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The semiconductor nanocrystals (NCs) or quantum dots (QDs) are the artificial tiny particles
of 1-10 nm in size which have been widely explored in last few decades. NCs are the
important nucleus of modern nanotechnology revolution. Scientific and industrial community
got attracted toward NCs due to high surface-to-volume ratio, and their tunability in size,
shape, electronic, magnetic, and optical properties.'®> The quantum confinement effect of
nanocrystals underpins their size dependent electronic properties, which change from
molecular material to bulk like material. The increase in the size of NCs enable their valuable
size tuneable optical properties. Surface covering organic/inorganic ligands determine their
solubility in nonpolar/polar solvents.® Colloidal stability of NCs is maintained by the
steric/electrostatic interactions of the surface ligands in solutions.® The judicious choice of
surface covering ligands, semiconducting materials, and the size, shape, morphology, and
dimensions of the NCs provides distinctly tunable optical and electronic properties.”! These
properties make them potential candidates for a wide range of applications, including
photovoltaics, optoelectronics, photocatalytics, and biodiagnostics.*?” Generally, long bulky
ligands (C8 to C18 hydrocarbon chains) are used for colloidal nanocrystal synthesis. These
bulky insulating ligands, attached to the surface of NCs, create a layer around the NCs which
saturates the dangling bonds and separates the NCs from their surrounding environments.
This allows designing of NCs of a high degree of size, phase homogeneity, and desired shape.
18 Furthermore, these ligands help controling the nucleation rate and growth kinetics of NCs.
It is clear from these examples that the ligands play an essential role throughout the NC
synthesis and processing.

Surface modification of nanocrystals is a highly intense area of research due to its important
role in various applications across a broad range of disciplines. The surface properties of NCs
significantly affect their chemical and physical characteristics, which in turn determine their
behaviour in different environments. Surface modification techniques, such as
functionalization and coating, can be used to modify the surface properties of NCs for
specific applications.?®2! Functionalization can improve the stability, biocompatibility, and
solubility of the NCs, However, changing the surface ligand can enhance their optical,
electronic, and catalytic properties.?? As a result, surface modification of NCs is crucial in
fields of biomedicine, environmental science, energy, and electronics. For example,
functionalized NCs can be used as drug delivery agents, sensors, and imaging probes for
biomedical applications, while surface-coated NCs can be employed in solar cells, batteries,

and catalysis.?> 2 Charge carrier mobility within the NCs is extreme important when they
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condense as a solid film for specific applications. To enhance the efficiency of the NC-based
devices, there is a growing need to replace the long chain, bulky insulating organic ligands
with shorter ones.?? 2* This change can improve the charge carrier mobility and conductivity
of the nanocrystals, leading to a more efficient device performance. The long chain ligands
create a significant barrier to the charge transport, and hinder the performance of the device
due to the longer interparticle distance and the weak electronic communication. By replacing
the long chain ligands with shorter variants, the surface-to-volume ratio of the nanocrystals
increases, creating a closer approach for NCs. The strong inter-particle association allows
better charge transport and improved device efficiency.

Bulky organic ligands are replaced with shorter inorganic ligands, such as halides,
pseudohalides, and chalcogenides to improve the electronic communication between
nanocrystals and to enhance the charge carrier mobility.® 2% 2526 These ligands help to
minimize the large interparticle distance between nanocrystals, promoting efficient charge
transfer and improving the performance of nanocrystal-based devices. In addition to these
ligands, chalcogenidometallates, halometales, and polyoxomatallates are also being explored
as potential replacements for bulky organic ligands.® 2”2 These inorganic ligands offer
several advantages, including improved stability, better solubility, and enhanced electronic
communication between the nanocrystals. Solution-based ligand exchange has emerged as a
popular approach for replacing long-chain organic ligands with shorter inorganic variants.
Bulky ligands like oleic acid create inorganic (core) - organic (ligands) interface at the
surface of nanocystals, however short inorganic ligands make inorganic- inorganic interface
at the NC surface.

Fundamental understating of surface-ligand interaction is very important to optimize, modify,
and strengthen the working window of technology-based devices. Despite the surface of
nanocrystals being a critical feature in nanotechnology, our fundamental understanding of the
interactions between ligands and nanocrystals is limited due to a lack of molecular-level
information. However, recently, tremendous interest in this interface of the ligands and the
nanocrystal surface has grown considerably. Surface chemistry studies have employed *H and
3P NMR spectroscopy to investigate the binding of bulky ligands to the surface of
nanocrystals, as well as the dynamic nature of these ligands and the equilibrium between
bound and free ligands.?®3! Thiocyanate, a short inorganic ligand, has been used recently to
enhance device performance.® 22 2 H NMR spectroscopy can’t be used to investigate the
surface ligand interactions of thiocyanate-capped nanocrystals, as thiocyanate ligand lacks a

hydrogen atom that can be detected by *H NMR spectroscopy. *C NMR might provide
3
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insights into the surface science of the thiocyanate ligands.?? Distinctive features such as
spectral broadening, shift, and new spectral signature can be plausibly utilized to differentiate
between thiocyanate-capped nanocrystals and free thiocyanate in *C NMR spectroscopy.
Due to the low natural abundance of *C, isotope-labelled thiocyanate is used for ligand
exchange to achieve a significant signal in **C NMR spectroscopy by Kagan et al. However,
analysis of the resulting 3C NMR spectrum of thiocyanate-capped nanocrystals shows a
single peak that is similar to the spectrum of free thiocyanate. Interpreting the 3C NMR
spectrum of thiocyanate-capped nanocrystals and free thiocyanate is challenging because of
the similar results obtained in both cases, making it difficult to draw any plausible
conclusions. The nature of the surface-ligand interaction in inorganic ligand capped NCs has
not been reported to date due to the lack of appropriate experimental technique.

Vibrational spectroscopies can be utilized to report on both organic and inorganic-capped
nanocrystals. FTIR and Raman spectroscopy have been utilized to gain insights into the
chemical environment of the ligand shell surrounding nanocrystals, including the identity of
the ligands and their binding nature.?? 3234 |n addition to the steady state experiments, time-
resolved vibrational spectroscopy can provide additional complementary information about
the NC-ligand surface. Recently transient IR spectroscopy was used to study oleic acid-
capped nanocystals.5-3

During my graduate research, | have used ultrafast two dimensional infrared (2D IR)
spectroscopy, a time-resolved spectroscopy technique, to obtain an in-depth understanding of
the ligand—NC surface interactions in inorganic ligand (thiocyanate) capped nanocrystals. 2D
IR is a widely used ultrafast technique to understand structural dynamics in complex
condense phase media, materials, and biology.3"-*° Thiocyanate plays a dual role, it acts a
surface ligand and a vibrational reporter. Thiocyanate is an often-used vibrational marker to
probe a variety of system involving electrolytes, green solvents, materials, and biology.4%43
Combining steady state vibrational spectroscopy, time-resolved vibrational spectroscopies,
and quantum chemical calculations can reveal the molecular level picture of surface-ligand
interactions in thiocyanate-capped nanocrystals.

Above, | have introduced the importance of nanocrystals and the surface-ligand interactions
in NCs. Additionally, I have mentioned that replacing the bulky organic ligands by short
inorganic ligands improves the charge carried mobility in NCs. Next, | will provide a general,
and a more elaborate introduction of the fundamentals of NCs, their synthesis, the surface

chemistry of NCs, and ultrafast vibrational spectroscopy.
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1.1 Basic of nanocystals

The energy gap is the spacing between the fully occupied valence band and the unoccupied
conduction band, which is one of the defining features of semiconductor nanocrystals. During
light absorption, electrons (phonon) from the valence band can jump into the conduction band
due to a small band gap separation. This phenomenon creates an empty space in the valence
band, referred to as a hole. (Figure 1.1) Excited electron and hole form an electron-hole pair,
called exciton, which stays together due to Coulombic attraction, and the distance between

electron and hole is known as ‘exciton Bohr radius.’

@ Exciton
/CS\ = (electron-hole pair)

( e (b) Band gap

(b) Zero point vibrational
} = (c) energy of the excited
electron

000 @ Zero point vibrational

energy of the hole

Figure 1.1: Schematic representation of excited state electron and hole.

For bulk semiconductors, the band gap is fixed and determined by the structure and
composition of the respective materials because, in bulk semiconductors, there are infinite
semiconducting crystals having a periodic arrangement of atoms. If this large number of
atoms comes together to form a bulk like crystal, then their atomic orbitals can overlap with
each other to make a band-like electronic structure. However, in the case of small
semiconductor nanocrystals, the number of atoms per nanocrystal is limited, so it can’t form a
continuous band like structure, but rather discrete energy levels. (Figure 1.2) In nanoscale
semiconductor crystals (typically less than 10-20 nm in size), the band gap, which is the

energy difference between the valence and conduction bands, is influenced by the dimensions
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of the crystal due to the tight spatial confinement of electron and hole wave functions. The
size range in which this effect plays an important role is known as the region of quantum
confinement. The semiconductor nanoparticles that fall within this size window are known as

quantum dots or nanocrystals. In other words, when the size of a semiconducting

Bulk Quantum Dot

@ oo

IBand Gap I

Figure 1.2: Schematic representation of band structure from bulk material to quantum dots

and change in band gap.

particle is smaller than the exciton Bohr radius, excitons are physically confined to this size,
and the band gap increases with the decrease in size of the semiconductor along with the
quantized energy levels of the conduction and valence bands. This effect is called the
qguantum confinement effect. The semiconductor nanoscale particle that exhibits the quantum

confinement effect is known as the quantum dot.

Fundamentally, nanocrystals rely on the concept of quantum confinement, in which electrons
and holes are confined within nanoscale structures, resulting in distinct quantum properties.**
The simplest and easiest example for understanding the quantum confinement effect is a

particle in a 1D box. In microelectronics, there are small semiconductor nanocrystals that

6
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having electron hole pairs. This is a real world "particle in box" system where indeed the
electrons stay always inside the in a box. Inside the box, particles can only move to and fro
due to the unpassable barrier at both ends. The potential energy at the wall of the box is
infinity (V=0 for x<0 or x>L) and inside the box is zero (V=0 for 0<x<L). This implies that
the particle has zero probability of being located at the edge of the wall or outside the box.
Within the confines of the box, the particle experiences no external forces and is able to move

freely.

The wavefunction provides the fundamental description of a particle's behaviour. The
Schrodinger equation is solved to obtain the wavefunction. The measurable properties, like its
energy, position, and momentum, can be obtained from the wavefunction. The wavefunction
of a free particle exhibits a travelling wave behaviour (equation 1.1) and the energy of this
particle is a continuous quantity (equation 1.2).

Pk () = A (1.1)

Here vy is the wavefunction, x is the position of the particle, K is the wave vector, i is the

imaginary part, and A is the amplitude of the wavefunction.*®

_ ﬁ"/!kz _ p'/!
T 2my 2m, (1 2)

Here, E is the energy of the particle, k is the wavenumber, and ? is the reduced Planck’s
constant. Momentum p = mv putting this value we get equation 1.2. If free particle inside the
1D box has an infinite potential window, then the wavefunction of that particle changes from

the travelling wavefunction to the standing wavefunction equation 1.3

nmnx

2 .
Y. (x) = ﬁsmT
The energy associated with the particle undergoes a transition from a continuous energy level

to discrete energy level.*® (equation 1.4)

_ (hnm)?

ML (1.4)
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L is the length of 1D box, and n is a positive integer (1,2,3.....) Interestingly, the energy gap
(AE) between two discrete levels decreases with an increase in the length of the box. The

spherical box equations were derived by Louis Brus.

Semiconducting nanocrystals are a highly growing research field in academia and industry
due to their unique properties arising from the confinement effect and high surface-to-volume
ratio. Their size and shape-tunable optical, magnetic, and electronic properties have made
them widely utilised in the fields of photovoltaics, light emitting diodes, photodetectors, and

active materials in electronics, magnetics, catalysis, and biomedicine.

1.2 Synthesis of nanocrystals

The interest in the science of low-dimensional systems called nanoscience is a recognition of
the famous statement made by Feynman that "There's Plenty of Room at the Bottom." When
the dimensions of bulk materials are reduced to the nanoscale, dramatic changes in properties
are observed. Nanoscale materials have been differentiated based on the nanoscale reduction
of nanostructure dimensions to merely one, two, or three dimensions. Quantum well
structures are nanostructures that have only one of their three dimensions reduced. If there are
two dimensions at the nanoscale, then it is called a quantum wire, and if all dimensions are
converted to the nanoscale, the structure is referred to as a quantum dot or nanocrystal. These
three categories of nanostructures have the common word "quantum® because changes in
their properties result from the physics of quantum mechanics. The synthesis of nanocrystals
plays an important role in nanoscience. When nanocrystal materials are available with the
desired size, shape, morphology, crystal structure, and chemical composition, new chemical
and physical properties and usages of nanocrystals for a wide range of applications are
possible. Two approaches, top-down and bottom-up, have been used to synthesise quantum
dots (QDs) or nanocrystals (NCs). (Figure 1.3) In the top-down approach for nanocrystal
synthesis, larger bulk materials are broken down into smaller nanoscale particles. This
method involves the physical or chemical manipulation of a bulk material to create nanoscale
particles with specific properties. The top-down method is simple for producing the desired
structure with appropriate properties. However, the biggest problem with this method is the
imperfection of the surface structure. This surface imperfection has a significant impact on

the physical and chemical properties of the nanostructure. The bottom-up approach has the
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ability to create less waste; as a result, this method is more economical compared to the top-
down method. In the bottom-up method, the build-up of nanostructure is done from the
bottom, like atom by atom, molecule by molecule, or cluster by cluster. Among these two
methods, the bottom-up method is widely used in the synthesis of nanostructures due to many

merits like homogeneous chemical composition, less waste, and better ordering.

The synthesis of colloidal NCs requires precursors, organic surfactants (long-chain acids),
and high-boiling solvents. At high temperatures, the precursor materials break down into
monomers, leading to a state of supersaturation. After that, nucleation starts to give NC
growth. Reaction temperature, growth time, and concentration affect the growth of NCs. Let
us first consider the temperature effect: at too high temperatures, secondary nucleation is

initiated, which creates a broad

— Bulk

Top-down
‘_

e e —— FrAgments

g

v
O] [I] []-—> Nanostructures
A

0%.0 ©
“ @ @ > Clusters
oY o

Bottom-up

e 5, 2o e ‘:...:_’ Atoms
% %o .o:'.°.0

Figure 1.3: Schematic representation of Top-down and Bottom up approach for synthesis of

nanocrystals.
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size distribution of NCs; however, at too low temperatures, NC growth is not efficient and
might produce poor crystallinity and quality NCs. Secondly The growth time of nanocrystals,
which refers to the duration during which nanocrystals are allowed to form, can have
significant effects on their properties. A longer growth time leads to larger NCs, while shorter
growth times yield smaller nanocrystals. Short growth times prepare more uniform and
monodisperse nanocrystals with a narrower size distribution. On the other hand, longer
growth times can lead to more variability in size and shape, which creates a polydisperse and
broader size distribution. Lastly, high monomer concentrations create small critical sizes and
monodisperse colloidal NCs. On the other hand, at low monomer concentrations, synthesis
has a large critical size and Oswald ripening, which leads to polydisperse size distribution. As
the size and shape of NCs play a pivotal role, numerous reports are available to control size
and shape by adjusting the reaction temperature the growth time, concentration, and surface
ligands. In this thesis, all the NCs were synthesised by the hot injection method, which is a

bottom-up approach.

1.3 Surface chemistry of nanocrystals

The characteristics and applications of nanoscale materials are heavily influenced by their
surface chemistry, which plays a critical role in determining their properties. For bulk
materials, only a small concentration of atoms is present at the surface; thus, the contribution
of externally broken chemical bonds to material characteristics is negligible. For any
material, the surface-to-volume ratio varies inversely with the linear dimension. With
decreasing material size, the role of surface increases and, in the end, becomes dominant.
Surfaces can substantially change some characteristics and produce entirely new effects at the
nanoscale.*’*® Traditional surface research has demonstrated that surface reconstruction
moves surface atoms away from lattice locations to reduce the energy of massive crystal
surfaces.*® Surfaces with dangling bonds can create new electronic states and external
molecules also affect the reactivity and energy of crystal surfaces.®®>! All these surface
effects of large crystals apply to NCs even though they have small facet sizes and multiple
edge and corner sites.

