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Chapter 1

Structure-function relationships are fundamental to molecular systems irrespective of their
size and composition. Interactions and dynamics are key to the structure-function relation.
So, it is imperative to understand the role of interactions and dynamics on how a certain
structure is related to function. Although there are numerous ways of solving this central
dogma of science, broadly speaking, we can either take the theoretical route or the
experimental route. Each route has its own advantage and disadvantage. Theoretical
calculations and simulations provide a molecular picture of the process. However, these
approximation based results need to be validated from experiments. On the other hand,
experiments provide results devoid of assumptions, but cannot provide the molecular level
understanding of the processes. Being a chemist, | prefer to be able to visualize the processes

and this cannot be achieved sole from a single experiment.

In this context, the ideal situation is the bridge the gap between theory and experiment such
that the experimental results can be explained at a molecular level on the basis on theory.
Spectroscopy, in my opinion, is an ideal way to bridge theory and experiment. The
experimental observables, when compared with the exact same parameters obtained from
theory, can open up a new avenue to understand structure-function relationships from a
macroscopic to microscopic level. Spectroscopy involves light-matter interactions where
the frequency of the light can be widely tuned depending upon the problem we would like
to address. The huge frequency range of the electromagnetic spectrum provides us an

opportunity to perform various spectroscopies.

Molecular probes and spectroscopy are inter-related. These probes differ depending on the
choice of the spectroscopic technique involved. Several dyes are used a probe in UV-visible
absorption spectroscopy and fluorescence spectroscopy. The sensitivity of these dyes to the
environment allows us to decipher the surrounding of the molecule. On the other hand,

vibrational infrared probes provide bond-specific local information. Certain properties are
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essential for the moiety to perform as a good spectroscopic molecular probe. First, the
spectroscopic signal of the probe must be present in an uncluttered region, i.e. where the
background absorption is negligible. The spectroscopic transitions must have high
extinction coefficient. The probe must be sensitive to its local surrounding such as hydrogen
bonding, electrostatic field, or protonation-deprotonation states (pH). The variation in such
factors must be manifested as a change in intensity, peak maxima, peak width, or other
spectral features which can be quantified. In addition, the small moieties are preferably used
as spectroscopic probes which minimally perturb to the system. Furthermore, preferably the
transition of the molecule should not be coupled with other parts of molecules. In case such
a coupling is present, it might be extremely difficult to decipher the molecular picture from
the complex spectrum. Last, but not the least, the observable associated to the molecular

probe should be obtainable directly both from experiments and theory.
1.1 Different forms of spectroscopy

Based on the light-matter interaction, spectroscopy is mainly classified into absorption and
emission spectroscopy. UV-Visible spectroscopy is an absorption type of spectroscopy that
pertains to the measurement and interpretation of discrete wavelengths of UV or visible light
absorbed by or transmitted through a sample. In this spectroscopy, the light of a particular
wavelength region (200-800 nm) is absorbed by the molecules causes the excitation of the
electrons from the ground state to a higher energy state. Molecules containing m-electrons
or non-bonding electrons can absorb UV or visible light to excite these electrons to higher
anti-bonding molecular orbitals. The selection of a particular excited state for the transition
mainly depends on the wavelength of absorbed light. The four possible types of UV-Vis
transition (n—-n*, N—n*, 0—c6*, and n—c*) are shown in the Figure 1.1a. UV-Vis spectroscopic
data is commonly represented as a plot of absorbance vs wavelength. This simple and

versatile spectroscopic technique is widely used in various applications.*
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Fluorescence spectroscopy is emission spectroscopy that analyzes the fluorescence
properties of compounds that are either showing native fluorescence or that have been
labeled using an appropriate fluorophore. In this spectroscopy, molecules are excited with a
light of a suitable wavelength which further emits the radiation at longer wavelengths within
its emission band. Different processes involved in the fluorescence mechanism are shown
in Figure 1.1b. The excitation energy provided to the molecule promotes it from the ground
electronic state to one of the several vibrational states of the excited electronic state. Due to
the collisions with other molecules, the excited molecules decay to the lowest vibrational
state of the excited electronic state. These molecules relax back to the several vibrational
levels in the ground electronic state via a radiative emission known as fluorescence.
Fluorescence detection offers the detection and quantification of very low analyte
concentration in the range of nM to pM. The high levels of sensitivity and specificity make

it an important technique for various applications.>

(a) (b)
. . | =
A ¢* (anti bonding) A S, | Ny
: v=0
©* (ant1 bonding)
£6 €0 sorpli cenc
EJ _ 1 (nonbonding) EJ Absorption Fluorescence
Lvu-_« N— 7T " 11— C LE
7 (bondin I
— ( 2 3
So V=1
o (bonding) V=0
c—c*

Figure 1.1 (a) Transition involved in the UV-Visible spectroscopy. (b) Various processes

involved in the fluorescence spectroscopy.

Unlike UV-visible and fluorescence spectroscopy, Infrared (IR) spectroscopy deals with
much smaller energy transitions that occur between various vibrational and rotational states.
The absorption-based data acquisition method is generally used in IR spectroscopy. IR

spectroscopy is commonly employed in the determination of molecular structure, qualitative
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and quantitative analysis of chemical species.®*? A change in the dipole moment is a
necessary condition for the molecular vibrations to absorb IR radiation. The frequency of
the absorbed radiation depends on the bond strength of the bond or group that vibrates. Since
bond-specific vibrations absorb at particular vibrational frequencies, each molecule has a
characteristic IR spectrum. The infrared portion of the electromagnetic spectrum is usually
classified into the near (14000-4000 cm™), mid (4000-400 cm™) and far-infrared (400-10
cm™) regions. The IR spectroscopic analysis used in this thesis is focused on the mid-

infrared region.

Similar to IR spectroscopy, Raman spectroscopy is another form of vibrational spectroscopy
which is based on the scattering of light. The Raman effect occurs at inelastic scattering,
where the wavelength of scattered light is different from that of the incident light. Although
both are vibrational spectroscopy, IR spectroscopy senses a change in dipole moments while
Raman spectroscopy observes a change in the polarizability of a molecular bond. The
Raman active modes are the bond vibrations that are subjected to a change in the molecular
bond polarizability. In contrast to IR spectroscopy, Raman spectroscopy is used to analyze
the homonuclear diatomic molecules due to changes in polarizability. Raman spectroscopy

is versatile tool for various qualitative and quantitative analysis of chemical structure.*1°

Although the intrinsic spectroscopic signal or macroscopic observable of system under
interest can provide global information about the system, the microscopic environment
remains unexplored. Recently, molecular level understanding of interactions and dynamics

has been elucidated by using site-specific probes in various spectroscopic measurements.
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1.2 Molecular probes - proxy to interaction and dynamics

Fluorescence and infrared (IR) spectroscopy have generally used the molecular probes
which provide the valuable insight about the specific function of biological systems.1®2! In
recent years, fluorescent probes are commonly used in the biophysical reasearch due to its
versatility, sensitivity, quantitative ability.???® The fluorescent probes senses binding with
a specific target which manifest as the significant enhancement in its fluorescent
properties.?* In addition, fluorescent probes also used to explore the solvent effect on
chemical processes due to its sensitivity to solvent polarity.? IR probes are highly sensitive
to surrounding environment and widely employed as site-specific vibrational reporters to
investigate the local electrostatics and dynamics, and hydrogen-bonding environments.?6-2
Recently, there has been a surge in the use of an modified unnatural amino acids and
nucleosides containing small IR probes,*® which inserted into the specific site of proteins

and DNAs.

