spectral overlap integral (J) value of ~2 x 10°*M-1cm*nm# indicates that the
[-] CIS QD — [+] MB dye can form an efficient FRET donor-acceptor pair. At the same
time, the energy levels also showed that an electron transfer from the photoexcited
state of [-] CIS QDs to [+] MB is thermodynamically feasible (AG = -96 kJ/mol).*?
Accordingly, detailed PL quenching studies using steady state and time resolved

techniques were carried out.

4.5.1. Photoluminescence quenching studies: The PL quenching studies were
performed by the sequential addition of small amounts of [+] MB dye molecules (3 pL
of 0.16 mM) to an aqueous solution of [-] CIS QDs (~0.6 uM). The spectral changes
were monitored in terms of absorption, emission and lifetime measurements (Figure
4.12). In the presence of [-] CIS QDs, the absorption spectra of [+] MB showed a
bathochromic shift of ~15nm indicative of a strong ground state interaction. A gradual
decrease in the emission of [-] CIS QDs was observed on subsequent addition of [+]
MB dye, without the formation of any PL peaks corresponding to MB dye. The
guenching efficiency was estimated to be ~90% from steady state PL quenching
studies. The Stern-Volmer analysis resulted in high kq values (=4 x 10*M-*cm1nm?)
confirming a strong ground state interaction between the [-] CIS QD donor and [+] MB
acceptor molecules. The time resolved measurements also showed a PL quenching
with an efficiency of ~65%. The absence of any PL peak corresponding to MB in the
steady state studies rules out the possibility of FRET between [-] CIS QDs and [+] MB
dye. The most probable mechanism for the PL quenching of CIS QDs in the presence
of MB molecules can be photoinduced electron transfer, as in the case of [+] CIS QD —
[-] ICG nanohybrid.
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Figure 4.12: Photoluminescence quenching studies in [-] CIS QD - [+] MB dye
nanohybrid. (a) The absorption spectra of [+] MB dye in the absence and presence of [-] CIS
QDs. (b) Spectral changes in the PL emission of [-] CIS QDs upon sequential addition of [+]
MB dye, and (c) the corresponding Stern-Volmer plot. (d) PL decay profile of [-] CIS QDs in the
absence and presence of [+] MB dye, collected at the donor emission of 680nm.

4.5.2. Demonstrating the role of electrostatics in CIS QD - MB nanohybrid: The
previous nanohybrid system of [+] CIS QDs and [-] ICG dye had both electrostatic
attractive and repulsive interactions, which makes it difficult to prove the exclusivity of
electrostatics in PET. On the other hand, [+] MB acceptor molecules can be an ideal
system to prove the role of electrostatics in PET in CIS QDs. An efficient PET was
observed between [-] CIS QD and [+] MB dye, as summarized previously. However,
the use of [+] CIS QDs as donors failed to exhibit a noticeable PET with [+] MB under
similar conditions (Figure 4.13). Unlike the previous case, the absorption spectra of [+]
MB showed negligible changes in the presence of [+] CIS QDs suggesting the absence

of any ground state interaction. Similarly, the steady state PL and lifetime
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measurements also showed negligible changes in the PL of [+] CIS QDs upon the

addition of [+] MB molecules, thereby confirming the absence any quenching. This can

be attributed to the strong electrostatic repulsion which prevents the donor and

acceptor moieties from coming close to each other. Hence, it can be confirmed that

electrostatics does indeed play a major role in the PL quenching processes in charged
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Figure 4.13: Exclusivity of electrostatic effect in PL quenching in [-] CIS QD - [+] MB
nanohybrid. (a) The absorption spectra of [+] MB dye in the absence and presence of [-] CIS
QDs. (b) Spectral changes in the PL emission of [-] CIS QDs upon sequential addition of [+]
MB dye. (c) PL decay profile of [-] CIS QDs in the absence and presence of [+] MB dye,

collected at the donor emission of 680nm.
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5. Conclusions and future direction

The present study provides deeper insights into the fundamental photophysical
processes occurring between CIS QDs and organic dye molecules in aqueous
medium. We were successful in establishing a protocol for the surface functionalization
of CIS QDs, yielding a charged and water-soluble CIS QDs with ~60% retention of the
PL QY. The ability of surface engineered CIS QDs to participate as efficient donors in
light harvesting processes was systematically investigated. Both the steady state and
time resolved studies confirmed an efficient PL quenching of CIS QDs in the presence
of ICG dye molecules. PL quenching efficiency as high as ~85% was observed, in
aqueous medium, with [+] CIS QDs as the donor and [-] ICG dye as the acceptor.
Detailed studies carried out under various conditions (such as oxygen vs inert
atmosphere, solvent polarity and temperature dependence) helped in ascertaining the
role of electron transfer process as the main mechanism of PL quenching in [+] CIS
QD - [] ICG nanohybrid system. The strong electrostatic attraction between [+] CIS
QD and [-] ICG dye was responsible for the formation of a strong ground state
complex, which was decisive in achieving an efficient electron transfer in aqueous
medium. The exclusivity of electrostatic effect on electron transfer process was proved
by extending the PL quenching studies to [-] CIS QD- [+] MB dye nanohybrid system.
Successful demonstration of efficient electron transfer process in aqueous medium will
expand the use of ecofriendly CIS QDs beyond optoelectronic devices, especially in

biomedical applications like sensing, targeting, imaging and so on.
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