The optoelectronics and solar photochemistry research communities have shown a great
interest in colloidal QDs or nanocrystals due to their size-tunable electrical characteristics and
high surface area-to-volume ratios.®>>* As the ratio of surface to core atoms increases in

colloidal nanocrystals, the properties of the surface atoms start to dominate the overall
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particle properties. Surface atoms differ chemically from core atoms due to the termination of
the semiconductor lattice at the NCs surface. Colloidal nanocrystals undergo photochemical
or photocatalytic transformations at their surfaces, where the ligand-nanocrystal boundaries
play a crucial role in mediating the primary energy and charge transfer processes.>*®’ The
structure and surface chemistry of ligand-nanocrystal boundaries critically influence the
energetic height and width of barriers governing energy and charge transfer processes in
colloidal nanocrystals. Surface ligand dynamics and their electronic communication with the
NC surface also have a significant impact on the photochemical transformation.®®%° The
electronic states of NCs can be significantly influenced by the surface chemistry and
electronic interactions of ligands attached to nanocrystal surfaces.®®%? Ligands play a
significant role in the catalytic activity of nanocrystals, particularly in the solution phase.
NCs-ligand shells can either inhibit or facilitate the adsorption of catalytic substrates and
electron transfer, depending on the specific case. The surface chemistry of organic or
inorganic ligand-capped NCs has a great impact on their catalytic reactivity. For the photo-
reduction of nitrobenzene to aniline, capping ligands play multiple roles.®® The efficiency of
multi-phonon emission in NCs is attributed to size-dependent vibronic coupling factors to
phonon modes, which rely on the size of NCs. The magnitude of this vibronic coupling factor
depends upon the surface chemistry of the particles.®

Surface ligands tune the physical and chemical properties of NCs, resulting in maximum
efficiency in device-based applications. Bulky capping surface ligands are routinely replaced
by short inorganic ligands. Despite the important role of the surface chemistry of NCs, it has
not been fully explored yet due to the limitations of conventional spectroscopy and chemical
analysis to understand the surface chemistry of NCs. A bunch of spectroscopic techniques
have been used to understand the heterogeneous NC surface chemistry. Vibrational
spectroscopy, FTIR, and Raman are simple methods for getting surface ligand information.?*
333 'NMR spectroscopy (*H, *C, 3P) is also routinely engaged in NC surface analysis.®
6Small-angle X-ray scattering (SAXS) and dynamic light scattering (DLS) have been used to
determine the effective thickness of NC's ligand capping layer.® % Understanding the
structure and properties of NC's surface requires an intricate mix of concepts and modern
methodological tools. Attempts to understand the surface chemistry of bulky organic ligand
passivated NCs have been made®® however, a detailed understanding of small inorganic

ligand-capped NCs is still not explored.
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1.4 Ultrafast spectroscopy

Spectroscopy is commonly used to study the interaction between light and matter. It reveals
the quantized energy levels associated with electronic, vibrational, and rotational motions in
all substances. Traditional spectroscopy allows us to investigate energy levels and chemical
reactions within human-controlled time scales, provides information that is statistical in
nature. However, for rapid processes like transition states, molecular motions, charge
separation, and exciton transfer, high-resolution (in time) techniques are necessary. Dynamic
information about the system under study can be measured by using pulsed light sources.

The investigation of processes in science is ultimately connected with the development of
new tools that overcome the limitations of our natural sense to know natural processes. The
processes that take place for longer than 50 milliseconds can be resolved visually. To
understand the real time dynamical processes, one needs to use a very short time interval in
which the motion of an object is frozen, allowing for a snapshot of the different evolutions of
the system. The journey to time-resolved measurement started with the high speed
photography experiment performed by Eadweard Muybridge in 1878. He used multiple
cameras, along with fast shutter speeds, to capture millisecond movements. Muybridge
captured different phases of motion for a running horse, and after connecting the camera
snapshots, he created a movie in which we can see the motions of the horse's legs. This was
the first step in a revolution in the time resolution of high speed photography. Edgerton
invented stroboscopic photography in the mid-20th century with time resolution in the
microsecond range.®® Short light pulses can be used for monitoring and initiating dynamical
processes. In 1899 Abraham and Lemoine reported the pump-probe technique in which two
synchronised light pulses were used, pump pulse initiate the phenomenon of excitation and
probe pulse observe the time dependent changes of an optical property of sample under
study.”® Norrish and Porter’* another technique called as flash photolysis which consist two
consist two electronically delayed light flashes having milli to micro second time resolution.
They received the Nobel Prize in chemistry for their work in 1967. To know the time
resolution necessary for molecular processes in real time, one can borrow the argument used

in 1999 Nobel Prize lecture on the development of femtochemistry by Ahmed Zewail.”

Ultrafast spectroscopy is an experimental technique that uses ultrashort light pulses to

investigate the dynamical processes in atoms, molecules, nanostructures and solids. This
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research field has gained rapid growth in the last decade due to two main reasons: first one is
the technological development of ultrashort light pulses technologically, including their
length, frequency tunability and stability. The second reason is that the creation of complex
spectroscopic methods that go beyond the traditional pump-probe setup has allowed for an
increase in the amount of data available on the processes being studied. Ultrafast
spectroscopy was revolutionised by the production of tunable, stable ultrafast pulses with
widths of a few femtoseconds using solid state titanium sapphire lasers, chirped pulse
amplification, and the pumping of optical parametric amplifiers. These advancements made it
possible to apply the methodology to a considerably wider range of physical chemistry issues

as well as to create new, more sophisticated experiments.

An abundance of structural, energetic, and dynamical knowledge about molecular,
biological, and nanomaterial systems has been revealed through multidimensional optical
spectroscopies. The phenomena covered by these investigations include bound exciton pair
correlations in quantum wells,”*"" exciton dissociation in photovoltaic thin films,’8-%
vibrational dynamics in solid-state materials, and quantum coherence in natural light
harvesting. They have been useful in pinpointing the precise molecular movements involved
in protein folding®®® and structural dynamics,** 8% as well as providing mechanistic
insights into complex non-radiative relaxation®®®” and chemical reaction or solvation
dynamics.8°° The correlation between broadband excitation and emission frequencies as a
function of system evolution is the primary benefit that two-dimensional (2D) ultrafast
spectroscopies offer over one-dimensional counterparts, such as transient absorption or
transient grating, and it makes it possible to resolve both homogeneous (anti-diagonal) and
inhomogeneous (diagonal) line shape components. A 2D line's changing shape provides
information about the frequency-frequency correlation function (FFCF). The dynamics of the
FFCF provide details on the amplitudes and timeframes connected to changes in the optical
frequencies under investigation, brought on by modifications to the molecular structure or the
evolution of the solvent or protein environment.®* These multidimensional experiments'
increased information richness typically enables the simultaneous identification and
resolution of overlapping ground state bleach/stimulated emission and excited state
absorption features.

The quickest motions in the liquid state can be resolved by pulses of a few femtoseconds,
which have also shown how these motions are connected to intermolecular interactions. The

degree of pair correlation in polar molecular liquids and the type of contacts in ionic liquids,
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as well as their relationship to macroscopic features was disclosed by ultrafast IR and Raman
investigations.®*% Studies of the dynamics of straightforward probe molecules or ions in the
liquid phase have been carried out using polarization-resolved IR pump-probe and two-
dimensional IR (2D IR) techniques.”® The 2D IR approach has been used to analyse
fibrinogen to fibrin formation®” as well as to investigate the architectures of amyloid fibrils,
by using a site-specific aspartate residue as an IR probe.%. In this thesis, 2D IR and pump-
probe spectroscopic methods used for investigation of thiocyanate capped nanocrystals

surface-ligand interaction.

1.5 Outline of the thesis

The outline of thesis is as follows:

In this thesis we used ultrafast spectroscopic techniques to reveal the molecular level picture
of inorganic ligand capped nanocrystals. This thesis work will help to optimize, maximize the
efficiency of nanocrystal based devices.

Chapter 2 includes thorough details regarding the experimental and computational
techniques employed in this thesis.

Chapter 3 includes an understanding of the surface ligand interaction of short inorganic
ligand capped CdS nanocrystals. In this chapter, we used an experimental and theoretical
approach to explore the surface capping of CdS by thiocyanate ions. After replacing the
bulky ligands with short ligands of nanocrystals for better performance of devices, these short
ligands provide colloidal stabilization for nanocrystals in the polar solvent. Surface coverage
of bulky surface ligands has been revealed by NMR spectroscopy however, surface coverage
of short inorganic ligands has not been explored yet due to the limitations of conventional
spectroscopic methods. In this context, we performed 2D IR experiments on thiocyanate
capped CdS nanocrystals. Ligand dynamic time scale reveals that there are three
subpopulations of thiocyanate present in the colloidal stabilization of nanocrystals which are
strongly bound, weakly bound, and free. Thiocyanate ions can be bound through the S or N
ends to the surface of CdS, quantum chemical calculations are used to differentiate the
binding mode of SCN- ions. The combined experimental and theoretical investigation of

thiocyanate capped CdS gives a molecular level picture of ligand-surface interactions.

14



Chapter 1

Chapter 4 The electrostatic stabilisation of CdS and CdSe nanocrystals by thiocyanate ions
is covered in this chapter. Short ligands stabilise the nanocrystals electrostatically, while
lengthy, bulky surfactant ligands used during synthesis give colloidal stabilisation through
steric interactions. The DLVO theory is used to analyse electrostatic interaction in colloidal
suspension, zeta potential measurements, which take into account electrical double layers, are
used to report electrostatic stabilisation in nanocrystals. Here, we carried out independent
polarization-selective 2D IR investigations on CdS and CdSe with thiocyanate caps. It is
supported by polarisation selective frequency-frequency correlation decay that thiocyanate
ions interact electrostatically with the surface of naocrystals. Our findings give clear evidence
that short inorganic ligands interact electrostatically with the NCs surface.

Chapter 5 The effect of particle size on the orientational dynamics of weakly interacting
inorganic ligands is explored in this chapter. The orientation dynamics of bound organic and
inorganic ligands have been studied however, the orientation dynamics of weakly interacting
species in inorganic capped ligands have not been explored yet. We employed SCN-
passivated NCs of various particle sizes. The orientation dynamics of weakly interacting
ligands are calculated using polarisation selective pump-probe spectroscopy. With an
increase in NC size, reorientation dynamics (anisotropy decay) exhibit an increase in offset.
The slowdown of the orientational dynamics suggests that as the NC size increases, the
electric field in the layer farthest from the NC surface grows. When we take into account the
size-dependent charge density of the NCs, this seems contradictory. We have demonstrated in
this chapter that the considerable curvature of the bound thiocyanate layer prevents effective
shielding of larger NCs. This fundamental finding will help improve the stability and working
capacity of NCs for specific applications.

Chapter 6 discuss the future scope for all three working chapters (Chapter 3, Chapter 4 and
Chapter 5) and the summary of the thesis.
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2.1 UV-Visible Absorption Spectroscopy

Using a quartz cuvette with a 1 cm optical path length, the entire steady-state absorption
spectra were recorded on a Shimadzu UV 3600 Plus spectrophotometer. For visible light, a
tungsten lamp has been employed, and a deuterium lamp is used for the UV spectrum. Very
diluted solutions at their excitation wavelength are employed for the absorption
measurements in order to prevent the possibility of aggregation or re-absorption effects.
Figure 2.1 shows a schematic representation of the UV-vis spectrophotometer. The light from
the relevant sources is illuminated and split into its various wavelengths at the
monochromator. The beam splitter receives this dispersed light and divides it into two beams.
While the second beam is reflected by 90" and travels through the reference solution, the first
beam is undeflected and interacts with the sample solution. An absorption versus wavelength
plot illustrates the UV-vis signal caused by the differential absorption from the reference and

the sample solutions.
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Figure 2.1 Schematic diagram of UV-Visible absorption spectrophotometer.

2.2 X-ray diffraction spectroscopy
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X-Ray diffraction patterns were measured on Bruker D8 Advanced X-Ray Diffractometer
using Cu Ko (A = 1.54 A) rays. All nanocrystal samples for XRD analysis were prepared by
drop casting the as synthesized NCs on a clean glass substrate. A crystals atomic planes
cause an incident X-ray beam to interfere with itself as it leaves the crystal. The condition is
known as X-ray diffraction. It is a quick analytical method that can reveal the size of unit
cells and is mostly used to determine a crystalline materials phase. X-ray diffraction involves
the use of monochromatic X-rays generated by a cathode ray tube. These X-rays are filtered
and collimated to concentrate them on a crystalline sample. When the X-rays interact with the
sample, they produce diffracted rays through constructive interference, which satisfy Bragg's
Law. By scanning the sample through a range of angles, all possible diffraction directions of
the lattice can be attained.

2.3 Transmission Electron Microscopy

All the nanocrystals dispersed in hexane are diluted thousand times and drop-cast on the
carbon-coated copper grids. The solvent is allowed to evaporate naturally under ambient
conditions. TEM imaging is performed using HRTEM, JEOL JEM 2200FES. The
transmission electron microscope (TEM) is a complex instrument that consists of three main
systems, firstly an electron gun that generates the electron beam and a condenser system that
focuses the beam onto the sample. Secondly an image-forming system consisting of an
objective lens, a movable specimen stage, and intermediate and projector lenses that
concentrate the electrons passing through the specimen to create a highly magnified and true
image, and finally image-recording system, which typically includes a digital camera for
long-term records and a fluorescent screen for viewing and focusing the image. Additionally,
the TEM requires power supplies and a vacuum system comprising pumps, gauges, and

valves to operate properly.

2.4 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectrometer offers several advantages over the conventional dispersive infrared
spectrometer due to its inherent properties. In Figure 2.2, a schematic diagram of a Fourier

transform infrared spectrophotometer (FTIR) is shown. Instead of using a monochromator
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grating, the FTIR utilizes an interferometer to control the infrared light generated from a
source.

In the FTIR setup, the infrared beam is directed towards a beam splitter within the
interferometer. The beam splitter splits the incoming beam into two paths: one path remains
undeflected, while the other is reflected at a 90° angle. The reflected beam falls onto a fixed
mirror and is reflected back to the beam splitter. Simultaneously, the undeflected beam
travels to a moving mirror and returns to the beam splitter. By moving the position of the
moving mirror, the path length of the beam shined onto it can be altered. The reflected beams
from both mirrors meet and recombine at the beam splitter. However, due to the different
path lengths travelled by these beams, constructive and destructive interference phenomenon

ocCcurs.
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Figure 2.2 Schematic diagram of Fourier transform infrared (FTIR) spectrophotometer

This results in the formation of interference patterns within the combined beam, known as an
interferogram. The interferogram is then focused onto the sample. As the infrared radiation
passes through the sample, it absorbs specific wavelength based on the sample's
characteristics. The transmitted radiation, now containing the interferogram signal in the time
domain, continues its path and reaches the detector. The detector captures the interferogram
signal, which provides information about the amount of energy absorbed at every
wavelength. To convert the time-domain interferogram into a frequency-domain signal, the
Fourier transformation formalism is employed. The key advantage of FTIR over dispersive
IR spectroscopy is its faster data collection capability, along with other benefits such as
superior spectral quality, ease of use, low maintenance requirements, and reproducibility of
data. The IR absorption spectra shown in this thesis were acquired on a FTIR-Brucker Vertex
70 spectrometer at room temperature with 2 cm™ frequency resolution. For each sample, ~90
pL of the sample solution was loaded into a demountable cell consisting of two windows
(CaFz, 3 mm thickness, Shenzen Laser Co. Ltd.), separated by a mylar spacer of 100 pm

thickness.