Theoretical and computational studies of molecular probes are complementary and
supportive to experimental measurements. Theoretical and computational methods are also
used to understand the structure and function of chemical and biological systems with its
ability of prediction and validation of different hypotheses by characterizing various states
of molecules. The Density Functional Theory (DFT) is commonly employed in the
investigation of structural, vibrational and optical properties of various materials.3! The
infrared and raman spectroscopies in tandem with a quantum chemical calculations have
been used in the vibrational analysis of molecular systems.®? In addition, atomistic
molecular dynamics (MD) simulation is an essential tool to investigate several processes
which is responsible for the biomolecular function.®*3 Prof. Martin Karplus, Michael Levitt
and Arieh Warshel (Nobel laureates in chemistry, 2013) showed the importance of quantum

chemical methods in the study of metalloenzymes.
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1.3 Spectroscopic experiments used in tandem with theoretical calculations

Traditionally, the study of chemical and biological materials mainly focussed on the
characterization of the bulk structure and properties of molecules; hence the microscopic
structures of molecules remain poorly understood. Sometimes, experimental methods alone
are not sufficient to recognize the intermediate transition states responsible for the function
of molecules in chemical or biological processes. In this thesis, we have obtained
meaningful insight about the system with the combination of experiments and theoretical

methods that would not be possible to achieve with the use of two approaches independently.

Recently, computational chemistry has made considerable advances in chemistry and
biology. Dentistry Functional Theory (DFT) provides a wealth of information about the
structural and spectral properties of the molecules and plays a crucial role in studying
molecular structures and their interactions.3" Furthermore, the Time-dependent DFT (TD-
DFT) method is commonly used to compute the UV-vis spectra and excited states properties
of molecules.®® In this thesis, TD-DFT calculations complement the experimental results
that have been used to reveal a photophysics of warfarin, a fluorophore and anticoagulant

drug in biology.

In the condensed phase, atoms are in constant motion, and the dynamics of these molecules
have a profound effect on the desired molecular function and intermolecular interactions.
Unfortunately, the experimental techniques cannot observe the motions of individual
atoms/molecules, but the molecular dynamics (MD) simulation can discriminate the
underlying dynamics. When a solute dissolves in a solvent mixture, then the solute is
preferentially solvated by a particular component of the mixture. It has been reported that
the local solvation structure of the solute molecule in the mixed solvent can be different

from that found in the bulk solution.®**° Herein, we have added a solute in viscous deep
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eutectic solvent (Reline) and measure the effect of water addition on the microscopic
structure of reline through the dissolved solute perspective. In this study, MD simulation in
combination with vibrational spectroscopy has been used to identify various solute-solvent
interactions, further indicating the solute perspective maximum extent of hydration for a

deep eutectic solvent.
1.4 Multiple spectroscopic approaches used in tandem

In certain circumstances, a single spectroscopic method cannot provide information about
the specific characteristics of the molecules. Spectral analysis of systems in combination
with different spectroscopic approaches is a possible solution to such problems. The

combined spectroscopic measurements offer detailed information about the system.

Vibrational frequencies are highly sensitive to local environments, so IR probes are used as
a site-specific marker in a simple and complex system. The infrared (IR) probe often suffers
from an unexpected complex absorptive line shape due to the Fermi resonance between a
fundamental band and a nearest resonant overtone/combination band. Depending on the
surrounding environment, Fermi resonance exhibits overlapping peaks or distinct spectral
features in the IR spectrum.**? Isotopic substitution is a possible method to verify the
existence of Fermi resonance but it also has a limitation, such as substituted compounds

may not be readily available.

Multidimensional ultrafast vibrational spectroscopy provides additional information than
the FTIR experiments. Two dimensional IR (2D IR) spectroscopy measure the temporal
evolution of vibrational frequencies at a sub-picosecond timescale. The combination of high
temporal resolution and bond-specific vibrations makes it a promising tool for studying
molecular interactions and dynamics. We have used one of the characteristics of 2D-IR

spectroscopy, the detection of off-diagonal cross-peaks, which reveal the presence of Fermi
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resonance and differential solvation dyanamics for the ester carbonyl vibrational probes in

protic solvents.

This thesis includes spectroscopic responses of different molecular probes including
fluorescent as well as vibrational probes in small molecules and proteins. The use of just
one spectroscopic technique at times fails to provide an unambiguous understanding of the
system. It has been shown here that multiple spectroscopic techniques when used in tandem
with theoretical calculations can remove any ambiguity and provide a conclusive
understanding of the system. Depending on the size of the solute and the viscosity of the
solvent, the frequency evolution of the solute depends on the solvent’s fluctuations as well
as the inherent reorientation dynamics of the solute. Here, we show that a polarization
dependent spectroscopic technique can decipher the identity of the solvent molecules in a
ternary mixture with which the solute molecules interact predominantly. Another key
problem in understanding the site-specific interactions and dynamics is the presence of
“dark states” which are coupled to a normal mode vibration (Fermi resonance). Using time-
resolve vibrational spectroscopy at different time delays we show here that structure
(vibrational coupling) can be differentiated from interconversion dynamics between
different conformations. In a nutshell, this thesis provides a detailed report on the subtle
manoeuvres in different spectroscopic techniques using various molecular probes to

overcome the ambiguity in our fundamental understanding of the molecular systems.

In this thesis, we have examined the photophysics of the widely used fluorophore in the
aqueous solution which has been previously performed in the organic solvents. The
combined spectroscopic and theoretical calculation removes the ambiguity in the erroneous
conformation-based peak assignment. Our results show that the dual absorption arises not

from different conformations but from transitions involving different excited states. We
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have employed this photophysical information to recognize the protonated/deprotonated

status of the protein-bound fluorophore.