2.5 Two-dimensional Infrared Spectroscopy (2D IR) spectroscopy

2D IR spectroscopy, developed two decades ago, is a powerful method for studying ultrafast
structural dynamics in chemical, biological, and material systems. By increasing the
dimensionality of the technique, similar to 2D NMR, it effectively untangles overlapping
features in spectra. Using a sequence of infrared laser pulses, 2D IR spreads spectral
information in two dimensions, allowing for the identification of interactions between
vibrational modes and measurement of their temporal evolution. Unlike 2D NMR, which is
limited to slower timescales range of ms to ps, 2D IR operates on a fast sub-picosecond
timescale, enabling the detection of rapidly interconverting states and direct measurement of
fast structural and environmental fluctuations. 2D IR spectroscopy is well suitable to study
condensed phase samples where conformational fluctuations occur on fast timescales. Based
on the vibrational frequencies that are highly sensitive to molecular environments, 2D IR
spectroscopy provides information about the local sites and their fluctuations within complex

systems. 2D IR spectroscopy conveys rich information on molecular systems such as

26



Chapter 2

homogeneous and inhomogeneous spectral broadening effects, vibrational anharmonicity,
spectral diffusion, intermode coupling strength and its temporal variation, energy relaxation,
chemical exchange and conformational interconversions. Over the past two decades, 2D IR
spectroscopy has been extensively used to study the structure and dynamics of small peptides,
proteins, DNA, and lipid bilayers. Moreover, 2D IR has been utilized to interrogate ultrafast
energy transfer in materials and biology, hydrogen-bond (H-bond) making and breaking in
liquid water and in biomolecules, solvation dynamics arising from solute-solvent interactions

and structural dynamics of inorganic ligand capped nanocrystals.

2.5.1 2D IR Experimental setup, pulse sequence

2D IR spectroscopy is a third-order non-linear spectroscopy technique, here sample is
exposed to three consecutive femtosecond IR pulses, resulting in the generation of a
vibrational echo pulse. 2D IR experiments performed in this dissertation by using the pulse
shaper based spectrometer developed by Zanni and co-workers (Phasetech). The schematic
representation of the 2D IR experimental setup is shown in Figure 2.3.

Ti:Sapphire regenerative amplifier (Libra, Coherent) generates ultrashort pulses of 50
femtosecond pulses outputs 800 nm light with a repetition rate of 1 KHz. This 800 nm output
used as input for pumping the optical parametric amplifier (OPA). The signal and idler beams
generated using 800 nm light source in the OPA, focused and combined at difference
frequency generation (DFG) in a AgGaS: crystal, which produces IR pulses of ~ 50 fs
duration. These IR pulses are further directed to the spectrometer, where it is split into a
strong pump pulse (80%) and a weak probe pulse (20%). These two IR pulses used for both
pump-probe and 2D IR experiments. The pump pulse is then passed through the acousto-
optics modulator (AOM) based pulse shaper. Pulse shaper generates two temporally
separated pump pulses from single pump pulse using the pulse shaping method which
modulates the phase and amplitude of the pulses. The pump pulse further passes through a
half waveplate and a polariser which allows us to perform a polarisation selective pump-
probe and 2D IR experiments.

After pulse shaper, the pump pulses enter into a motorised delay stage that generates the time
delays between the pump and probe pulses used to acquire the 2D IR and pump-probe
spectrum. The pump and probe pulses focused at the sample using parabolic mirrors were

spatially and temporarily overlapped inside the sample. The bandwidth of the pulses is wide
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enough to stimulate both the v =0 - 1 and v = 1 - 2 transitions at the same time. The
interaction of both pump and probe pulses with the sample generates the vibrational echo
signal in phase to the probe pulse. Furthermore, the signal dispersed on a monochromator
(Princeton instruments) and finally detected by a liquid nitrogen cooled MCT IR 64 array
detector (Infrared Associates).

Polarisation selective pump-probe experiment (PSPP) and 2D IR experiments were
performed in the parallel (XXXX) and perpendicular (XXYY) polarization conditions, where
the polarization of the pump beam was either parallel or perpendicular with respect to that of
the probe beam. Pump polarization before the sample was controlled using the combination
of a half-wave plate and a polarizer, as mentioned above. The polarization dependent 2D IR
data were to check reorientation induced spectral diffusion (RISD), however polarization
dependent pump-probe data were analysed to obtain the isotropic population decay and

orientation dynamics of vibrational probe in system under investigation.

IR Generation OPA/DFG |<—— | TiSapphire Regenerative |, | 1, ¢, 0o Oscillator
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@,

MCT
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Figure 2.3 Experimental setup for the pulse shaper based 2D IR spectrometer.

In 2D IR experiments three successive femtosecond mid IR pulses interacts with sample
shown in Figure 2.4. The first pulse interacts with the sample and creates coherence state
between vibrational ground (v = 0) and excited (v = 1) states. The second pulse in the

sequence restricts this coherence to a single vibrational state, limiting its influence to only
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one of the two vibrational states. The time interval between pulse 1 and 2 is called a
coherence time (7). After second pulse there is time gap for structural changes happening in
the samples called as waiting time (Tw). After waiting time (Tw), the third pulse create another
coherence between v =0tov=1and v =1to v = 2 vibrational states at which all molecules
are oscillating in phase. The controlled modulation of the time intervals between pulse 1 - 2
(t) and pulse 2 - 3 (Tw) and the emitted vibrational echo frequency (w:) provides the
experimental data for 2D IR spectroscopy. 2D IR data represented as a two-dimensional
correlation map of the excitation (pump)  frequency (w-) versus detection (probe) frequency
(w1), which describes the vibrational transitions that occur during the coherence and detection
period. After waiting time (Tw), the third pulse create another coherence betweenv =0to v =
1l and v =1 to v = 2 vibrational states at which all molecules are oscillating in phase. The
controlled modulation of the time intervals between pulse 1 - 2 (1) and pulse 2 - 3 (Tw) and
the emitted vibrational echo frequency (w:) provides the experimental data for 2D IR
spectroscopy. The vibrational transitions that take place throughout the coherence and
detection period are described by a two-dimensional correlation map of the excitation (pump)

frequency versus detection (probe) frequency in 2D IR data.

kl kl k:}
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| «—————— | = — - | - -
Coherence Waiting time (7,) Detection
period (7) period (1)

Figure 2.4 Pulse sequence used in the 2D IR experiment.

2.5.2 Spectral signature 2D IR spectrum

A single vibrational mode of vibrational probe is indicate as a peak pair in the 2D IR
spectrum shown in in Figure 2.5 (b). Blue peak represent V=0-1 transition and red peak
represent VV=1-2 transition (figure 2.5 (a and b)), shift of red peak to lower frequency due
vibrational anharmonicity of probe (figure 2.5 (b)). For a particular molecule in the ensemble,
when the waiting time (Tw) is zero, the frequencies associated with the initial coherence (w-)

and the final coherence (wt) are identical, regardless of whether it pertains to the ground state
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bleach (blue contour in Fig. 2.5 (b)) or the excited state emission (red contour in Fig. 2.5 (b))
signal of the molecule's vibrational mode. At zero waiting time excitation and detection
pulses hits the sample at same time so that there is no time for structural reorganisation of
system which leads to a single point along the diagonal on the 2D IR spectrum. 2D IR
spectroscopy provides the all ensemble measurement of sample under study and the
molecules within the ensemble exist in slightly different local microenvironment, the
vibrational mode of interest produces a diagonally elongated frequency distribution covering
such microenvironments. This diagonal elongation width of a 2D IR peak provides the
heterogeneity in the microenvironment and thus provides the inhomogeneous broadening
(figure 2.5 (c) black arrow). Homogeneous line broadening mechanisms, namely lifetime and
dephasing, causes a small broadening in the peaks perpendicular to the diagonal (figure 2.5

(c) red arrow).
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Figure 2.5 (a) Vibrational energy level and involved transitions in the 2D IR spectra. (b) A
typical 2D IR spectrum peak pair separated by vibrational anharmonicity. (c) 2D IR spectrum

inhomogeneous (black arrow) and homogeneous (red arrow) broadening at Tw=0.
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2.5.3 Spectral diffusion of 2D IR peak

In Kubo lineshape theory, the homogeneous linewidth has an infinitely short timescale as
transitions fluctuate instantaneously over a frequency bandwidth. The inhomogeneous
linewidth, originating from static inhomogeneity, has an infinitely long timescale. This
creates an intermediate regime known as spectral diffusion, which involves fluctuations on
the measurement timescale.

The change in surroundings local environment of the probe molecules can change the shape
of the 2D-IR spectra. When the local environment around the vibrational probe molecules
changes, the frequency of the vibrational mode changes, which causes the loss of frequency
correlation and the change in shape of the spectra happens. For early waiting times, the
surrounding environment has very little time to evolve, and the correlation between the initial
and final frequencies is high. As a result, the spectra are elongated along the diagonal
direction. (Figure 2.6 (a)) At long waiting time, the local environment gradually evolves and
loses the memory of its original configuration, which causes the spectra to have a rounder
shape. Given sufficiently long time, all possible structural dynamics happens ultimately the
correlation between initial and final frequency completely vanishes, and the spectra become
round and no longer elongate along the diagonal axis. (Figure 2.6 (a)) This process is called
as ‘spectral diffusion’. (Figure 2.6) Spectral diffusion provides insights into the timeframe
within which the probe molecules fully explore the frequencies encompassed by the
inhomogeneously broadened absorption line. It reveals the duration necessary for the systems
structures to undergo changes that allow the probe to encounter all the configurations

responsible for the inhomogeneous broadening.
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Figure 2.6 (a) 2D IR spectrum at early waiting time (b) 2D IR spectrum at long waiting time.

Spectral diffusion happens as a function of waiting time Tw which results the changes in peak
shapes. 2D IR correlation spectrum shows peaks that represent the vibrational eigenstates and
their interactions with the surroundings, characterized by different positions, signs,
amplitudes, and line shapes. The line shapes observed in 2D IR experiments are highly
responsive to the rapid structural fluctuations of molecules, peptides, proteins and materials
in solution. The frequency-frequency correlation function (FFCF), also referred to as the
vibrational solvation correlation function, serves as a crucial connection between
experimental observations and the underlying structural fluctuations of molecules and
intermolecular interactions. The amplitude and frequency fluctuation time scales of system
under supervision as function of waiting time (Tw) quantitatively obtained by using
frequency- frequency correlation function (FFCF). The FFCF represents the average
probability that a vibrational oscillator, starting with a specific frequency at t = 0, will retain
the same frequency at a later time t. It is calculated by considering all initial frequencies and
their respective probabilities. Several methods has been developed to extract FFCF from 2D

IR spectrum like nodal line, ellipticity etc.> The diagonal and off-diagonal peaks overlaps
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with each other when vibrational anharmonicity is smaller, in his case analysing the 2D IR
spectrum is more challenging task. To avoid this problem Michael Fayer (Stanford
University) reported the center line slope (CLS) method. Instead of quantify changes in peak,
new novel method has been developed Fayer and et al to simultaneously investigate spectral
diffusion and the frequency-frequency correlation function (FFCF). This approach involves
tracking variations in the frequency-dependent positions of peak maxima in slices obtained
from 2D-IR data. In the center line slope method, a line is constructed by connecting the
highest intensity point obtained from plotting lines along the wt axis parallel to the ot axis.
Insensitivity to pulse duration, sloping absorptive background, and overlap between diagonal
and off-diagonal peaks are the key advantages of the CLS approach over other methods.
FFCF of Tw-dependent evolution of the 2D IR spectral line shape was calculated with center
line slope (CLS) method.® The CLS decay curves were fitted with bi-exponential functions

mentioned below to extract the time constants.

i
i=1

C(t)= Za—e !

The CLS varies from 1 to 0 with spectral diffusion of time dependent 2D IR spectrum. Initial
value of CLS determines the heterogeneity of the system around the solute under

investigation. Larger the drop from unity lesser is the heterogeneity.
2.6 Quantum Espresso Calculations

Quantum Espresso is an integrated suite of open-source computer codes for electronic-
structure calculations and material modeling at the nanoscale. It is based on the density-
functional theory (DFT), plane waves, and pseudopotentials. Quantum Espresso has a wide
range of practical uses. Its applications span from calculating ground-state energy and
optimizing structures to simulating molecular dynamics and modeling properties related to
response and spectroscopy. Quantum Espresso enables DFT simulations on crystal structures
or supercells that exhibit periodicity. Its versatility extends to a wide range of materials,
including insulators, semiconductors, and metals. The software provides flexible options for
k-point sampling and energy state smearing. Additionally, Quantum Espresso incorporates
different pseudopotentials and approximations for exchange-correlation functions to enhance
computational efficiency. For thiocyanate capped CdS nanocrystals, understanding the

binding mode of thiocyanate either by N end or S end. DFT calculations have been performed
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using Quantum-Expresso on the (111) facet (cationic site) of zinc-blended shaped CdS
nanocrystals. For simplification, a slab model has been used to optimize the NC
structure.* PBE°was used as the exchange-correlation functional, and ultrasoft

pseudopotentials described the electron—ion interaction.®

2.7 Zeta potential

There are six essential parts to a zeta potential measurement system. To begin, a laser is
employed as a light source to illuminate the samples particles. The light source for zeta
potential measurements is divided into an incident beam and a reference beam. The laser
beam that was incident is transmitted the sample cells centre and the light that has been
scattered at an angle of around 13° is detected Any particles travelling through the
measurement volume will cause the intensity of light detected to fluctuate with a frequency
corresponding to the particle speed when an electric field is applied to the cell. This
information is transmitted to a digital signal processor, which is then sent to a computer. The
electrophoretic mobility and subsequently the zeta potential are estimated from the frequency
spectrum generated by the Zetasizer Nano programme. The detector can only accurately
measure dispersed light whose intensity falls within a certain range. An attenuator, which
modifies the intensity of the light that reaches the sample and, as a result, the intensity of the
scattering, is used to do this. The installation of compensation optics ensures that the
alignment is kept at its best by compensating for variations in the cell wall thickness and
dispersant refraction.

Here in this thesis Zeta potential measurements were performed on Anton Paar Litesizer 500,
Anton Paar, and GmbH, using an Omega cuvette. The sample was measured for 1 min and
auto fitting of the correlation function was performed using the Anton Paar DLS software,

Kalliope.
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3.1 Introduction

Semiconductor nanocrystals (NCs) are composed of a semiconductor lattice whose surface is
passivated with molecular capping ligands. Selection of the capping ligands, semiconductor
material, size, and dimension provides highly tunable optical and electronic properties of the
NCs. These characteristics make the NCs an emerging class of building blocks in various
optoelectronic, photovoltaic, photocatalytic, and biodiagnostic applications.!” The last few
decades have witnessed advances in controlling the reproducibility of size and shape
dispersity in NC synthesis.® However, one of the most defining features of the properties and
reactivity of the NCs is the surface, which acts as an interface between the semiconductor
lattice and the capping ligands.® Unlike conventional molecules, heterogeneity exists across
the surface of an individual NC. In addition, a dynamic equilibrium exists between the
ligands bound to the NC surface and the free ligands in the surrounding media.® *° Detailed
insight into the heterogeneity in ligand—NC interactions is essential to improve the current
NC-based technologies. Long-chain organic ligands are usually used for stabilizing NCs
during their preparation. However, replacing the long chain ligands with shorter variants
improves the conductivity and carrier mobility, thereby increasing NC-based device
performance.t*!* In the past decade, solution-based ligand exchange has routinely been used
to replace the long-chain organic ligands with the shorter inorganic variants (e.g., halides,
pseudohalides, azides, halometalates).'>*” Thiocyanate (SCN") ligand has been recently
utilized to prepare colloidal quantum ink, which showed superior carrier mobility.*® Despite
the importance of the NC surface, the heterogeneous ligand—NC interactions are poorly
understood due to a lack of molecular-level information.® *H NMR has recently been utilized
for long-chain organic ligands (acids and thiolates) to distinguish between surface-bound and
freely diffusing ligands.®® 82 However, 'H NMR cannot be applied to short inorganic
pseudohalide ligands like thiocyanates which are devoid of hydrogen atoms. The interactions
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of these short ligands at the NC surfaces have been qualitatively explained based on the hard
and soft acids and bases (HSAB) principle.® ® However, a recent quantum chemical study
has reported that the coordination of the SCN™ ligand only partly follows the HSAB
principle, which cannot be generalized to inorganic solid materials.?* Quantitative
information on the binding modes and the coordination number of inorganic ligands is
required to understand their influence on the NC properties.