In another work, we have quantified the interaction and dynamics sensed by the thiocyanate
vibrational probe in a deep eutectic solvent (DES). In any general application involving
DES, water is added to decrease the high inherent viscosity of the DES. The upper limit of
hydration in DES and the corresponding structural variation of DES have been previously
studied in the absence of any solute. As the solute molecule is an intrinsic part of any “green”
application of the DES, understanding the upper hydration limit of DES from the solute’s
perspective is desirable. Our spectroscopic study exhibits the transition point from the ionic
mixture to an aqueous solution of DES (water in DES to DES in water) from the solute’s
perspective. Our result shows that the transition from the solute’s perspective happens at a

lower water content that reported in the previous study in the absence of the solute.

The spectroscopic characteristics of the molecular probes changes with the participation of
different interactions like hydrogen bonding and electrostatic interaction with the
surrounding environment. Furthermore, the peak-assignments get more complicated by the
presence of Fermi resonance peaks in the same spectral range. It is imperative to
unambiguously assign the transitions to obtain a fundamental understanding of the peaks
and their related structural conformations/dynamics. This thesis includes a linear and time-
resolved vibrational spectroscopic study of carbonyl probes which show multiple peaks in
the protic solvents. In this study, we have used polarization dependent two dimensional IR
spectroscopy (2D IR) to assign the peak either to the bright states (hydrogen-bonded
population) or dark states (Fermi resonance). In addition, we have studied the hydrogen
bond making and breaking dynamics of the carbonyl group in alcohols of varing chain-

lengths.
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In short, various experimental methods including fluorescence, UV-Vis, IR, and two-
dimensional IR (2D IR) spectroscopies in combination with theoretical calculation have
been used to investigate the spectroscopic response of fluorescence (warfarin) and
vibrational probes including ammonium thiocyanate (NH4SCN) and ester-based carbonyl

probes.

1.5 Outline of thesis

The outline of the thesis is as follows:

In this thesis, we have performed several spectroscopic experiments combined with
theoretical calculations to study the characterization and application of molecular probes in
various solvents and biological environments. This thesis work will be hepful for
biochemists and physical chemists to quantify the interaction and dynamics in a site-specific

manner.

Chapter 2 comprises detailed information about the experimental and computational

methods used in this thesis.

Chapter 3includes the photophysical study of warfarin, a fluorophore and potent
anticoagulant drug in biology. Herein, experimental measurements and theoretical
calculations have been carried out to explore the spectroscopic characteristics of warfarin in
an aqueous solution. In the solution phase, warfarin exists in different isomeric forms, and
previously, these isomers have been assigned to the origin of the dual absorption of warfarin.
In this context, we have performed pH-dependent experiments on warfarin and its
structurally constrained derivatives which demonstrate that the coumarin moiety is solely
responsible for the dual absorption profile. Using a combination of steady-state and time-
resolved spectroscopic experiments, along with quantum chemical calculations, we assign
the observed dual absorption to two distinct 1 — 7* transitions of coumarin moiety of

11
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warfarin. Furthermore, we unambiguously identify the isomeric form of warfarin that binds
to human serum albumin in aqueous buffer. This work can further provide the valuable

insight about the warfarin and other coumarin-based drug-receptor complexes.

Chapter 4 deals with a widely used deep eutectic solvent (DES) so called reline, which is
a mixture of choline chloride (hydrogen bond acceptor) and urea (hydrogen bond donor) in
1:2 molar ratio. Water is commonly used as a cosolvent to reduce the viscosity of the reline.
In this study, the disruption of reline’s nanostructure around the dissolved solute upon
addition of water has been examined by using a polarization-selective two dimensional
infrared spectroscopy and molecular dynamics simulations. The ammonium thiocyanate
(NH4SCN) is used as a vibrational probe. Although water molecules are gradually
incorporated in the solute’s solvation shell even at lower hydration levels, DES is partially
able to sustain its heterogeneous nanostructure around the solute up to 41 wt% of added
water. This water content indicates the upper hydration limit of the deep eutectic solvent
above which the solute senses an aqueous solvation environment. Interestingly, our solute
perspective transition point is lower than reported for “water in DES” to “DES in water”
transition. Similar to DES, our study will be helpful to modulate the properties of other

green solvent media with the appropriate addition of water.

Chapter 5 discussed the origin of various spectral features in the vibrational spectrum of
the ester carbonyl group, which is widely used as a vibrational probe for local interaction
and dynamics. The ester carbonyl group interacts with various hydrogen bonding partners
throughout its application, which modulates its frequency and line shape. The complicated
IR spectrum restricts the utility of ester moiety as a site-specific probe that demands a
thorough spectral analysis of ester moieties in protic environments. Here, we have
performed FTIR and two dimensional IR (2D IR) experiments which indicate the Fermi

resonance associated with a ester carbonyls. In addition, we have observed a variation in the

12
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solvent exchange surrounding different esters with a change in the steric effect of alcohols.
This work will be helpful to identify the underlying phenomena (Fermi resonance or

differential solvation) linked to the vibrational probes in hydrogen bonding environments.

Chapter 6 includes 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

All the steady-state absorption spectrum were recorded on a Shimadzu UV 3600 Plus
spectrophotometer using a quartz cuvette of 1 cm optical path length. A tungsten lamp has
been used as a source for visible light and a deuterium lamp is utilized for the UV region.
To avoid the possibility of aggregation or re-absorption effects, very dilute solutions having
OD < 0.1 at their excitation wavelength are used for the absorption measurements. A
schematic diagram of the UV-vis spectrophotometer has been shown in Figure 2.1. The light
obtained from the corresponding sources illuminates onto the monochromator, which
dispersed it into different wavelengths. This dispersed light falls onto the beam splitter
which split it into two beams. One beam remains undeflected and interact with the sample
solution while the second beam gets reflected by 90° and passes through the reference
solution. The UV-vis signal generated by the differential absorption from the reference and

the sample solution is represented as absorption versus wavelength plot.
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Figure 2.1 Schematic diagram of UV-Visible absorption spectrophotometer.
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2.2 Steady-State Fluorescence Spectral Measurement

The steady-state fluorescence spectra were measured on a PTI Quanta Master steady-state
spectrofluorometer using quartz cell of 1 cm path length. A schematic diagram of the

spectrofluorometer is shown in Figure 2.2
2.2.1 Light sources

In the spectrofluorometer, gas discharge lamps like xenon lamps and high-pressure mercury
lamps are commonly utilized. In addition to that, some other lamps like incandescent lamps

(tungsten lamp), laser (tunable dye laser), etc are also used.
2.2.2 Gratings

In most of the spectrofluorometers, diffraction gratings are used rather than prisms. The
performance specifications of a monochromator include dispersion, efficiency, and stray
light levels. Dispersion is usually given in nm/mm. The slit width is expressed in nm/mm.
A monochromator for fluorescence spectroscopy should have low stray light levels to avoid

scattered or stray light problems.
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Figure 2.2 Block diagram of a spectrofluorometer.
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2.3 Time-Correlated Single Photon Counting (Picosecond) measurement

The lifetime was recorded using a DeltaFlex time-correlated single-photon counting
(TCSPC) spectrometer using 310 nm excitation light with a full width at half-maximum
(fwhm) of the instrument response function ~50 ps. The excitation light was obtained from
a tunable Mai-Tai Laser with a repetition rate of 80 MHz which was scaled down to 1/10th,
i.e. 8 MHz, with a pulse picker. A hybrid photomultiplier (HPPD) was used as a detector in
the above setup. The decays were collected at magic angle polarization with respect to

vertically polarized excitation light to eliminate the effects of rotational anisotropy.