The use of Fourier transform infrared (FTIR) and Raman spectroscopies has been reported to
access purity, ligand identity, and static coordination environments at the NC surface. > 2% 2
Although most of the ligands (both long chain acids and short pseudohalides) have distinct
vibrational signatures, these steady-state vibrational techniques are most helpful in
understanding ligand—NC interactions when used in complement with other experiments and
quantum calculations. Beyond probing the static coordination environments, transient IR
(TRIR) spectroscopy has been successfully used for the long-chain oleic acid ligands.?6-%’
However, no timeresolved IR studies have been reported on the short inorganic variants.
Among the available time-resolved IR methodologies, two-dimensional infrared (2D IR)
spectroscopy provides a unique route to obtain an in-depth understanding of the inorganic
ligand—NC interactions. We choose the short SCN™ ligand because of its ability to form
stable solution-phase NCs and its impressive electron mobility, which is required for
optoelectronic applications.'® 2 Moreover, SCN™ is a highly sensitive local vibrational probe
of the surface heterogeneity.?®3° Herein, we successfully demonstrate that the ligand
dynamics time scales obtained from 2D IR spectroscopy in SCN™ capped CdS NCs
quantitatively distinguish three distinct inorganic ligand—NC interactions within the

heterogeneous ensemble.

3.2 Materials and Method

3.2.1 Chemicals
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Cadmium oxide (CdO, 99.8%), oleic acid (OA, >98.9%), octadecene (ODE), sulphur powder
(S, 99%) ammonium thiocyanate (NH4SCN, 99.9%), isopropyl alcohol (IPA),
dimethylformamide (DMF) Hexane and chloropropanethiol (CPT) were purchased from

Sigma-Aldrich and used without further purification.

3.2.2 Synthesis of CdS nanocrystals (NCs)

CdS NCs has been synthesized by following previously reported method.® In a typical
synthesis process CdO (0.16 g, 1.25 mmol), ODE (78.12 mmol) and OA (12.67 mmol) were
taken in a three-neck flask. The mixture was heated at 280 °C under an inert (argon)
atmosphere for 30 minutes. In a separate three-neck flask, 0.04 g of S powder was dissolved
in 5ml ODE and the resulting solution (S-ODE) was heated under an inert atmosphere at 100
°C for 10 minutes. The S precursor solution was allowed to cool at room temperature. The
cadmium precursor solution temperature was reduced to 250 °C and 5 ml of S-ODE was
rapidly injected into the three-neck flask. The yellow coloration of the solution indicated the
formation of CdS NCs. Five minutes later, the heating was switched off and the reaction
mixture was allowed to cool to room temperature under an inert atmosphere. Then CdS NCs
was precipitated and washed by using excess isopropyl alcohol. After washing precipitate

was redispersed in hexane and stored in glove box for further use.

3.2.3 Ligand Exchange

NHsSCN (7.6 mg, 0.1 mmol) was added to 1 ml DMF to make a 100 mM ammonium
thiocyanate (NH4SCN) stock solution. In a typical ligand exchange process, 0.5 ml of OA
capped CdS NC (15-20 mg/ml) in hexane was added to 0.5 ml SCN stock solution with 0.5 pl

CPT.3132 The above mixture was vortexed vigorously and the clear, colourless hexane phase
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was discarded. The resulting thiocyanate passivated NCs solution was vortexed thrice with

hexane. The final SCN capped CdS NCs solution was used for spectroscopic studies.

3.2.4 IR spectroscopy

IR absorption spectra was measured at room temperature on a Bruker Vertex 70 FTIR
spectrometer. For each sample, ~90 uL of the sample solution was loaded into a demountable
cell consisting of two windows (CaF., 3 mm thickness) separated by a mylar spacer of 100
um thickness. The reported peak frequencies were obtained by fitting the IR spectrum with
Voigt line shape function. The 2D IR experiments were performed with the same solutions in

the same sample cell.

3.2.5 2D IR spectroscopy

The 2D IR spectra were acquired by using a pulse shaper-based 2D IR spectrometer
developed by PhaseTech Spectroscopy, Inc., USA. A detailed description of the setup used
for this work has been described elsewhere.4 In brief, mid IR pulses, centred at ~2070 cm™ ,
were generated with approximately ~60 fs pulse width. At beam splitter splits the mid IR
pulse into a strong pump (80%) beam and a weak probe (20%) beam. A germanium
acousticoptic modulator (AOM) based pulse shaper was used to generate two pump pulses
with a delay interval of (7) from single strong pump pulse. The spatially and temporarily t
overlapped pump and probe pulses were directed towards sample using parabolic mirrors. A
motorised delay stage used for set the pump and probe delay (Tw). Each 2D IR spectra were
acquired by scanning (t) at fixed Tw. After the sample position, signal was collected using a
monochromator (Princeton Instruments) and detected on a nitrogen-cooled 64-pixel HgCdTe

(MCT) IR array (InfraRed Associates) detector. Final 2D IR spectra were constructed by
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Fourier transforming the experimental data along the axis. Generally, 2D IR spectra is a plot
of the initial frequencies versus the final frequencies. The 2D IR experiments were performed
with the same solutions used for the IR absorption spectra, in the same sample cell. Waiting
time dependent evolution of 2D IR line shape was analysed with the central line slope (CLS)

method.®® Multi exponential decay function was used to model the CLS decay.

t
C(t) = Zaie(ri)

i
CLS decay provides solvation dynamics time scale and also the heterogeneity associated with

different ligand sub-ensemble.

3.2.6 Material Characterisation

Optical absorption measurements were done by using Shimadzu UV-vis-IR (UV-3600 Plus)
spectrophotometer. High-resolution images of NCs were captured by high resolution
transmitted electron microscope (HRTEM, JEOL JEM 2200FES). Powder X-ray diffraction
(PXRD) patterns are collected by using a Bruker D8 Advance diffractometer in Bragg—
Brentano geometry and operating with Cu Ka radiation. Zeta potential measurements were
performed on Anton Paar Litesizer 500, Anton Paar, and GmbH, using an Omega cuvette.
The sample was measured for 1 min and auto fitting of the correlation function was

performed using the Anton Paar DLS software, Kalliope.

3.3 Results and discussion

Figure 3.1a shows that the excitonic features of the CdS NCs were preserved after ligand
exchange. The X-ray diffraction (XRD) pattern of the SCN™ capped CdS (CdS-SCN) was

identical to that of CdS-OA (Figure 3.1b). The size distributions of the NCs are shown in
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Figure 3.1c. In agreement with the previous literature, the fringe spacing and XRD

correspond to (111), (220), and (311) planes of the zinc blend structure.3* The XRD pattern

reveals (111) to be the predominant facet. HRTEM images of CdS NCs (Figure 3.2a) before

and after ligand exchange exhibit good crystallinity with well-defined lattice fringes. After

ligand exchange, *H NMR shows no characteristic peak for vinyl hydrogen of oleate around

to 6 ppm confirming full removal of oleate from the NCs surface (Figure 3.2b).

(a) UV-Vis

CdS-OA
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Wavelength (nm)
(c) Particle size distribution (TEM) (d) FTIR 2055 cm’”
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Figure 3.1 (a) UV-Vis absorption spectra, (b) XRD patterns and (c) particle size
distributions obtained from HRTEM analysis of CdS NC before (blue) and after (red)

ligand exchange. (d) FTIR spectra of the nitrile stretch (VCN) of SCN" in presence (up) and
absence (down) of NCs.

5
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o om{ | TR

(b)

Figure 3.2 (a) HRTEM images of oleic acid capped (top panel) and NHsSCN capped (bottom
panel) CdS NCs.(b) *H NMR spectra of thiocyanate capped CdS NCs in DMF.

The FTIR spectrum of the CdS-SCN in DMF shows an asymmetric peak in the CN stretch

Ven region (Figure 3.1d) which could be fitted (Table 3.1) to two Gaussians centered at 2055

cm! (EL ) and 2072 cm’! (EH ) The full width at half maximum (fwhm) of the peaks at (%)

and (VH Yare 16.5 and 14.6 cm™!, respectively.

Table 3.1. FTIR, anharmonicity and CLS fitting parameters of the nitrile stretch of free SCN™ and in

CdS-SCN.
System FTIR peak Anharmonicity CLS fitting parameters
positions (cm™) | of SCN- (cm™) a1 71 (PS) az T2 (PS)
and FWHM
(cm™)
NH,SCN 2055.6, 13.5 26.5 0.10+0.01 | 5.2+0.5 - -
CdS- 2055.6, 16.5 26.2 0.38+0.02 | 45+0.4 | 0.08+£0.02 | 39.4+5.1
SCN 2072.9, 14.6 23.7 0.11+0.06 | 1.3+1.2 | 0.74+£0.02 | 114.2 +£10.8

In the absence of NCs, NH4SCN shows a symmetric peak at 2055 cm™ (V) in DMF with a

fwhm of 13.5 cm™ (Figures 3.1d). Previous studies of M* SCN™ (M = Li*, Na*, Mg?" in

different solvents reported a blue-shift in ( V¢V ) due to the formation of contact ion pairs.3*

“Thus, the peaks at (VZ) and (YH) in CdS-SCN can plausibly be assigned to the freely
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diffusing ligands and the ligands interacting with the NCs, respectively. However, these
assignments based on peak positions are speculative. Further, it should be noted that although
the presence of NCs makes the fwhm of the peak at (VL) larger by 3 cm™! than that of the peak

at (VF) (Table 3.1), the origin of this broadening cannot be explained from FTIR results.

Bound Ligand Weakly Bound Ligand Freely diffusing Ligand

Spectral diffusion timescale becomes faster >
Figure 3.3 Schematic representations of (a) the exchanging heterogeneous subensembles
(different colors) within a symmetric frequency distribution (solid black line representing an

absorption band) leading to spectral diffusion and (b) the changes in the spectral diffusion
time scales with variations in ligand—NC interactions.

A particular mode of ligand-NC interaction is manifested as a symmetric peak in the FTIR
spectrum. Due to the inherent heterogeneity in the NC ensemble, subensembles exist within
each absorption band. These subensembles exchange on specific time scales (spectral
diffusion) depending on the strength of interaction of the ligand to the NC surface (Figure
3.3a). The stronger the ligand-NC interaction, the slower the time scale (Figure 3.3b). The

changes in the 2D IR line shapes can directly provide the spectral diffusion time scales and
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identify the relative strength of the ligand-NC interaction. We have acquired 2D IR spectra of
CdS-SCN at different time delays (Tw) to obtain a detailed understanding of the ligand—NC
interactions. A typical 2D IR spectrum consists of a peak pair corresponding to ground-state
bleach and stimulated emission (blue peak, v = 0 to v = 1) and excited state absorption (red
peak, v = 1 to v = 2) separated by vibrational anharmonicity. The existence of multiple
binding modes introduces multiple overlapping peak pairs (2D IR) in the spectra. The 2D IR

spectrum shows two peak pairs (Figure 3.4a, left column), with the blue peaks centered at

frequencies corresponding to the FTIR peak positions (EL and EH) and the red peaks shifted
along the detection axis by the respective anharmonicities. The spectral diffusion (within
each peak) lowers the diagonal tilt of the peaks with increasing Tw without changing the peak
positions (white lines in Figure 3.4a). The spectral diffusion time scales are quantified using
center line slope (CLS) formalism where the inverse of the Tw-dependent white lines’ slopes
are fitted to exponential decays.®* We have performed additional control experiments and

analyses in the absence of NCs on NH4SCN in DMF (Figure 3.4a, right column). The CLS of

the peak at (VH) fits well to a single exponential decay indicating that the spectral diffusion

with this ligand population happens at a 114 ps time scale (Figure 3.4a). The CLS of the peak

at (VL) shows a biexponential decay, consisting of two decay time scales, 5 and 39 ps (Figure

3.4b). The faster (5 ps) time scale shows an excellent agreement with that obtained from the

CLS of the peak (VF) in the absence of NCs, thereby confirming the existence of freely

diffusing ligands.
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Figure3.4 (a) 2D IR spectra of CdS-SCN (left column) and NH4SCN (right column) in DMF
at three different waiting times (Tw). Tw increases from the top to the bottom along each
column. FTIR spectra are shown at the respective top panels such that the peak positions of
the FTIR and 2D IR are vertically aligned. (b) Tw dependent CLS decays of the 2055 and
2072 cm™ peaks of CdS-SCN are shown in blue and red, respectively. CLS decay of
NH4SCN (2055 cm™?, yellow) has been appended for easy comparison with the blue decay.
The y-axis is shown in log scale for clear visualization of the number of exponential decays.
The inset represents the normalized CLS decays at 2055 cm™ in the presence and absence of
NCs. (c) Optimized slab structure of the N-terminated and S-terminated SCN™ capped (111)
facet of the CdS crystal. We set a=b =8.40 A, c=60 A, and a = p =y = 90° to construct the
slab with chelating ligands. The vacuum spacing is about 45 A, and thus the image effect is
eliminated. The plane wave basis set is used with a kinetic energy cutoff of 25 Ry.

It is worth mentioning that the freely diffusing ligands can be paired with the NH4*
countercation. A previous study reported a much faster spectral diffusion in DMF (1 ps),
albeit using transition metal carbonyl as the vibrational probe.*® A future study involving

variation in the cation size/charge density can provide a clearer picture. Direct binding to the

NC surface should restrict the ligand movement and slow down the spectral diffusion. Thus,

the slowest time scale corresponding to the peak at (VH) arises due the strongly bound

ligands. The negatively charged SCN™ likely binds (making X-type interaction) to the Cd-rich
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positively charged (111) surface, giving rise to this distinct ligand population. The

intermediate time scale of 39 ps for the peak at (VL) indicates a ligand population which is
neither freely diffusing nor strongly bound to the NC surface. The ligand interacting weakly
with the NCs would be less restricted than those bound strongly to the NCs but would have
slower dynamics than that of the freely diffusing ligands. The absorption of the weakly
interacting ligands at a frequency similar to that of the freely diffusing ones makes these two
ligand populations indistinguishable in the FTIR spectra. It has been previously reported that

free thiocyanate anions cannot be spectrally distinguished from solvent separated ion pairs.*®
%0 The only indication in the steady-state spectrum was the broadening of the peak at (VL) as

compared to that at (VF). However, the ligand dynamics time scales obtained from 2D IR
allows us to directly identify the variations in the ligand populations.

Interestingly, the freely diffusing ligands do not have any apparent interaction with the NCs,
as indicated from the spectral diffusion time scales. We tried decreasing the ligand
concentration during ligand exchange to remove the freely diffusing ligands. However, only a
partial transfer of the NCs to the DMF phase was observed, which shows identical
normalized FTIR spectra (Figure 3.5) irrespective of the ligand concentration. This result
suggests that the free-diffusing ligands are an integral part of the heterogeneous NC system.
A zeta potential value of —57.6 mV for CdS-SCN indicates that the ligands can provide
electrostatic stabilization to the NCs. Our results demonstrate that the electrostatically bound
ligands (39 ps time scale) are in dynamic equilibrium with the freely diffusing ligands (5 ps
time scale). Thus, the free ligands could not be eliminated by reducing the ligand

concentration during ligand exchange.
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CdS QD + NH,SCN in DMF
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Figure 3.5 FTIR signals of the CN stretch in CdS NC systems after exchange with different

thiocyanate concentrations.

In addition to the distinct time scale upon binding to the NCs, the separation between the

respective blue and red peaks (vibrational anharmonicity) for SCN™ is known to decrease

with proximity to the cations.*! The estimated anharmonicity (Table 3.1) is the lowest for the

peak at (EH), confirming that this peak arises from strongly bound ligands to the NCs. The
anharmonicities of the weakly bound and the free ligands are the same, within the
experimental error limit. Additional information is obtained from the amplitudes of the CLS
decays (Figure 4b). Although the CLS value at Tw = 0 should be unity as no spectral diffusion
is possible, it usually decreases from unity due to the presence of ultrafast homogeneous
fluctuations. A larger decrease from unity at Tw = O indicates a larger homogeneous
contribution to the line shape of the IR peak. It is intriguing to observe that the ultrafast
fluctuations decrease with the increasing strength of ligand—NC interaction, thereby

decreasing the homogeneous contribution to the IR line shape.