2.4 Fourier Transform Infrared Spectroscopy (FTIR)

The inherent properties of the FTIR spectrometer make it superior compared to the
conventional dispersive infrared spectrometer. A schematic diagram of a Fourier transform
infrared spectrophotometer (FTIR) is shown in Figure 2.3. Instead of monochromator
grating, the light generated from an infrared source are controlled using an interferometer.
The IR beam is directed to a beam splitter in the interferometer, which splits it into two
beams, one undeflected and the other reflected at a 90° angle. The reflected beam falls onto
the fixed mirror and reflects back to the beam splitter. The undeflected beam goes to the
moving mirror and also comes back to the beam splitter. The movement of the moving
mirror changes the path length of the beam shined onto it. The beams reflected from both
the mirrors meet and recombine at the beam splitter, but the path lengths of these two beams
are different, which create both constructive and destructive interferences. The combined
beam containing these interference patterns, also called an interferogram, is finally focused
on the sample. After it passes through the sample, the sample absorbs specific wavelengths
or frequencies. The radiation transmitted from the sample contains a time-domain

interferogram signal that finally reaches the detector and provides information about the
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amount of energy absorbed at every wavelength. The Fourier transformation formalism is
used to convert the interferogram from time-domain to frequency-domain signal. The FTIR
spectroscopy has the following advantages 1) The interferometer geometry scan all
frequencies simultaneously and reduces the data acquisition time drastically. 2) It provides
other benefits such as good signal to noise ratio and higher resolution. The IR absorption
spectra reported in this thesis were recorded on a FTIR-Brucker Vertex 70 spectrometer
with 2 cm™ resolution at room temperature. For each sample, ~90 pL of the sample solution
was loaded into a demountable cell consisting of two windows (CaF2, 3 mm thickness,

Shenzen Laser Co. Ltd.), separated by a mylar spacer of 56 pm thickness.
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Figure 2.3 Schematic diagram of Fourier transform infrared (FTIR) spectrophotometer
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2.5 Two-dimensional Infrared Spectroscopy (2D IR) spectroscopy

Recently, two dimensional infrared (2D IR) spectroscopy has been used as an experimental
tool to investigate ultrafast fluctuations, structural evolution and interchanging dynamics in
solution phase. The additional dimension in 2D IR spectroscopy helps to explore the
vibrational transitions that are hidden in FTIR spectroscopy. The 2D IR technique is an
ultrafast IR analog of 2D NMR and is a very sensitive tool to determine the structure and
dynamics in the condensed phase. Despite its wide application, 2D NMR spectroscopy is
limited to measure the dynamics occurs at a timescale in the range of ms to ps. In contrast,

2D IR spectroscopy quantifies the dynamics at sub-picosecond timescale.

2.5.1 2D IR Experimental setup, pulse sequence

2D IR spectroscopy is a third-order non-linear spectroscopic method, where three successive
femtosecond IR pulses interact with a sample that generates the vibrational echo pulse. 2D
IR experiments described in this thesis are performed on the pulse shaper based
spectrometer (Phasetech). The schematic representation of the 2D IR experimental setup is
presented in Figure 2.4. Ti:Sapphire regenerative amplifier generates ultrashort pulses of
femtosecond timescale at peak maxima 800 nm with a repetition rate of 1 KHz which are
used to pumped the optical parametric amplifier (OPA). The signal and idler beams of OPA,
combined using difference frequency generation (DFG) in a AgGas: crystal, produces IR
pulses of ~ 50 fs duration. These IR pulses are further directed to the pump-probe geometry
based spectrometer, where it is split into a strong pump pulse and a weak probe pulse. The
pump pulse is then passed through the acousto-optics modulator (AOM). AOM makes two
temporally separated pump pulses using the pulse shaping method which modulates the
phase and amplitude of the pulses. The pump pulse further passes through a waveplate and

a polariser which allows us to perform a polarisation selective 2D IR experiment.
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Furthermore, the pump pulses enter into a motorised delay stage that modulates the time
delay between the pump and probe pulses used to acquire the 2D IR spectrum. The pump
and probe pulses were spatially and temporarily overlapped and focused at the sample using
parabolic mirrors. The pulses span sufficient bandwidth to excite thev=0- landv=1-2
transitions simultaneously. 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 detected by a liquid nitrogen

cooled MCT IR array detector (Infrared Associates).

Polarisation selective pump-probe experiment (PSPP) and 2D IR experiments were
performed in the (XXXX) and (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 quarter-
wave plate and a polarizer, as discussed above. The polarization dependent pump-probe data

were analysed to obtain the isotropic population decay.

25



Chapter 2

IR Generation OPA/DFG | €<—— Ti Sapp}j;:;;;ef?::eratwe - Ti Sapphire Oscillator

N i

@

MCT
Detector

Monochromator

Figure 2.4 Experimental setup for the pulse shaper based 2D IR spectroscopy.

The 2D IR experiment is mainly based on the three time periods between three successive
femtosecond pulses shown in Figure 2.5. The first pulse interacts with the vibrational
oscillator and creates a quantum coherence state between vibrational ground (v = 0) and
excited (v = 1) states. The second pulse in the sequence confines this coherence to one of
the two vibrational states. The time interval between pulse 1 and 2 is called a coherence time
(r) and between pulse 2 and 3 is called a population period or waiting time (Tw). After
waiting time (Tw), the third pulse create another coherence betweenv=0tov=1andv=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 (t) and pulse 2 - 3 (Tw) and the emitted
vibrational echo frequency (wt) provides the experimental data for 2D IR spectroscopy. The
data are represented as a two-dimensional correlation map of the excitation frequency (w-:)
versus detection frequency (wt), which describes the vibrational transitions that occur during

the coherence and detection period.
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Figure 2.5 Pulse sequence used in the 2D IR experiment.

2.5.2 Spectral signatures of different ultrafast processes in 2D IR spectrum

2D IR experiment involves the interaction of the three femtosecond IR pulses with the
sample which emits the vibrational echo signal in the following order: The first pulse excites
the sample and each molecule is labeled with the initial frequency w.. The second pulse
stops the coherence and starts the population period Tw, during which the labeled molecules
experience ultrafast fluctuation or chemical exchange dynamics. The interactions of the
third pulse end population period and start second coherence period (detection time), which
ends with the emission of vibrational echo signal composed of final frequency w: of the
labeled molecules. The 2D IR spectrum is a correlation of initial and final frequency

represented as a contour plot.

The typical 2D IR spectrum consists of two peaks, one peak present on the diagonal
corresponds to v = 0 - 1 transition (blue peak) and another off-diagonal peak corresponds to
v = 1 - 2 transition (red peak) occurs at lower frequency along the w: axis due to the
vibrational anharmonicity (Figure 2.6a and b). The diagonal (v = 0 - 1) peak arises from
ground state bleaching and stimulated emission, while off-diagonal (v =1 - 2) peak coming
from excited state absorption. The difference between the center frequency of the diagonal

(blue) and off-diagonal (red) peak gives the vibrational anharmonicity of the system.
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2.5.3 Spectral diffusion

The line shape of the 2D IR peaks is mainly affected by the undergoing processes such as
ultrafast structural fluctuation and conformational dynamics which provides the information
about the range of frequency sampled during the given waiting time Tw. At Tw = 0, the
similarity between the initial and the final frequency shows a peak elongated along the
diagonal in 2D IR spectrum as shown in Figure 2.6b. However, with increase in Ty, the peak
shape becomes more symmetrical, essentially circular, when each molecule has sampled all
possible conformations (Figure 2.6¢). The structural fluctuation causes diffusion of spectral

lines throughout the spectrum over time and this process is known as spectral diffusion.

2.5.4 Chemical exchange

The chemical exchange dynamics is observed by the evolution of the off-diagonal cross
peaks as a function of Tw. In chemical exchange process, the population associated with one
chemical species may be transferred to another chemical species during the population
period. As shown in Figure 2.6 (d), at very short Tw, ~ 0 ps, when the two species are unable
to interchange, only two peaks occurs along the diagonal coming from v = 0 — 1 transitions
of the two different chemical species. With the increase in the population period, two
chemical species interchanging between one another under thermal equilibrium causes the
growth of two off-diagonal cross peaks in 2D IR spectrum. Similar to the v =0 - 1
transitions, v = 1 - 2 transitions also shows the growth of cross peaks arising due to the

chemical exchange process (for simplicity, not shown in the Figure 2.6d).
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Figure 2.6 (a) Vibrational energy levels involved in the 2D IR spectra. (b) A typical 2D IR
spectrum also shown along with the vibrational anharmonicity. (c) A representation of the
process of spectral diffusion as a function of Tw. (d) A representation of chemical exchange

using 2D IR spectra. Exchange has been shown only between 0 —1 transitions.
2.5.5 Analysis of 2D IR spectrum

2D IR correlation spectrum consists of the peaks with different positions, signs, amplitudes
and line shapes as characteristics of the vibrational eigenstates of the vibrational system and
their interactions with the surrounding environments. The variation in the spectral line
shapes in 2D IR experiments are sensitive to the ultrafast structural fluctuations of
molecules, peptides, and proteins in the solution phase. The frequency-frequency correlation
function (FFCF) is used to quantitatively determine the amplitude and timescale of the
frequency fluctuation as a function of Tw. Several methods have been developed to extract
the FFCF directly from Ty dependent 2D IR spectrum. The global fitting of the 2D IR spectra
at the different waiting times by varying the set of parameters was the first approach to get
the FFCF from 2D IR spectrum. Asbury et.al. suggested the dynamical line width to

correlate FFCF, which is a line width for the fixed value of wt.! Also, some of the research
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groups defined FFCF by the ratio of the sum and difference of the spectral width along the
diagonal and antidiagonal axis (i.e. the ellipticity of the 2D IR line shape).? However, the
analysis of the 2D IR spectrums become more challenging when diagonal and off-diagonal
peaks overlap due to the smaller anharmonicity. To overcome this problem, Michael Fayer
(Stanford University) suggested a center line slope (CLS) method? to determine the FFCF.
The center line slope method involves the line constructed by joining the maximum intense
point obtained by plotting the lines along the w. axis and parallel to w: axis, FFCF is defined
as the inverse of the center line slope. The main advantages of CLS method over all other
methods are insensitivity to the pulse duration, sloping absorptive background, and overlap

between diagonal and off-diagonal peaks.

In this thesis, Tw-dependent evolution of the 2D IR spectral line shape was modeled with
center line slope (CLS) method.” Evolution of CLS with increasing time delay was fitted

with a bi-exponential function,

c) = ale(%) + aze(%)

The sum of the amplitudes (a1 + a2) provides the initial values of the CLS decay at 200 fs.
This initial value is a measure of the heterogeneity around the solute. The larger the initial

value, the larger is the heterogeneity.
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2.6 Quantum calculations
2.6.1 TDDFT and EOM-CCSD calculations

Geometries of 4-hydroxycoumarin, 4-methoxycoumarin, and different isomeric forms of
warfarin were optimized using density functional theory (DFT) with the hybrid functional
B3LYP*® and the 6-31+G(d,p) basis set. The SMD solvation model is used as a solvent
continuum during geometry optimization.® The calculation of transition energies and
oscillator strengths of the higher singlet excited states were performed using time-dependent
density functional theory (TDDFT) with the same functional and basis set. Molecular orbital
diagrams of all possible forms of every compound were computed at the Hartree—Fock (HF)
level of theory with the 6-31+G(d,p) basis set. The equation-of-motion coupled-cluster
singles and doubles (EOM-CCSD) method, with the same 6-31+G(d,p) basis set was used
to calculate accurate oscillator strengths of isolated 4-methoxycoumarin. The DFT, TDDFT,
and HF calculations were performed using the Gaussian 09 program,’ and the EOM-CCSD

calculations were carried out using Molpro 2012.%°
2.7 Molecular dynamics simulations

All atom classical molecular dynamics simulation of reline water system was performed
using the GROMACS 2016.5 package.® Force field parameters for reline were taken from
the well-benchmarked work of Doherty et. al.}* Thiocyanate and ammonium ions were
modelled with GAFF force field and TIP3P model was used for water.!2 To check the
validity of the water model, bulk density of the reline water mixtures were computed and
compared with the experimental values.* The reline simulation box was made of a
thiocyanate ion solvated in 1:2 molar ratio of choline chloride and urea. The volume of the
cubic box was monitored to mimic the experimental thiocyanate concentration of ~0.1M.