The ratio of the areas of the peaks at (VH) and (VL) is estimated to be 0.1 from the FTIR

spectrum of CdS-SCN. In addition, the amplitudes of the biexponential CLS decay for the

peak at (VL) show that the weakly bound ligands contribute ~20% while the rest comes from
the freely diffusing ligands. Combining the two results, the population ratio of strongly bound

ligands:weakly bound ligands:free ligands is estimated to be 1:2:7. A large fraction of free
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ligands is needed to stabilize the NCs as the free ligands are in dynamic equilibrium with
both the strongly bound and the weakly interacting ligands. Although the IR spectra of CdS-
SCN show two peaks arising from three overlapping transitions, a single peak in *C NMR™®
confirms the presence of a dynamic equilibrium between the three ligands populations. We
therefore estimate a nanosecond time scale for the exchange process, i.e., faster than the
NMR time scale and slower than picoseconds as no cross peaks from chemical exchange are

seen up to 80 ps in 2D IR.

Table 3.2: Quantum chemically calculated VeN of different possible thiocyanate species of
free SCN’, Cd(SCN). and CdS-SCN.
Compound/ion Calculated VeV (cm™)
SCN- 2051.32
Cd(SCN):2 (-S directing) 2131.56
Cd(SCN)2 (-N directing) 2092.10, 2094.03
SCN" attached with (111) facet of CdS QDs 2079.36
through N atom
SCN" attached with (111) facet of CdS QDs 2105.57
through S atom

Although we have identified the strongly bound ligand population directly from the ligand
dynamics time scales, the ambidentate SCN™ can bind to the positively charged (111) NC
surface (X-type interaction) either through the sulfur (S) or the nitrogen (N) atom. Density

functional theory (DFT) calculations on Cd2*-SCN™ ion pairs (see Table 3.2 for calculated

frequencies) predict a blue-shift in vey for SCN™ interacting with Cd?* either through the S
end or through the N end. To mimic the experimental condition, additional DFT calculations
have been performed using Quantum-Expresso on the (111) facet of zinc-blende shaped CdS-
NC. For simplification, a slab model has been used to optimize the NC structure.*? PBE* was
used as the exchange-correlation functional, and ultrasoft pseudopotentials** described the

electron—ion interaction. Two different models considering the binding nature of SCN™ (S-
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bound and N-bound) have been constructed, and their optimized structures are presented in

Figure 3.4c. Small fragments of the slabs were utilized to calculate the VCN at the

B3LYP/lanl2dz level of calculation with the Gaussian 16 package.* The calculated values of

VCN are presented in Table 3.2. A close resemblance of V¢V for the N bound SCN™ (2079.36
cm!) to the (111) surface has been observed with an experimental band at 2072 cm™!,
indicating that the ligands are bound to the NC surface through the N atom, making an X type

interaction with the (111) facet.
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Figure 3.6 Schematic representation of different SCN™ populations in the CdS-SCN system.
3.4 Conclusion

Our results successfully demonstrate that the variations in the inorganic ligand—NC
interactions at the NC surface can be successfully deciphered from the variations in the ligand
dynamics (Figure 3.6). A unique spectral diffusion time scale, associated with any ligand—NC
interactions, depends on how strongly the ligand is interacting with the NC. A stronger

interaction slows down the spectral diffusion such that the excitation and detection
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frequencies remain correlated for a longer time. We have identified three distinct populations
of pseudohalide ligands-strongly bound, electrostatically interacting, and freely diffusing-in
the CdS-SCN NCs. These ligand populations were found to be present in the NC system in
the ratio 1:2:7. Furthermore, control experimental results indicate a dynamic equilibrium
where all the three ligand populations exchange at nanosecond time scales. Interestingly,
although the freely diffusing ligands do not apparently interact with NCs, the presence of the
dynamic equilibrium between the various ligand populations make these free ligands an
intrinsic part of the NC system. Results obtained from quantum chemical calculations show
an excellent agreement with our 2D IR interpretations. In addition, the theoretical results
indicate that the ambidentate SCN™ ligand binds through the N atom, making an X-type
interaction with the NCs. This work demonstrates that 2D IR spectroscopy can directly
provide a detailed molecular-level picture of how small inorganic ligands stabilize the NCs.
In CdS-SCN, the stabilization of the NCs comes from passivating the surface charges through
direct binding as well as electrostatic interaction. This study opens up a new avenue to
investigate the interaction of small inorganic ligands with the NCs of varying shapes, sizes,

and semiconductor materials.
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4.1 Introduction

In the previous chapter, we investigated thiocyanate-capped CdS nanocrystals. Recently,
thiocyanate ions have gained attention as effective short capping ligands for enhancing device
performance.l® The previous chapter provided a fundamental understanding of how these
inorganic ligands stabilize nanocrystals (NCs) in solutions. Through a combination of FTIR, 2D
IR, and quantum mechanical calculations, we identified that three types of ligands are present:
freely diffusing, weakly bound, and strongly bound to the CdS 111 surface.’® These findings
suggest that thiocyanate ions stabilize the quantum dots either by directly binding to the NCs
surface or through electrostatic stabilization.

Interestingly, the 2D IR results revealed the presence of a weakly bound thiocyanate layer that
appeared spectroscopically indistinguishable from freely diffusing thiocyanate anions. This
observation led us to propose the hypothesis that an electrical double layer is necessary for NC
stabilization. Although the NC community has assumed this hypothesis due to anions forming a
double layer close to positively charged metal surfaces, 114 direct experimental proof has been
lacking until now.

Given that our results were obtained on CdS nanocrystals, the question naturally arises whether
the same stabilization pattern holds for other quantum dots. To address this, we extended our
study to CdSe NCs, in which the Cd core remains intact, but the S is replaced with Se. CdSe is
also one of the most extensively studied NC materials.t 1°-1° By investigating CdSe NCs, we aim
to gain further insights into the generalizability of the stabilization mechanisms observed in CdS
nanocrystals. Understanding these aspects will contribute to the broader comprehension and

potential applications of NCs in various devices.
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Following a similar approach to the previous study, the bulky organic ligands of the as-
synthesized NCs were replaced with thiocyanate ligands through a ligand exchange protocol,
resulting in the formation of CdSe-SCN NCs dissolved in DMF. The size of the synthesized
CdSe nanocrystals closely resembled that of the CdS quantum dots mentioned earlier. Figure
4.1a Shows the UV-vis spectra of the CdSe NCs dispersed in hexane (before exchange) and
DMF (after exchange) solutions. The X-ray diffraction (XRD) pattern of the SCN™ capped CdSe
(CdSe-SCN) was identical to that of CdS-OA (Figure 4.1b). HRTEM image of CdSe NCs shown
in figure 4.1c.The size distributions of the NCs are shown in Figure 4.1d. In agreement with the
previous literature, the fringe spacing and XRD correspond to (111), (220), and (311) planes of

the zinc blend structure.?’ The XRD pattern reveals (111) to be the predominant facet.
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Figure 4.1 (a) UV-vis absorption spectra in hexane and DMF, (b) XRD patterns, and (c)
HRTEM image of CdSe NCs (d) particle size distributions obtained from HRTEM analysis of

CdSe NCSs

4.2 Materials and Method

4.2.1 Chemicals

Cadmium oxide (CdO, 99.5%), Trioctylphosphine oxide (TOPO, 99%), Trioctylphosphine
(TOP,90%), 1-octadecene (ODE, 90%), Oleic acid (90%), Selenium powder mesh (99.99%),

Octaadecylamine (ODA, >95%), toluene, hexane, methanol, acetone chloropropanethiol (CPT).

4.2.2 CdSe nanocrystal synthesis

The mixture of 1 mmol (0.128 g) CdO, 4 mmol (1.27 mL) oleic acid and 14 mL of ODE in a 50
mL three-neck flask was degassed first at room temp. Then temperature is increased to 100 °C
under vacuum and degassed at 120 °C for 20 min. Then heated to about 240 °C under inert gas
until a clear solution is obtained under constant stirring. After this, solution was cooled to 90 °C
and ODA (1.5 g) and 1.0 g TOPO were added into the flask. Temperature is increased to 280 °C.
At this temperature, TOP-Se solution (0.4 M, 2.5 mL) was injected swiftly into the Cd-oleate
solution. The temperature fell down to 268 °C and the reaction was allowed to proceed at 280 °C
for 8 min. The solution was cooled down in water bath. The resultant NCs are washed twice in a
1:1 mixture of hexane-methanol, to remove unreacted precursors. The nanocrystals were

precipitated by adding acetone and redispersed in hexane.
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4.2.3 Ligand Exchange

The ligand exchange procedure was performed using the method reported by Kagan et al., with
some modifications.! In a typical procedure, 1 mL of 130 mM NH4SCN in acetone was prepared,
and this solution was added drop-wise to 0.5 mL of a dispersion of as-synthesized CdSe NCs in
hexane (15-20 mg/ml) until precipitation was formed. The resulting solution was then
centrifuged for 3 minutes at 4000 rpm. After that, the supernatant was discarded, and the
resulting NCs were washed with acetone. Finally, the CdSe NCs were dried and dispersed in 0.5

mL of DMF with 0.5 pl of CPT.?122 This SCN-capped CdSe was used for spectroscopic studies.

4.2.4 IR spectroscopy

IR absorption spectra was measured at room temperature on a Bruker Vertex 70 FTIR
spectrometer. For each sample, ~90 uL of the sample solution was loaded into a demountable
cell consisting of two windows (CaF., 3 mm thickness) separated by a mylar spacer of 100 um

thickness. Same sample cell used for 2D IR experiments.

4.3 Results and discussion

Figure 4.2b displays the FTIR spectrum of CdSe-SCN nanocrystal, exhibiting an asymmetric

peak. This peak was analyzed by fitting it with two Gaussian lineshape functions, centered at
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2055 cm™ and 2072 cm?, respectively. Notably, these peak positions exactly match those
observed for CdS-SCN NCs discussed in the preceding chapter. Consequently, it can be inferred
that similar to CdS-SCN, CdSe-SCN also comprises a small bound population, represented by

the higher frequency peak centered at 2072 cm™ in Figure 4.2b.
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Figure 4.2 (a) FTIR spectra of the nitrile stretch of SCN™ in the DMF. (b) FTIR spectra of the
nitrile stretch of CdSe-SCN in the DMF.

Comparing the peak at 2055 cm™ to the peak frequency of NH4sSCN in DMF (Figure 4.2 a), we
find an exact match. However, it is worth noting that the full width at half maximum (FWHM) of
the peak for CdSe-SCN is larger than that of the free thiocyanate anion by ~3 cm™. As described
in the previous chapter, it is important to acknowledge that FTIR spectra cannot resolve weakly
bound populations, as they are known to overlap with free, solvent-shared, and solvent-separated
ions, making them indistinguishable through FTIR spectroscopy.?

To gain a deeper insight into the peak at 2055 cm™ in CdSe-SCN NCs, we conducted 2D IR
spectroscopy at different time delays (Tw values). Figure 4.3 illustrates the Tw-dependent 2D IR

spectra, displaying two peak pairs resulting fromv =0 to v = 1 transitionsand v=1tov = 2
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transitions, separated by the detection frequency axis due to vibrational anharmonicity. The peak

pairs diagonally elongated at shorter Ty values. As the waiting time increases, the lower

frequency peak pair approaches a circular shape, while the higher frequency peak retains

elongation along the diagonal. This distinct change in peak evolution suggests that the

fluctuation dynamics of the higher frequency peak are much slower than those of the lower

frequency peak. This behavior is similar to what was observed for CdS-SCN NCs.
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Figure 4.3 2D IR spectra of CdSe-SCN
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in DMF at three different waiting times
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To investigate the structural dynamics of the thiocyanate ligands, we analyzed the Tw-dependent
changes in the 2D IR peak shapes using the CLS method® (Figure 4.4). The peak at 2072 cm*
indeed shows a slow decay with a time component of 124 ps (Table 4.1). Similarly, as observed
in the previous chapter, the peak at 2072 cm™ exhibits a bi-exponential decay with time constants
of 1.3 ps and 114 ps. Intriguingly, despite the replacement of S with Se, the timescales show a

nearly quantitative match.
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Figure 4.4 T, dependent CLS decays of the 2072 cm™ peaks (black) and 2055 cm™ (red) of

CdSe-SCN
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This result indicates that the modes of passivation by the thiocyanate ligands remain the same for
both CdS-SCN and CdSe-SCN NCs. This finding can be rationalized because the Cd?* rich 111
surface, which binds the thiocyanate anions, remains unchanged for NCs containing both S and
Se. Although our results suggest three different types of ligand interactions (strongly bound,
weakly bound, and free) in CdS-SCN and CdSe-SCN NCs, direct experimental proof of the
electrical double layer is still lacking. Furthermore, it would be intriguing to gain a deeper

understanding of the exact origin of the double layer phenomenon.

Table 4.1 Experimental CLS parameters of free and bound peak

SCN Stretch ai 71 (PS) a T2 (PS)
2055 cm? 0.36%0.02 2.2+0.3 0.22+0.02 49.619.9
2072 cmt 0.24+0.04 2.05+0.7 0.71+0.02 124+13.1

To confirm the presence of the electrical double layer, we conducted polarization-selective 2D
IR spectroscopy and generated the normalized frequency-frequency correlation function (FFCF)
using the CLS method for both parallel and perpendicular polarization conditions (Figure 4.5).
Surprisingly, the FFCF obtained for perpendicular polarization exhibited a faster decay
compared to the parallel polarization condition. Such an observation is commonly attributed to
reorientation-induced spectral diffusion (RISD).?% Generally RISD effect takes accounts of
orientation of probe molecule relative to local electric field of the respective medium.

When the solute reorientation is slower than the environment fluctuation, the FFCF is agnostic to

the polarization condition.?® RISD occurs when the solutes reorientation is faster than the
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fluctuations in its surrounding environment.®® In such cases, the solute can reorient while the
environment is considered static.3! Although the environment does not fluctuate on the solutes
reorientation timescale, the solute experiences a new environment due to its reorientation,
resulting in a change in the solute's absorption frequency. Consequently, the solute reorientation
contributes to the FFCF, leading to the occurrence of RISD.

In our system, probe molecules that remain aligned with the initial pump polarization (parallel)
experience lesser frequency changes compared to those that undergo rotation and are probed
with perpendicular polarization. This difference in frequency changes caused the FFCF for the
perpendicular polarization condition to decay more rapidly. In other words, for perpendicular
polarization, spectral diffusion happens fast compared to parallel polarization because this
polarization measure the spectral diffusion of significantly rotated molecules as molecules rotate
angle between transitions dipole moments and electric field changes which changes the
vibrational frequency of probe molecules.?® The parallel polarization samples those molecules
which retains their orientation which shows high frequency correlation and shows slows decay
compared with perpendicular polarization. Once the reorientation process was complete, the
FFCFs for parallel and perpendicular polarization merged, as the decays at longer waiting times

were solely influenced by environmental fluctuations.
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Figure 4.5 Polarization dependent FFCF decay curves of CdSe-SCN and CdS-SCN for parallel

(red) and perpendicular (blue) polarization conditions.

Interestingly, Figure 4.5 reveals that the FFCF for parallel and perpendicular conditions do not
merge even at large waiting times. A constant static offset is observed between the parallel and
perpendicular polarization FFCFs up to 60 ps. This phenomenon has been previously reported by
Garrett-Roe and colleagues for colloidal suspensions of charged surfactant molecules in ionic
liquids, probed by thiocyanate ions using polarization-selective 2D IR.3233

To explain the discrepancy in FFCF at long waiting times, a non-isotropic distribution of
thiocyanate probes in a local electric field is considered. For both polarizations, the FFCF decays
are not identical at long waiting times, and they remain different even after the reorientation
dynamics are completed. The presence of a strong electric field results in potential energy
changes for the probe molecules based on the angle between the dipole moment of the probe and
the local electric field. Consequently, this non-isotropic distribution of molecular dipoles in the

probe is created due to the potential energy difference.
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Recently, Fayer's group further investigated the results reported by Garrett-Roe and coworkers
by considering the effects of the steric and electrostatic environment of the probe molecule on
RISD.* They found that when the probe molecule interacts sterically, it has minimal effect on
RISD, whereas electrostatically interacting probe molecules exhibit a significant impact on
RISD.