The reline water mixtures, namely 3W, 5W, 10W and 15W were made by inserting
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additional water according to the corresponding water mole fraction. LINCS algorithm was
used to constrain all covalently attached hydrogen bonds. Periodic boundary condition was
used with short range electrostatic cut-off of 16 A. Before the equilibrium step, steepest
decent energy minimisation with 2 fs step size was performed. The system was equilibrated
with velocity rescale thermostat at 300K for 1 ns and subsequently with Parrinello-Rahman
barostat at 300K, 1 bar for 5 ns. Production runs were carried out for additional 100 ns.
Hydrogen-bonding analysis was performed with GROMACS in-built tool with an angle cut-
off of 30° and a distance cut-off of 3.5 A. TRAVIS has been used to calculate three-

dimensional SDF plot.*
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3.1 Introduction

Coumarin derivatives have drawn significant interest in chemistry and biology, due to their
pharmaceutical importance as well as their fluorescent properties. Warfarin, a coumarin
derivative of clinical significance, is a highly potent anticoagulant drug that reduces the risk
of strokes and heart attacks by preventing blood clots in veins.}® Moreover, warfarin binds
to human serum albumin (HSA),* the most abundant protein in blood plasma which
transports hormones, fatty acids, bilirubin, and drugs in the human body.>® The high affinity
and selectivity of warfarin towards HSA and the extensive increase in its fluorescence upon
binding to the protein makes warfarin a prototype fluorescent probe in biology.’
Fluorescence lifetimes of warfarin in aqueous solution, free or bound to blood plasma
proteins, have been correlated to blood coagulation.® Interestingly, warfarin is known to
exist in various isomeric forms.®? The conjugation between the functional groups gives rise
to the coumarin and the chromone structures in various solvents (Figure 3.1).1314
Furthermore, the proximity of the hydroxyl and the carbonyl moieties allows open-chain
and cyclic hemiketal conformations, leading to four possible isomers of warfarin. In
addition, the deprotonated forms (anion) are also involved in the structural diversity of
warfarin in water. Therefore, the structural determination of warfarin in water is imperative

from the perspective of biological applications.'®

Surprisingly, the current structural assignment in aqueous solution is directly implemented
from the indirect spectroscopic evidences of warfarin in non-aqueous solvents. Nuclear
magnetic resonance (NMR) studies in different organic solvents have indicated the
predominance of the coumarin structural form over the chromone.* 161" The coexistence
of hemiketal and open-chain isomeric forms has also been suggested from NMR peak
positions.1®1® However, due to the low solubility of warfarin in water, the NMR based

structural information of warfarin in aqueous medium is currently unavailable.
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Figure 3.1 Possible isomers of warfarin: (I) coumarin open-chain, (Il) chromone open-
chain, (I11) coumarin hemiketal, (IV) chromone hemiketal, (V) coumarin anionic, and (VI)
chromone anionic. The hydroxyl, ketone, and ester functional groups are shown in green,

red, and blue, respectively.

Recently, in lieu of NMR, the absorption spectroscopy of warfarin in organic solvents and
in solvent mixtures has been used to identify the warfarin isomers. The absorption spectrum
of warfarin consists of two overlapping peaks in the 250-350 nm range, which have been
assigned to the hemiketal (~280 nm) and the open chain isomers (~310 nm).*° Although the
absorption experiments were not performed in an aqueous solution, several structural studies
on ring-chain isomerism as well as various biological applications of warfarin have used
these absorption-spectrum based structural interpretations.'%% 20-27 The ambiguity in these
interpretations increases with another recent report suggesting that these two absorption
peaks of warfarin arise not from the different isomeric forms, but

from n—r* and 7—x* transitions.?® The biological significance of warfarin and the
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existence of several coumarin containing drug molecules demand an unambiguous structural

assignment in aqueous medium.

In this report, we investigate the origin of the dual absorption of warfarin in aqueous solution
using a combination of time-averaged and time-resolved spectroscopic experiments and
quantum mechanical calculations. Absorption and emission spectroscopic measurements on
warfarin in aqueous solutions at different pH values are performed. In addition, experiments
are performed on structurally constraints derivatives of warfarin which are proficient at
forming only a single isomeric form of warfarin. Interestingly, we observe a similar dual
absorption pattern for both the structurally constrained warfarin derivatives, irrespective of
being restricted to one particular isomer. These results demonstrate that the lower and the
higher wavelength transitions in the absorption spectrum of warfarin do not arise from two
different structural isomers. Furthermore, steady state emission spectroscopy also shows
similar results. Our results show that the ring-chain isomerism of molecules structurally
related to warfarin cannot be explained using the relative populations of the two absorption
bands, as they have been done in the past. Further, our results demonstrate that the dual
absorption is due to two distinct z—z* transitions of warfarin. Quantum chemical
calculations indicate that the dual absorption band arises due to distinct transitions to
accessible excited states. The transitions occur from two energetically close occupied
molecular orbitals (MO) to the lowest unoccupied molecular orbital (LUMO) associated
with the coumarin moiety of warfarin. Time-resolved emission spectroscopy on coumarin
derivatives confirms that warfarin exists in its anionic form in water at pH greater than 6.0.
Further, experiments are performed in the presence of HSA to identify the isomer of
warfarin that binds to the blood plasma protein in aqueous buffer. Our results reveal that
warfarin adopts an open-chain anionic form when bound to HSA, independent of the pH of

the aqueous buffer.
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3.2 Materials and sample preparation

Warfarin (analytical standard), 4-hydroxycoumarin (98%), pyranocoumarin (analytical
standard) and HSA were purchased from Sigma-Aldrich and their purity was checked using
the HPLC-MS technique. Methoxywarfarin and 4-methoxycoumarin were synthesized
using the standard methylation method and the purity of the synthesized compounds was
checked by NMR spectroscopy and HPLC-MS technique.?® All solvents were of
spectroscopy grade (Sigma-Aldrich). Each compound was dissolved independently in
aprotic solvents and aqueous buffer such that the final concentration of the liquid sample is