To explore the possibility of SCN ions interacting with the ammonium cation (NH4%), and
thereby showing polarization-dependent spectral diffusion, we conducted polarization-dependent
2D IR experiments on 100mM NH4SCN in DMF. Interestingly, we observed polarization-
independent spectral diffusion, indicating that the Cd cation-rich facet (111) of both CdS and
CdSe creates a strong electric field, and SCN ions interact electrostatically with Cd cations.

The polarization-selective 2D IR results for SCN-passivated CdS and CdSe quantum dots
directly probe the electrostatically ordered SCN ions in the electrical double layer within the
polar solvent. This provides valuable insights into the interactions and dynamics of the electrical
double layer in these systems.

4.4 Conclusion

In summary, the FTIR spectra of both SCN-capped CdS and CdSe nanocrystals, which are of
similar size, reveal the presence of both bound and free populations of SCN ligands. The FWHM
of the free peak in both NCs is larger by ~3 cm™ compared to NHsSCN in DMF. Notably,
polarization-selective 2D IR experiments for both NCs demonstrate different FFCF decays, and
these decays do not become identical even after completing the reorientation time of SCN ions.
This observation strongly suggests that the SCN ions interact electrostatically with Cd cations in

both CdS and CdSe nanocrystals.
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In the past, the electrostatic stabilization of quantum dots by short inorganic ligands has been
explained by reporting the zeta potential. However, direct proof of these electrostatically
interacting ions has not been reported yet. These results highlight the effectiveness of
polarization-selective 2D IR in directly probing the electrostatically interacting short inorganic
ligands on the surface of quantum dots.

Overall, this study provides valuable insights into the interactions between quantum dots and
their surface ligands, shedding light on the mechanism of electrostatic stabilization and paving

the way for further understanding and optimizing the performance of quantum dot-based devices.
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5.1 Introduction

The colloidal nanocrystals possess unique optical, electronic, thermal, magnetic, and chemical
properties, making them highly desirable as primary elementary units for optoelectronic device
applications.” The shape, size, surface ligand, and composition-dependent optical and electronic
properties of NCs make them interesting materials in various fields, which is why they have
gained significant attention from both industry and academia.® NCs have been designed for
efficient use in a wide range of applications, spanning from biomedicine to sensing and energy.®

Surface ligands used during the synthesis of NCs play a crucial role in their properties and
behavior. Carefully selecting ligands is essential in controlling the nucleation and growth
processes, ultimately influencing the shape and size of the nanocrystals.®! Several
experimental and theoretical reports have been dedicated to understanding the behavior of
ligands.*?*® To enhance the practical applications of NCs-based devices, efficient charge carrier
mobility, interparticle coupling, and good electronic communication are necessary.'* However,
the long and bulky ligands used in the synthesis can hinder carrier mobility. A solution to this
issue is to replace the long ligands with shorter inorganic ligands. Talapin's group pioneered this
approach in 2009 by demonstrating that the conductivity between individual nanocrystals can be
significantly enhanced by wusing compact inorganic ligands. Halides, Pseudohalides,
chalcogenide chalcogenidometallates are used as short ligands for NCs surface covering.*® These
short, compact ligands cut down the interpaticle distance, improve the electronic coupling and
enhance the carrier mobility. Kagan and co-workers replaced the bulky ligands with SCN- ions

where film conductivity and carrier mobility increased by many fold.1* 6
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In Chapters 3 and 4 of this publication, we have studied SCN" capped CdS and CdSe NCs using
FTIR, 2D IR spectroscopy, and quantum mechanical calculations. The results revealed the
presence of three types of ligands: strongly bound, weakly bound, and freely diffusing.'’
Polarization-selective 2D IR spectroscopy further validated that the strongly and weakly bound
ligands form an electrical double layer (EDL) around the NCs. The strongly bound ligands
directly attach to the positively charged Cd-rich 111 facet of the CdS and CdSe NCs, while the
weakly bound ligands are held near the NC surface by the electric field exerted by the charged
facets.

Surface ligand alters the absolute energy levels of NCs electronic states.'® 81° This energy
change has an electrostatic origin. Electric dipoles are created by surface-bound ligand. The
electric field potential shifts all energy levels down if dipoles are oriented towards the NC centre,
and vice versa if they are not. The orientation and the magnitude of a surface dipole is the
contribution of interfacial dipole (associated with surface atom and ligand head group) and
intrinsic dipole (associated with ligand molecular structure).?’ Electric field dynamics at a metal-
semiconductor interface and characterisation of the semiconductor interface has been reported
using the second harmonic generation.?*?2 Interfacial electric field at Au/SAM interfaces
reported using vibrational stark spectroscopy.? A substantial amount of research in both
electrochemistry and surface science has been done on the electrical double layer (EDL), an
extremely crucial interfacial area involved in many electrochemical reactions, and short ligand
capped NCs stabilization in polar solvents. However, it is difficult to directly measure interfacial
electric fields in the EDL. Electric field distributions in the double layer of a single-crystal

electrode has been probed using Raman spectroscopy.?
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The electric field strength across the electric double layer of electrode-electrolyte interfaces has
been reported.”® Observation of an electric field within the diffuse double-layer at SAM-
modified Ag electrode surfaces has been investigated.® Like, electrode colloidal NCs are not
static, they possess Brownian movement all the time. In this case, the entire ensemble of each
NCs with its electric double layer moves throughout the sample under the Brownian movement.
Due to this Brownian motion, measuring the electric field experienced by short ligands in EDL is
quite challenging. The effect of the surface electric field of NCs on the weakly interacting ligand
(present in EDL) is not reported yet.

In this study, we have explored the effect of the core size of CdSe NCs on the orientation of
SCN- ions in the electrical double layer using polarization-selective ultrafast pump-probe
spectroscopy. The pump-probe spectroscopy measures the population decay as a function of time
for parallel and perpendicular polarizations, providing valuable information about the local
environment and the orientation of probes.?’?® The replacement of bulky hydrocarbon surface
ligands with SCN™ ions as short inorganic ligands allows us to conduct label-free experiments,
avoiding the need for external probes that may perturb the systems equilibrium. The unique
properties of SCN" ions, such as a strong extinction coefficient, good vibrational lifetime, and
short linear structure, make them ideal vibrational reporters for time-resolved spectroscopic

investigations.!” 29-32

5.2 Materials and Method

5.2.1 Chemicals
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Cadmium oxide (CdO, 99.5%), Trioctylphosphine oxide (TOPO, 99%), Trioctylphosphine
(TOP,90%), 1l-octadecene (ODE, 90%), Oleic acid (90%), Selenium powder mesh (99.99%),

Octaadecylamine (ODA, >95%), toluene, hexane, methanol, acetone chloropropanethiol (CPT).

5.2.2 CdSe nanocrystals synthesis

Synthesis method for CdSe NCs is same as reported in previous chapter. For three different size
synthesis ODE volume changed. For smaller size 14-15 mL ODE used and for bigger size
around 10-12 mL ODE used as solvent. As, High concentration of precursors, more nuclei and
faster growth as they are closer to each other. The reaction was monitored with time using
absorbance or PL and quenched reaction after getting desired size. Final nanocrystal size

determined by HRTEM analysis.

5.2.3 Ligand Exchange

The ligand exchange procedure was performed using the method reported in previous chapter.

For all three sizes of CdSe NCs ligand exchange method is same.

5.2.4 IR spectroscopy

IR absorption spectra was measured at room temperature on a Bruker Vertex 70 FTIR
spectrometer. For each sample, ~90 uL of the sample solution was loaded into a demountable
cell consisting of two windows (CaF., 3 mm thickness) separated by a mylar spacer of 100 um

thickness. Same sample cell used for pump-probe experiments.
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5.2.5 Pump- probe spectroscopy

Pump probe data acquired by using same laser setup. The time delay between pump and probe
was controlled by motorised delay stage present in pump path. Parallel and perpendicular

polarization controlled by polarizer and half wave plate.

5.3 Results and discussion

In this work, we prepared CdSe NCs of three different sizes using a synthesis method reported
by Peng with some modifications.®® Detailed procedure of synthesis has been given in materials
and method section. After synthesis of CdSe NCs due to hydrophobic bulky surface ligands
shows good stability in non-polar solvents like hexane. Exchange of bulky insulating ligands
with short, compact and conductive inorganic ligands is a pivotal step in solution phase ligand
exchange for inorganic ligand covered NCs. This method is extremely popular due to its
robustness for preparing highly concentrated NCs ink along with complete removal of initial
ligands and providing a homogeneous ligand coverage to the NCs surface.®* The solution phase
ligand exchange did similarly as reported by the Kagan group, using ammonium thiocyanate as a
short inorganic ligand and finally dispersed in DMF. Figure 5.1a represents the absorption
spectrum before and after ligand exchange for three different diameters of NCs, which shows
that excitonic features remain the same after ligand exchange. In each size of CdSe NCs the
excitonic features remain the same after ligand exchange. Normalized UV-vis spectra of the

CdSe NCs with three different diameters shown in figure 5.1 b.
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Figure 5.1 (a) UV-vis spectra of the CdSe NCs dispersed in hexane (before exchange) and DMF
(after exchange) solutions. (b) Normalized UV-vis spectra of the CdSe NCs with three different
diameters. The diameters of the CdSe NCs were determined to be 3.6 nm (576 nm), 4.3 nm (595

nm), and 7.7 nm (650 nm).

The XRD pattern and particle size distribution reported in Figure 5.2 (a). XRD pattern represent
the (111), (220) and (311) planes, which is the characteristic signature of are cubic zinc blend
crystal structure.® High intense (111) facet indicate cation rich plane. The particle size
distribution for the UV-vis spectrum of 576, 595 and 650 nm is 3.6, 4.3 and 7.7 nm calculated
from HRTEM images and the size distribution of CdSe NCs is relatively narrow. Figure

5.3(d,e,f)
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Figure 5.2 (a) XRD pattern of the CdSe NCs (b) only NH4sSCN in DMF.
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Figure 5.3 HRTEM images of CdSe NCs with the UV-Vis absorption wavelength at (a) 576 nm,

(b) 595 nm and (c) 650 nm. Size distributions of the CdSe NCs from the HRTEM results with

typical diameters at (d) 3.6 nm, (e) 4.3 nmand (f) 7.7 nm.
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Figure 5.4 FTIR spectrum of SCN capped CdSe NCs (a) 7.7 nm (b) 4.3 nm and (c) 3.6 nm.

The FTIR spectrum of thiocyanate capped CdSe NCs dispersed in DMF with different core

diameters is shown in Figure 5.4. Only NH4SCN in DMF is also shown in Figure 5.2 (b). The
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FTIR spectrum shows an asymmetric peak having a tail at the higher wavenumber. FTIR peak
frequency at 2055 cm? represents free SCN- ions, which agree with previous reports.?® 3
However, the 2072 cm™ peak corresponds to the surface bound thiocyanate ions. It is well
known that CN stretching frequency shows blue shift in bound state compared to that of the
unbound state.®%” SCN- ions have the possibility to bind through S or N terminal. The
Tetrathiocyanatocadmate (I11) complex in DMF and DMSO prefers N end binding over S end due
to different solvation capacities at each end of SCN-ions.3® In Chapter 3, we discussed that in
thiocyanate capped CdS NCs ligands bind through N end by using quantum chemical
calculation. The peak at 2055 cm™ in each NCs has higher FWHM compared to only NH4SCN in
DMF (Table 5.1). This broadening is due to a weakly interacting ligand with, NCs surface this
observation we explained in the previous article. The NCs core diameter do not affect the CN
stretch at 2055 cm™ and 2072 cm®. These results are in agreement with the thiocyanate capped
ZnSe NCs where the diameter of NCs does not affect bound and free peaks positions.?

Table 5.1 FTIR peak positions and FWHM of three size of SCN capped CdSe NCs

system FTIR peak position (cm™) FWHM (cm™)
NH4SCN in DMF 2055.6 13.50
CdSe-SCN 3.6 nm 2055.6 16.40
CdSe-SCN 4.3 nm 2055.6 16.42
CdSe-SCN 7.7 nm 2055.7 16.39

Here, we are interested in the orientation dynamics of weakly interacting SCN ions with the
surface of NCs with different NCs diameters. This population is present in 2055 cm™ peak. This

subpopulation can’t be resolved by free SCN™ ions due to solvent separated and free ions have
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similar vibrational stretch.®® ¥ For weakly interacting species, solvent molecules are presents
between ions and NCs surfaces which mimic the solvent separated ion pair scenario. As a result,
these two have a similar vibrational frequency (2055 cm™). We did not consider the bound
population for this report. However, rotational dynamics of the SCN bound population in ZnSe
with three different diameters has been revealed by the Bain group.® Here, anisotropy decay of
weakly interacting thiocyanate ions for three NCs is determined by polarization selective pump

probe spectroscopy. It reports the orientation dynamics of thiocyanate ions with varying CdSe

NCs diameters. For pump probe spectroscopy, parallel Iy (t) and perpendicular I (t) signals can

be expressed using the following equations

I,(6)=P(t)[1+0.8C,(t)] )

I, ()=P(t)[1-0.4C,(1)] (2)

where P(t) is the isotropic pump—probe decay and Ca(t) is the second-order Legendre polynomial
orientation correlation function of the transition dipole moment.
By using Egs. 1 and 2, we get

11y () +21 (O] =3P(t)

©)
[y (&) =1 L (O] = L.2P(t)C,(D) 4
Anisotropy 7(£) can subsequently obtained from Egs. 3 and 4
L)1)
r(t) = ROETRCE = 0.4 C,(t) )

C2(0) is orientational correlation function. At t=0 anisotropy value starts from 0.4, However drop
from 0.4 is due to inertial motions happens on a faster time scale than the temporal resolution of
laser pulses that cannot capture. Figure 5.5 represent the normalized anisotropy decay of weakly

interacting ligands for three different CdSe NCs.
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Figure 5.5 Rotational anisotropy decay of the SCN ligands with different CdSe NCs diameters.

Anisotropy decay of SCN ligands in an electric double layer is reported using a biexponential
decay function. Bi-exponential decays fitting parameter given in table 5.2. Interestingly, with
increasing the core diameter, the offset of bi-exponential fit increases. If the vibrational probe is
present in zero electric field environments, then there is no directional orientation of the probe
and at sufficient time delay it will complete its orientation and anisotropy decays gradually to
zero. In the case of non-zero electric field a probe molecules try to orient towards the direction of
the field and it unable to complete its orientation even at long time. In this scenario, we have

static offset.
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CdSe NC
CdSe (nm) a a 11 (PS) T2 (PS) Yo
3.6 0.22+0.06 0.43+0.06 0.84+0.42 9.3+2 0.25+0.020
4.3 0.21+0.04 0.28+0.04 0.82+0.40 24.3+7 0.37+0.003
1.7 0.11+0.01 0.28+0.01 0.567+0.12 12.17+1.2 0.58 +£0.008

In stronger electric fields, anisotropy decay has significant offset and never decay zero within the
experimental time window.*° The same situation is present in thiocyanate capped CdSe NCs with
different diameters. The weakly interacting ligands stay away from the NCs surface. The cationic
Cd rich facet (111) of CdSe exerts the electric field.

Our results indicate that the electric field experienced by ligands further away from the surface is
stronger for in larger sized NCs, as compared to the small sized ones. This scenario is
counterintuitive as the charge density of the NCs decrease with the increase in NC size.
However, our results can be rationalized when the size-dependent surface curvature of the NCs
are considered. The smaller sized NCs have a larger curvature. Therefore, the adjacent ligands
are at a larger angle between one another, thereby reducing the steric and electronic repulsion.
This allows a larger surface coverage of the bound ligands which shield the electric field to a
larger extent from the weakly bound layer. In the case of larger NCs, ligands get a flatter surface
for binding and a large number of ligands create the electronic repulsion with each other, which
affects the shielding layer of ligand at the NCs surface. Therefore, larger NCs have an ineffective

shielding layer of bound thiocyanate ligands which is observed in the experimental trends.
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We have also measure the zeta-potential for the three different sizes of thiocyanate capped CdSe
NCs. The zeta potential of inorganic ligand-passivated nanocrystals can vary as a function of
their core size. However, it is important to note that the specific relationship between zeta
potential and core size can be influenced by various factors, including the type of nano crystal,
the ligand used for passivation, and the surrounding medium. Here we the core size of CdSe NCs
change, other things, like ligand and solvent is same. Zeta potential is the electrical potential at
the slipping plane. In other words, this plane represents the boundary or surface that divides the
fluid that can move freely (mobile fluid) from the fluid that adheres or remains attached to the
surface (bound fluid).

Table 5.3 Zeta potential value for three different size NCs

CdSe NCs size (nm) Zeta potential value (mV)
3.6 -16.62
4.3 -20.00
7.7 -32.29

With increase in size of CdSe NCs observed zeta potential value also increases respectively
(Table 5.3). Which show the similar trend observed in our results. For small NCs surface charge
is more shielded as results zeta potential value is less, however for the large NCs the shielding is

weak showing the higher value of zeta potential.

5.4 Conclusion
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This chapter explains that ultrafast pump-probe spectroscopy can directly monitor the
orientational dynamics of electrostatic interaction of inorganic ligands with NCs surface as a
function of the NCs diameter. In thiocyanate-capped CdSe NCs the electrostatic interaction
becomes stronger with the increase in the diameter of NCs. These results provide a molecular

level understanding of the interactions of the SCN" ligands with the NCs.
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6.1 Summary

Nanocrystals gain a tremendous amount of interest by industry and academia due to their size-
dependent properties that range from optical to magnetic properties.’? The surface modification
of nanocrystals is becomes a subject of intense research interest given its importance for wide
range of applications. The native organic ligands are routinely replaced with inorganic short
ligands to maintain the desired distance for efficient charge transport.® The surface ligand
interaction plays the key role in organic/inorganic capped nanocrystals to tune the optical and
electronic properties of nanocrystlas. The understanding the surface chemistry of NCs for better
optimization and efficiency improvement is a central need of today's world. Investigation of
surface chemistry of organic capped ligands for a wide range of NCs with different NCs has been
reported using NMR spectroscopy.® The understanding of the surface chemistry of inorganic
capped ligands is not explored yet even though they are playing a pivotal role in optical and
electronic technology due to unavailability of spectroscopic technigues.

In this thesis investigation of ligand-surface interaction of inorganic capped nanocrystals is
reported using ultrafast 2D IR and pump-probe spectroscopy.

In chapter 3, we have investigated the ligand surface interaction in thiocyanate capped CdS
nanocrystals using ultrafast 2D IR spectroscopy. As SCN™ is able to bind either S or N side to the
surface of CdS, quantum chemical calculation and FTIR spectral shift reports the binding to the
NCs surface through N end. Based upon the dynamical time scale of ligands, they are classified
as strongly bound, weakly bound and free thiocyanate ligands. We create a model using these
results which shows that the overall stability for NCs is provided by bound ligand,

electrostatically interacting ligand (weak bound) and free ligands. These ligands are in dynamic
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equilibrium with each other. However, the exchange time scale is higher than the NMR time
scale and lower than the 2D IR time scale.

In chapter 4, electrostatically interacting ligands in thiocyanate capped nanocrystals are probed
using polarization selective 2D IR spectroscopy. We choose CdS and CdSe as two different
nanocrystals to observe electrostatic effects. Frequency- frequency correlation decay for parallel
and perpendicular polarization is different, and it shows static offset for a long waiting time for
both CdS and CdSe nanocrystals. This indicates the SCN- ion provides the electrostatic
stabilization to the nanocrystal. This study provides direct proof of the presence of
electrostatically interacting ligands in inorganic capped nanocrystals.

Chapter 5 deals with the understanding the effect of an electric field extorted by the cationic
facet of size-dependent CdSe nanocrystals on the reorientational dynamics of electrostatically
interaction thiocyanate ligands in thiocyanate capped CdSe nanocrystals dispersed in polar
solvent DMF. We use polarization selective pump probe spectroscopy for instigation of
reorientational dynamics. Reorientation dynamics (anisotropy decay) show an increase in offset
with the increase in NCs size. The slowing down of the reorientational dynamics indicates that
the layer farther away from the NC surface experiences a larger electric field with increase of the
NC size. This is counterintuitive when we consider the size-dependent charge density of the
NCs. In this chapter, we have shown that ineffective shielding in larger NCs by the bound

thiocyanate layer contributes to the experimentally observed trend.

6.2 Future Scope
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6.2.1 Understanding the molecular level picture of azide (different inorganic ligand) capped
nanocrystals.

For the specific application of NCs based devices, bulky insulating organic ligands are replaced
by short ligands for the last two decades.® © These short ligands are halides, Psudohalides,
chalcogenide, chalcogenidometallates.> All these ligands might binds to NCs by different
coordination and geometry, however relative binding strength of these ligands could be different.
How SCN- ligands stabilize the CdS nanocrystals is revealed by 2D IR spectroscopy. Molecular
level insights of SCN"™ capped CdS NCs is, it stabilizes the NCs by direct binding to the cationic
facet along with electrostatic interaction with the charged facet. Three different populations
observed strongly bind, weakly bind and free. Surface capping ligands modify the optical and
electronic properties of NCs, which is needed for specific applications. Azide is also a popular
vibrational probe due to its clear spectral window, simple linear structure and as a result, it has
been used as a vibrational reporter in many complex systems.®12 The azide is also used as a
short inorganic ligand for surface capping of nanocrystals.® We will use azide capped NCs which
will provides better understanding of molecular level insights of NCs surface ligand interface.
This study will help to understand, modify and control the specific parameters for better

applications.

6.2.2 Estimation of effect the organic and inorganic capped ligands on Cd nuclei of CdS
and CdSe nanocrystals by Cd NMR spectroscopy.

In the modern world of technology, nanomaterial chemistry has gained much attention due to a
use of nanocrystal-based technology in day to day life. To enhance the efficiency of energy-
based devices, research labs are working continuously for molecular level understanding and

modifying the size, shape and facets of NCs, changing the surface ligands and NCs. Surface
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chemistry of different ligands of NCs is studied by many techniques.**® How the NCs surface -
ligand interface behaves with long bulky ligands and short ligands is known. The core of NCs
has paramount importance in the NCs field and fundamental understanding of the core of
cadmium nanocrystals has been reported using **Cd NMR spectroscopy.'®*® The nanocrystals
like CdSe, CdS and CdTe have been widely used NCs in many applications. We will use 1*3Cd
NMR for bulky organic capped NCs and short inorganic ligands to understand the effect of
lignads on the surface and core of NCS. Understanding the changes in the core and surface by

changing capping-ligand will help to stretch the working window of NCs-based technologies.

6.2.3 Probing the electric field exerted by size dependent NCs by 4 mercaptobenzonitrile

(4MBN) as ligand and Vibrational reporter.

The surface of NCs is always an interesting part of nanomaterials chemistry. Surface of NCs gain
special attention due to the high surface to volume ratio of NCs and understanding the surface
nature of NCs becomes the igniting subject of the nanomaterial community. On the surface, NCs
consist of different facets, which carry different charges. The charged surfaces of NCs, exerts
the electric field to its surrounding environment. For short ligands, NCs sustain their colloidal
stability due to electrostatic interaction of these short ligands with the electric field of their
respective facet. Understanding the electric field effect created by the charged facet of NCs is
very interesting, however, it is not explored yet. 4 mercaptobenzonitrile (4MBN) is widely used
as a vibrational stark reporter, for change in the electric field of the surroundings by observing
corresponding changes in CN stretch in many complex system.!%-?! Here, 4 mercaptobenzonitrile

will play the dual role of vibrational reporter and capping ligands. This experiment will allow us
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to conduct perturbation-free measurements. The external probe will not require an extrinsic
vibrational signature of 4MBN ligand will provide information about the electric field. We will
use different ligands along with 4MBN to reveal the electric field directed from the charged facet
to its surroundings. The effects of electric fields will be monitored by changing the size/shape of

NCs. In this work we will use FTIR, 2D IR and pump —probe spectroscopy.
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Semiconducting nanocrystals (NCs) are gaining much interest due to their significant role for
wide range of applications. Ample amounts of NCs are synthesized using different
semiconducting materials. The optoelectronic properties of NCs can be tuned by changing the
material, composition, size, shape and surface-covering ligands. Surface ligands are an integral
component of nanocrystals, as they provide stability by preventing agglomeration and crystal
defects. They also enable size and shape control during synthesis, which influences the
properties of the nanocrystals. Surface ligands passivate the nanocrystal surface, enhancing
electronic and optical properties. Additionally, they allow for solubility, dispersion, and
biofunctionalization, making nanocrystals suitable for diverse applications such as drug
delivery and bioimaging. Long bulky organic surface ligands are often replaced with short
inorganic ligands, which enhance the electronic communication between the NCs. This
ultimately increases the efficiency of these NC-based devices by many folds. However, simply
creating more materials does not necessarily enhance our understanding of their unique
physical properties and their role in optoelectronic devices. Despite our comprehensive
knowledge of physical structure of NCs, the specific details regarding the interaction between
ligands and the NCs surfaces have remained enigmatic, defying a clear understanding. This
thesis employs a unique 2D IR spectroscopy method to reveal surface ligand interactions in
thiocyanate-capped NCs. Due to the absence of hydrogen, *H NMR spectroscopy cannot be
employed, and 3C NMR spectroscopy does not provide any conclusive data. From dynamical
viewpoint, the specific timescale of ligand dynamics provides information about the ligand
subpopulation around the NCs. Surface ligands (vibrational probe) reorient and fluctuate in the
surrounding environment, which can lead to the frequency evolution of the vibrational reporter.
Polarization-selective 2D IR experiments selectively probe the electrostatically interacting
ligands to the surface of NCs. Time-resolved polarization-selective pump-probe spectroscopy
can differentiate the reorientation of weakly interacting ligands as a function of NC size. In a
nutshell, this thesis provides a detailed report on the surface ligand interaction of thiocyanate-
capped nanocrystals using time-resolved spectroscopic techniques. This molecular-level
understanding will help to improve the device performance.



List of Publication(s) in SCI Journal(s) Emanating from the Thesis Work

1. Samadhan H. Deshmukh, Srijan Chatterjee, Deborin Ghosh* and Sayan
Bagchi*, Ligand Dynamics Time Scales Identify the Surface—Ligand
Interactions in Thiocyanate-Capped Cadmium Sulfide Nanocrystals, J.
Phys. Chem. Lett., 13, 3059 - 3065 (2022).

List of Publications Non-Emanating from the Thesis Work

1. Srijan Chatterjee, Deborin Ghosh, Tapas Haldar, Pranab Deb, Sushil
S.Sakpal, Samadhan H. Deshmukh, Somnath M. Kashid* and Sayan
Bagchi*, Hydrocarbon Chain-Length Dependence of Solvation Dynamics
in Alcohol-Based Deep Eutectic Solvents: A Two-Dimensional Infrared
Spectroscopic Investigation, J. Phys. Chem. B., 123, 9355 — 9363 (2019).

2. Sushil S. Sakpal*, Samadhan H. Deshmukh? , Srijan Chatterjee, Deborin
Ghosh and Sayan Bagchi*, Transition of a Deep Eutectic Solution to
Aqueous Solution: A Dynamical Perspective of the Dissolved Solute, J.
Phys. Chem. Lett., 12, 8784 - 8789 (2021). (First equal author)

3. Deborin Ghosh, Sushil S. Sakpal, _Srijan Chatterjee, Samadhan H.
Deshmukh, Hyejin Kwon , Yung Sam Kim* and Sayan
Bagchi*, Association-Dissociation Dynamics of lonic Electrolytes in Low
Dielectric Medium, J. Phys. Chem. B., 126, 239 - 248 (2022).

4. Suranjana Chakrabarty?, Samadhan H. Deshmukh?®, Anjan Barman,
Sayan Bagchi*, Anup Ghosh*, On—Off Infrared Absorption of the S=0
Vibrational Probe of Dimethyl Sulfoxide, J. Phys. Chem. B., 126, 4501-
4508 (2022) (First equal author)

5. Srijan Chatterjee*, Samadhan H. Deshmukh and Sayan Bagchi*, Does
Viscosity Drive the Dynamics in an Alcohol-Based Deep Eutectic Solvent,
J. Phys. Chem. B., 126, 8331 - 8337 (2022).

6. Shivshankar Kore, Samadhan H. Deshmukh, Sushil S. Sakpal, Srijan
Chatterjee, Atanu Das* and Sayan Bagchi*, Elucidation of pH-Induced
Protein Structural Changes: A Combined 2D IR and Computational
Approach, Biochemistry, 62, 451 - 461 (2023).




7. Shivshankar Kore, Rudhi Ranjan Sahoo , Binit Santra , Archishman
Sarkar, Tubai Chowdhury, Samadhan H. Deshmukh ,Sulagna Hazarika
,Srijan Chatterjee*, Sayan Bagchi *, Solvation structure and dynamics of
a small ion in an organic electrolyte, J. Photochem. Photobiol. A: Chem.,
440, 114666 (2023).

8. Tubai Chowdhury, Srijan Chatterjee, Samadhan H. Deshmukh, Sayan
Bagchi *, A Systematic Study on the Role of Hydrogen Bond Donors in
Dictating the Dynamics of Choline-based Deep Eutectic Solvents.
(communicated)

Book Chapter

1. Deborin Ghosh, Samadhan H. Deshmukh, Srijan Chatterjee, Sushil S.
Sakpal, Tapas Haldar, Ambuj Dhakad, Somnath M. Kashid, Sayan
Bagchi*, Two Dimensional Infrared Spectroscopy: A Structure Sensitive
Technique with Ultrafast Time Resolution; Modern Techniques of
Spectroscopy. Progress in Optical Science and Photonics, vol 13.
Springer, Singapore, 2021.

List of papers with abstract presented (oral or poster) at national or
international conferences/seminars.

1. Oral Presentation in “NCL Research Foundation” organised by CSIR NCL
pune. (2023)

2. Oral presentation in “Chem-Dojo Conference 2022 held at, Pune India
and organised by the CSIR-NCL Pune, IIT Bombay and TIFR Mumbai.

3. Poster presentation in “NCL Research Foundation” organised by CSIR
NCL pune. (2020)



THE JOURNAL OF

PHYSICAL CHEMISTRY

LETTERS

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCL

Ligand Dynamics Time Scales Identify the Surface—Ligand
Interactions in Thiocyanate-Capped Cadmium Sulfide Nanocrystals

Samadhan H. Deshmukh, Srijan Chatterjee, Deborin Ghosh,* and Sayan Bagchi*

I: I Read Online

Article Recommendations |

Cite This: J. Phys. Chem. Lett. 2022, 13, 30593065

ACCESS |

ABSTRACT: The nanocrystal surface, which acts as an interface between the
semiconductor lattice and the capping ligands, plays a significant role in the ~
attractive photophysical properties of semiconductor nanocrystals for use in a
wide range of applications. Replacing the long-chain organic ligands with short
inorganic variants improves the conductivity and carrier mobility of nanocrystal-
based devices. However, our current understanding of the interactions between
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the inorganic ligands and the nanocrystals is obscure due to the lack of e
experiments to directly probe the inorganic ligands. Herein, using two- T
dimensional infrared spectroscopy, we show that the variations in the inorganic &, Bound
ligand dynamics within the heterogeneous nanocrystal ensemble can identify Moo Weakiy g
the diversities in the inorganic ligand—nanocrystal interactions. The ligand ~—
dynamics time scale in SCN™ capped CdS nanocrystals identifies three distinct N

ligand populations and provides molecular insight into the nanocrystal surface.
Our results demonstrate that the SCN™ ligands engage in a dynamic equilibrium
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and stabilize the nanocrystals by neutralizing the surface charges through both direct binding and electrostatic interaction.