60 uM for the absorption and emission experiments.
3.3 Results and discussion

The ground state structures of different isomeric forms of warfarin in water are optimized
using DFT (Table 3.1). We consider every possible structural conformer of warfarin to
remove any bias reported in previous studies. The open-chain and the cyclic hemiketal
coumarin structures (I and I11) are found to be more stable than the corresponding chromone
structures (Il and 1V). Nevertheless, in case of any equilibrium between structure | and 111,
the equilibrium is expected to shift towards the lower energy hemiketal structure. The
calculated So—S: transition wavelengths and corresponding oscillator strengths further
suggest that the chromone isomers are not only energetically unfavorable, but also would
not contribute to the absorption spectrum of warfarin. Due to the strong conjugation between
hydroxyl oxygen and ester carbonyl of the anionic form of warfarin, both isomers V and VI
show the same geometry in the DFT calculation (Figure 3.2). Only one resonance structure
also supports the presence of single species of the deprotonated form of warfarin in solution

at higher pH.
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Table 3.1 Calculated spectral parameters for So— S electronic transitions of various forms
of warfarin in water (SMD solvation model) using DFT and TDDFT B3LYP/6-31+G(d,p)

Structure Open-chain Hemiketal Anion
| I 11 v (VIVI)
Relative ground state 3.6 10.6 0.0 8.0 288.4
energy (kcal/mol)
Absorption Amax(nm) 316.7 309.7 303.1 309.7 319.3
Oscillator strength (f) 0.56 0.03 0.66 0.04 0.44
9
" X
o
08,5, 2%
s b
J ‘e
9

Figure 3.2 The single resonance structure of deprotonated form of warfarin (structures V
and VI) obtained during the geometry optimization using DFT B3LYP/6-31+G(d,p)

calculation.

In previous studies, the dual absorption of warfarin in non-aqueous solvent and aqueous
solution at different pH has been assigned to the various isomeric forms of warfarin (Figure
3.3a).1% 27 Similarly, absorption spectra of warfarin in aqueous solution exhibit two distinct
absorption peaks centered at ~280 nm and ~310 nm at lower pH (Figure 3.3b). An increase
in the pH results in a decrease in the absorbance of the ~280 nm peak with a simultaneous
increase in the absorbance of the ~310 nm peak. Moreover, a small red-shift is observed in
the peak at ~310 nm for pH values greater than 5. Based on previous structural assignments
(Figure 3.3a), the origin of the dual absorption profile can be speculated to arise from the

open-chain (~310 nm) and the hemiketal isomers (~280 nm). Although this speculation may
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appear qualitatively consistent with our calculated wavelengths, confounding results are

obtained when control experiments are performed on structurally constrained warfarin

derivatives.
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Figure 3.3 (a) Normalized (at 310 nm) absorption spectra of warfarin in different non-
aqueous solvents and aqueous solutions of acidic (pH = 3) and basic (pH = 9) pH. Similar
spectra in non-aqueous solvents have been previously used as the basis of structural
assignment of warfarin. Normalized (at 310 nm) absorption spectra of (b) warfarin, (c)
methoxywarfarin and (d) pyranocoumarin in aqueous solution of different pH. The

structures of methoxywarfarin and pyranocoumarin are shown along with the spectra.

Two structurally constrained warfarin derivatives, methoxywarfarin and pyranocoumarin
(structures in Figure 3.3c-d) are selected, which, by virtue of their structures, are restricted
to exclusively open-chain and hemiketal conformers, respectively. Surprisingly, similar to

warfarin, both methoxywarfarin and pyranocoumarin have dual absorptions at ~280 nm and
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~310 nm (Figure 3.3c-d) irrespective of their confinement to one specific isomeric form.
However, unlike warfarin, the absorption spectra of methoxywarfarin and pyranocoumarin
do not show any pH dependence. The inability of methoxywarfarin and pyranocoumarin to
convert to the anionic form is the likely explanation for the invariance of the absorption
spectra with changing pH. The stability of pyranocoumarin may be debatable in acidic
solution. A possible general reaction mechanism in the acidic solution is shown in Figure
3.4a. The oxygen atom present in the cyclic ring of pyranocoumarin can capture a proton.
The participation of lone pair of electrons of the methoxy group can generate oxonium ion,
which causes the opening of a cyclic ring of pyranocoumarin moiety. Subsequent attack of
water on the carbon atom of the oxonium ion can form open chain structure of warfarin.
However, the absorption experiments performed in non-aqueous solvents eliminate the
contribution from the structure expected through ring opening process in the dual absorption
pattern of pyranocoumarin. (Figure 3.4b). These observations in structurally constrained
warfarin derivatives are in conflict with the earlier structural assignments of warfarin on the
sole basis of absorption spectrum.*® This gives rise to the question: what then is the origin

of the two bands.
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Figure 3.4 (a) General reaction mechanism for the formation of open chain form from the
close structure of pyranocoumarin. (b) Normalized absorption spectra of pyranocoumarin in

three non-aqueous solvents.

A recent study has reported that the dual absorption of warfarin arises
from n—z* and z—x* transitions.?® The cleavage of a single carbon-carbon bond of
warfarin separates the 4-hydroxycoumarin and phenylbutanone (structures are shown in
Figure 3.5a) without affecting the conjugation length, the absorption spectrum of warfarin
can be considered to be a combination of the absorption spectra of the two moieties.
Negligible absorption due to the n—z* transition of the keto-carbonyl group at ~260 nm is
observed for phenylbutanone (Figure 3.5a). The absorption spectrum of 4-hydroxycoumarin
(Figure 3.5a-b) shows a similar spectral profile and pH dependent nature as that of warfarin.
Furthermore, pH independent dual absorption of 4-methoxycoumarin (Figure 3.5¢), similar
to that of 4-methoxywarfarin, further suggests that the single absorption band at higher pH
in both warfarin and 4-hydroxycoumarin (pKa of 4.1) arises due to the anionic species. More
importantly, both the transition frequency and the weak intensity of the n—z* absorption in

phenylbutanone suggest that the n—z* transition does not contribute to the dual absorption
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of warfarin. These results clearly illustrate that the 4-hydroxycoumarin moiety of warfarin
is solely responsible for the dual absorption profile. This is a significant conclusion,

although the assignment of the two bands still remains unresolved.
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Figure 3.5 Absorption spectra of (a) phenybutanone and 4-hydroxycoumarin in ACN and
THF; normalized absorption spectra of (b) 4-hydroxycoumarin and (c) 4-methoxycoumarin
in aqueous solutions of different pH. The structures of phenylbutanone, 4-hydroxycoumarin,

and 4-methoxycoumarin are shown along with the spectra.