Semiconductor nanocrystals (NCs) are composed of a
semiconductor lattice whose surface is passivated with
molecular capping ligands. Selection of the capping ligands,
semiconductor material, size, and dimension provides highly
tunable optical and electronic properties of the NCs. These
characteristics make the NCs an emerging class of building
blocks in various optoelectronic, photovoltaic, photocatalytic,
and biodiagnostic applications.'™” The last few decades have
witnessed advances in controlling the reproducibility of size
and shape dispersity in NC synthesis.® However, one of the
most defining features of the properties and reactivity of the
NCs is the surface, which acts as an interface between the
semiconductor lattice and the capping ligands.” Unlike
conventional molecules, heterogeneity exists across the surface
of an individual NC. In addition, a dynamic equilibrium exists
between the ligands bound to the NC surface and the free
ligands in the surrounding media.”'® Detailed insight into the
heterogeneity in ligand—NC interactions is essential to
improve the current NC-based technologies.

Long-chain organic ligands are usually used for stabilizing
NCs during their preparation. However, replacing the long-
chain ligands with shorter variants improves the conductivity
and carrier mobility, thereby increasing NC-based device
performance.' ™% In the past decade, solution-based ligand
exchange has routinely been used to replace the long-chain
organic ligands with the shorter inorganic variants (e.g,
halides, pseudohalides, azides, halometalates).ls_17 Thiocya-
nate (SCN™) ligand has been recently utilized to prepare
colloidal quantum ink, which showed superior carrier
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mobility."> Despite the importance of the NC surface, the
heterogeneous ligand—NC interactions are poorly understood
due to a lack of molecular-level information.” '"H NMR has
recently been utilized for long-chain organic ligands (acids and
thiolates) to distinguish between surface-bound and freely
diffusing ligands.*”"*~** However, "H NMR cannot be applied
to short inorganic pseudohalide ligands like thiocyanates which
are devoid of hydrogen atoms. The interactions of these short
ligands at the NC surfaces have been qualitatively explained
based on the hard and soft acids and bases (HSAB)
principle.”'® However, a recent quantum chemical study has
reported that the coordination of the SCN™ ligand only partly
follows the HSAB principle, which cannot be generalized to
inorganic solid materials.”* Quantitative information on the
binding modes and the coordination number of inorganic
ligands is required to understand their influence on the NC
properties.

The use of Fourier transform infrared (FTIR) and Raman
spectroscopies has been reported to access purity, ligand
identity, and static coordination environments at the NC
surface. 1% Although most of the ligands (both long chain
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acids and short pseudohalides) have distinct vibrational
signatures, these steady-state vibrational techniques are most
helpful in understanding ligand—NC interactions when used in
complement with other experiments and quantum calculations.
Beyond probing the static coordination environments,
transient IR (TRIR) spectroscopy has been successfully used
for the long-chain oleic acid ligands.%’27 However, no time-
resolved IR studies have been reported on the short inorganic
variants. Among the available time-resolved IR methodologies,
two-dimensional infrared (2D IR) spectroscopy provides a
unique route to obtain an in-depth understanding of the
inorganic ligand—NC interactions. A particular mode of
ligand—NC interaction is manifested as a symmetric peak in
the FTIR spectrum. Due to the inherent heterogeneity in the
NC ensemble, subensembles exist within each absorption
band. These subensembles exchange on specific time scales
(spectral diffusion) depending on the strength of interaction of
the ligand to the NC surface (Figure 1a). The stronger the

Bound Ligand

Weakly Bound Ligand Freely diffusing Ligand

Spectral diffusion timescale becomes faster ———

Figure 1. Schematic representations of (a) the exchanging
heterogeneous subensembles (different colors) within a symmetric
frequency distribution (solid black line representing an absorption
band) leading to spectral diffusion and (b) the changes in the spectral
diffusion time scales with variations in ligand—NC interactions.

ligand—NC interaction, the slower the time scale (Figure 1b).
The changes in the 2D IR line shapes can directly provide the
spectral diffusion time scales and identify the relative strength
of the ligand—NC interaction. Herein, we successfully
demonstrate that the ligand dynamics time scales obtained
from 2D IR spectroscopy in SCN~ capped CdS NCs
quantitatively distinguish three distinct inorganic ligand—NC
interactions within the heterogeneous ensemble.

For this work, oleic acid capped CdS NCs (CdS-OA) are
synthesized with minor modifications to previously reported
procedures.”® CdS-OA in hexane is combined with a solution
of ammonium thiocyanate (NH,SCN) in DMF (detailed
procedure in the Supporting Information) to exchange the
organic ligands. After ligand exchange, 'H NMR shows no
characteristic peak for vinyl hydrogen of oleate around S to 6
ppm confirming full removal of oleate from the NCs surface
(Figure S1). We choose the short SCN™ ligand because of its
ability to form stable solution-phase NCs and its impressive
electron mobility, which is required for optoelectronic
applications.'””” Moreover, SCN™ is a highly sensitive local
vibrational probe of the surface heterogeneity.’”’" Figure 2a
shows that the excitonic features of the CdS NCs were
preserved after ligand exchange. The X-ray diffraction (XRD)
pattern of the SCN™ capped CdS (CdS-SCN) was identical to
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that of CdS-OA (Figure 2b). HRTEM images of CdS NCs
(Figure S2) before and after ligand exchange exhibit good
crystallinity with well-defined lattice fringes. The size
distributions of the NCs are shown in Figure 2c. In agreement
with the previous literature, the fringe spacing and XRD
correspond to (111), (220), and (311) planes of the zinc blend
structure.”> The XRD pattern reveals (111) to be the
predominant facet.

The FTIR spectrum of the CdS-SCN in DMF shows an
asymmetric peak in the CN stretch (Zcy) region (Figure 2d)
which could be fitted (Table S1) to two Gaussians centered at
2055 cm™ (7;) and 2072 cm™ (7). The full width at half-
maximum (fwhm) of the peaks at ; and 7 are 16.5 and 14.6
cm™, respectively. In the absence of NCs, NH,SCN shows a
symmetric peak at 2055 cm™ (7)) in DMF with a fwhm of
13.5 (Figures 2d). Previous studies of M'SCN™ (M = Li*, Na*,
Mg*") in different solvents reported a blue-shift in Ty due to
the formation of contact ion pairs.”*~** Thus, the peaks at Ty
and Uy in CdS-SCN can plausibly be assigned to the freely
diffusing ligands and the ligands interacting with the NCs,
respectively. However, these assignments based on peak
positions are speculative. Further, it should be noted that
although the presence of NCs makes the fwhm of the peak at
7, larger by 3 cm™' than that of the peak at Ty (Table S1), the
origin of this broadening cannot be explained from FTIR
results.

We have acquired 2D IR spectra of CdS-SCN at different
time delays (T,,) to obtain a detailed understanding of the
ligand—NC interactions. A typical 2D IR spectrum consists of
a peak pair corresponding to ground-state bleach and
stimulated emission (blue peak, v = 0 to v = 1) and excited-
state absorption (red peak, v = 1 to v = 2) separated by
vibrational anharmonicity. The existence of multiple binding
modes introduces multiple overlapping peak pairs (2D IR) in
the spectra. The 2D IR spectrum shows two peak pairs (Figure
3, left column), with the blue peaks centered at frequencies
corresponding to the FTIR peak positions (7, and 7y;) and the
red peaks shifted along the detection axis by the respective
anharmonicities. The spectral diffusion (within each peak)
lowers the diagonal tilt of the peaks with increasing T, without
changing the peak positions (white lines in Figure 3). The
spectral diffusion time scales are quantified using center line
slope (CLS) formalism where the inverse of the T,-dependent
white lines” slopes are fitted to exponential decays.”” We have
performed additional control experiments and analyses in the
absence of NCs on NH,SCN in DMF (Figure 3, right
column).

The CLS of the peak at Ty fits well to a single exponential
decay indicating that the spectral diffusion with this ligand
population happens at a 114 ps time scale (Figure 4a). The
CLS of the peak at 7; shows a biexponential decay, consisting
of two decay time scales, 5 and 39 ps (Figure 4a). The faster (5
ps) time scale shows an excellent agreement with that obtained
from the CLS of the peak (7y) in the absence of NCs, thereby
confirming the existence of freely diffusing ligands. It is worth
mentioning that the freely diffusing ligands can be paired with
the NH," countercation. A previous study reported a much
faster spectral diffusion in DMF (1 ps), albeit using transition
metal carbonyl as the vibrational probe.” A future study
involving variation in the cation size/charge density can
provide a clearer picture. Direct binding to the NC surface
should restrict the ligand movement and slow down the
spectral diffusion. Thus, the slowest time scale corresponding
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Figure 2. (a) UV—vis absorption spectra, (b) XRD patterns, and (c) particle size distributions obtained from HRTEM analysis of CdS NCs before
(blue) and after (red) ligand exchange. (d) FTIR spectra of the nitrile stretch (Tcy) of SCN™ in the presence (up) and absence (down) of NCs.
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Figure 3. 2D IR spectra of CdS-SCN (left column) and NH,SCN (right column) in DMF at three different waiting times (T,,). T, increases from
the top to the bottom along each column. FTIR spectra are shown at the respective top panels such that the peak positions of the FTIR and 2D IR

spectra are vertically aligned.

to the peak at Uy arises due the strongly bound ligands. The

negatively charged SCN~

likely binds (making X-type

interaction) to the Cd-rich positively charged (111) surface,

giving rise to this distinct ligand population. The intermediate

3061

time scale of 39 ps for the peak at 7; indicates a ligand
population which is neither freely diffusing nor strongly bound
to the NC surface. The ligand interacting weakly with the NCs
would be less restricted than those bound strongly to the NCs
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Figure 4. (a) T, dependent CLS decays of the 2055 and 2072 cm™
peaks of CdS-SCN are shown in blue and red, respectively. CLS decay
of NH,SCN (2055 cm™, yellow) has been appended for easy
comparison with the blue decay. The y-axis is shown in log scale for
clear visualization of the number of exponential decays. The inset
represents the normalized CLS decays at 2055 cm™" in the presence
and absence of NCs. (b) Optimized slab structure of the N-
terminated and S-terminated SCN™ capped (111) facet of the CdS
crystal. We set a = b =840 A, c=60 A, and a = =y =90° to
construct the slab with chelating ligands. The vacuum spacing is about
45 A, and thus the image effect is eliminated. The plane wave basis set
is used with a kinetic energy cutoff of 25 Ry.

but would have slower dynamics than that of the freely
diffusing ligands. The absorption of the weakly interacting
ligands at a frequency similar to that of the freely diffusing ones
makes these two ligand populations indistinguishable in the
FTIR spectra. It has been previously reported that free
thiocyanate anions cannot be spectrally distinguished from
solvent separated ion pairs.”**® The only indication in the
steady-state spectrum was the broadening of the peak at 7} as
compared to that at Un. However, the ligand dynamics time
scales obtained from 2D IR allows us to directly identify the
variations in the ligand populations.

Interestingly, the freely diffusing ligands do not have any
apparent interaction with the NCs, as indicated from the
spectral diffusion time scales. We tried decreasing the ligand
concentration during ligand exchange to remove the freely
diftusing ligands. However, only a partial transfer of the NCs to
the DMF phase was observed, which shows identical
normalized FTIR spectra (Figure S3) irrespective of the ligand
concentration. This result suggests that the free-diffusing
ligands are an integral part of the heterogeneous NC system. A
zeta potential value of —57.6 mV for CdS-SCN indicates that
the ligands can provide electrostatic stabilization to the NCs.
Our results demonstrate that the electrostatically bound
ligands (39 ps time scale) are in dynamic equilibrium with
the freely diffusing ligands (S ps time scale). Thus, the free
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ligands could not be eliminated by reducing the ligand
concentration during ligand exchange.

In addition to the distinct time scale upon binding to the
NCs, the separation between the respective blue and red peaks
(vibrational anharmonicity) for SCN™ is known to decrease
with proximity to the cations.*’ The estimated anharmonicity
(Table S1) is the lowest for the peak at Zy, confirming that this
peak arises from strongly bound ligands to the NCs. The
anharmonicities of the weakly bound and the free ligands are
the same, within the experimental error limit. Additional
information is obtained from the amplitudes of the CLS decays
(Figure 4a). Although the CLS value at T, = 0 should be unity
as no spectral diffusion is possible, it usually decreases from
unity due to the presence of ultrafast homogeneous
fluctuations. A larger decrease from unity at T,, = 0 indicates
a larger homogeneous contribution to the line shape of the IR
peak. It is intriguing to observe that the ultrafast fluctuations
decrease with the increasing strength of ligand—NC
interaction, thereby decreasing the homogeneous contribution
to the IR line shape.

The ratio of the areas of the peaks at U; and 7} is estimated
to be 0.1 from the FTIR spectrum of CdS-SCN. In addition,
the amplitudes of the biexponential CLS decay for the peak at
v; show that the weakly bound ligands contribute ~20% while
the rest comes from the freely diffusing ligands. Combining the
two results, the population ratio of strongly bound
ligands:weakly bound ligands:free ligands is estimated to be
1:2:7. A large fraction of free ligands is needed to stabilize the
NCs as the free ligands are in dynamic equilibrium with both
the strongly bound and the weakly interacting ligands.
Although the IR spectra of CdS-SCN show two peaks arisin%
from three overlapping transitions, a single peak in 13C NMR"
confirms the presence of a dynamic equilibrium between the
three ligands populations. We therefore estimate a nanosecond
time scale for the exchange process, i.e., faster than the NMR
time scale and slower than picoseconds as no cross peaks from
chemical exchange are seen up to 80 ps in 2D IR.

Although we have identified the strongly bound ligand
population directly from the ligand dynamics time scales, the
ambidentate SCN™ can bind to the positively charged (111)
NC surface (X-type interaction) either through the sulfur (S)
or the nitrogen (N) atom. Density functional theory (DFT)
calculations on Cd**-SCN™ ion pairs (see Table S2 for
calculated frequencies) predict a blue-shift in Ty for SCN™
interacting with Cd*" either through the S end or through the
N end. To mimic the experimental condition, additional DFT
calculations have been performed using Quantum-Expresso on
the (111) facet of zinc-blende shaped CdS-NC. For
simplification, a slab model has been used to optimize the
NC structure.”” PBE*’ was used as the exchange-correlation
functional, and ultrasoft ps.eudopotentials44 described the
electron—ion interaction. Two different models considering
the binding nature of SCN~ (S-bound and N-bound) have
been constructed, and their optimized structures are presented
in Figure 4b. Small fragments of the slabs were utilized to
calculate the Uy at the B3LYP/lanl2dz level of calculation with
the Gaussian 16 package.” The calculated values of Tgy are
presented in Table S2. A close resemblance of Ty for the N-
bound SCN™ (2079.36 cm™) to the (111) surface has been
observed with an experimental band at 2072 cm™', indicating
that the ligands are bound to the NC surface through the N
atom, making an X type interaction with the (111) facet.
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Our results successfully demonstrate that the variations in
the inorganic ligand—NC interactions at the NC surface can be
successfully deciphered from the variations in the ligand
dynamics (Figure S). A unique spectral diffusion time scale,
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Figure S. Schematic representation of different SCN™ populations in
the CdS-SCN system.

associated with any ligand—NC interactions, depends on how
strongly the ligand is interacting with the NC. A stronger
interaction slows down the spectral diffusion such that the
excitation and detection frequencies remain correlated for a
longer time. We have identified three distinct populations of
pseudohalide ligands—strongly bound, electrostatically inter-
acting, and freely diffusing—in the CdS-SCN NCs. These
ligand populations were found to be present in the NC system
in the ratio 1:2:7. Furthermore, control experimental results
indicate a dynamic equilibrium where all the three ligand
populations exchange at nanosecond time scales. Interestingly,
although the freely diffusing ligands do not apparently interact
with NCs, the presence of the dynamic equilibrium between
the various ligand populations make these free ligands an
intrinsic part of the NC system. Results obtained from
quantum chemical calculations show an excellent agreement
with our 2D IR interpretations. In addition, the theoretical
results indicate that the ambidentate SCN™ ligand binds
through the N atom, making an X-type interaction with the
NCs. This work demonstrates that 2D IR spectroscopy can
directly provide a detailed molecular-level picture of how small
inorganic ligands stabilize the NCs. In CdS-SCN, the
stabilization of the NCs comes from passivating the surface
charges through direct binding as well as electrostatic
interaction. This study opens up a new avenue to investigate
the interaction of small inorganic ligands with the NCs of
varying shapes, sizes, and semiconductor materials.
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