In a previous report on coumarin, the dual absorption was predicted to arise from
HOMO—LUMO and HOMO — 1—-LUMO transitions.?®>* As our results suggest that the
dual absorption pattern of warfarin arises mainly from the 4-hydroxycoumarin moiety,
TDDFT calculations are performed for all possible Franck-Condon transitions on the
optimized geometries of 4-hydroxycoumarin (neutral and anionic), 4-methoxycoumarin and

warfarin (all coumarin type isomers). The HF molecular orbitals (MO) are also computed.
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Schematic representations of all possible transitions in 4-hydroxycoumarin, its anion and 4-
methoxycoumarin (within 260-340 nm), the corresponding oscillator strengths (f), and the
MOs are shown in Figure 3.6a-c and Figure 3.7a-c. In addition, the schematic
representations from similar calculations on different coumarin type isomers of warfarin in
the experimental absorption range are also shown in Figure 3.6d-f and Figure 3.7d-f. The
involvement of only & orbitals in every transition in Figure 3.6 is clearly shown in a different
orientation of molecular orbitals in Figure 3.7. Furthermore, the n type orbitals are quite
buried and the first n type orbital below the HOMO is HOMO — 5 or HOMO - 6 as presented
in Figure 3.8 and 3.9. Therefore, these calculations provide further theoretical support to
disregard the contribution of n—z* transition to the absorption spectrum. According to
energy profile diagrams, HOMO—LUMO, HOMO - 1—-LUMO z—z* transitions
contribute to the dual absorption of 4-hydroxycoumarin and 4-methoxycoumarin. The dual
absorption profile of warfarin at lower pH, can also be elucidated to arise from transition
originating from distinct, but energetically close occupied orbitals to the LUMO. The DFT
calculated wavelengths show strong synergy with experiments results. Theoretically
calculated oscillator strength corresponding to any transition is comparable with the
experimentally observed optical density. For deprotonated warfarin and 4-
hydroxycoumarin, oscillator strengths are relatively high for HOMO—LUMO transitions,
while they are small for other higher energy transitions. These results explain the
experimentally observed single absorption nature of the anionic species at high pH. In
addition, the calculated absorption wavelength is the highest for the warfarin anion, which

also explains the red-shift observed in the warfarin absorption spectrum with increase in pH.

The only observation that is not reproduced by the TDDFT calculations is the relative
intensities of the lower and higher wavelength transitions in the experimental absorption

spectra of warfarin and 4-hydroxycoumarin at low pH. Therefore, a more accurate, albeit
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computationally expensive method, EOM-CCSD, has been used to perform calculations on
4-methoxycoumarin to address this issue (Table 3.2).3! 4-methoxycoumarin is selected
instead of warfarin to reduce computational cost as well as to restrict any contribution from
the anionic form in the dual absorption. This calculation has been carried out in the gas
phase because the inclusion of solvent effects increases computational costs significantly
and moreover, EOM-CCSD calculations with continuum solvation models are known to
have large errors.®> The oscillator strengths predicted by EOM-CCSD are remarkably
consistent with experimental absorbance. The absolute values of the excitation energies
predicted by EOM-CCSD are higher than those anticipated by TDDFT and experiment, and
this is possibly due to cancellation of errors in TDDFT and because EOM-CCSD
calculations are performed for the isolated molecule corresponding to the gas phase, while

the experimental spectrum is obtained in solution.
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Figure 3.6 Energy level diagrams for (a) 4-hydroxycoumarin and (b) its anion; (c) 4-

methoxycoumarin, and warfarin in its (d) open-chain, (e) cyclic hemiketal and (f) anionic

forms in aqueous medium (SMD solvation model). Molecular orbitals are calculated at the

HF/6-31+G(d,p) level of theory while the excitation energies are calculated using the

TDDFT B3LYP/6-31+G(d,p) method.
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Figure 3.7 Energy level diagrams for (a) 4-hydroxycoumarin and (b) its anion; (c) 4-

methoxycoumarin, (d) open-chain form, (e) cyclic hemiketal form and (f) anion of warfarin

in water (SMD solvation model). Molecular orbitals are calculated at the HF/6-31+G(d,p)

level of theory while the excitation energies are calculated using the TDDFT B3LYP/6-

31+G(d,p) method.

47



HOMO

HOMO -1

HOMO -2

HOMO -3

2

J’g.‘

'

,,33

@
"y

JJJ

. ¢

HOMO -4

HOMO -5

HOMO -6

HOMO -7

Chapter 3

2
&5

“9’: £

Figure 3.8 Some occupied molecular orbital picture (calculated at the HF/6-31+G(d,p) level

of theory) of open-chain and hemiketal form of warfarin in water (SMD solvation model).

Molecular orbital dominated by n character appears HOMO — 5 and HOMO — 6 energy level

respectively for open-chain and hemiketal form.
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Figure 3.9 Some occupied molecular orbital picture (calculated at the HF/6-31+G(d,p) level

of theory) of deprotonated form of warfarin in water (SMD solvation model). Molecular

orbital dominated by n character appears from HOMO — 5 energy level.
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Table 3.2 Calculated spectral parameters for electronic transitions of 4-methoxycoumarin

in vacuum at EOM-CCSD/6-31+G(d,p) level of theory.

Absorption | Oscillator Predominant orbitals involved
Amax (NM) strength (f)
1t allowed 272.0 0.10 HOMO — LUMO
transition
2" allowed 235.1 0.24 (HOMO - 1) —» LUMO and
transition HOMO — LUMO

To confirm the theoretical predictions, steady-state and time-resolved emission experiments
are performed on warfarin. Similar to previous reports, emission peaks, independent of the
excitation wavelengths, are observed at ~356 nm and ~390 nm at pH = 3 and pH = 9,
respectively (Figure 3.10a-b).!t 9 24 If warfarin exists in its different isomeric forms,
multiple distinct emission bands are expected. The single emission band supports the
theoretical prediction that the dual absorption arises not from structural isomers, rather due
to excitations from two distinct energetically accessible states. As radiative emission occurs
exclusively for S1—So transition, any fluorophore excited to S, (second excited singlet state)
would initially decay to S: through internal conversion. This explains the single emission
peak of warfarin at 356 nm, irrespective of excitation of molecule to Sz (280 nm) or S1 (310
nm). However, at pH = 9, the red shifted single emission peak at 392 nm is the emission of
the anionic form of warfarin. The results obtained from the DFT calculations on excited

state structures of warfarin (Table 3.3) agree well with the experimental results.
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Figure 3.10 Normalized emission spectra of warfarin in (a) pH = 3 and (b) pH = 9 at
different excitation wavelengths.
Table 3.3 Calculated spectral parameters for emission of various forms of warfarin in

water (SMD solvation model). Experimental emission maxima are also given for

comparison.
Structure Open Chain Hemiketal Anion
O (1
Calculated Xem (nm) 341.1 349.0 374.0
Oscillator strength (f) 0.72 0.69 0.42
Experimental dem (nmM) 356 392

Earlier studies, limited by instrumental resolution, have speculated ultrafast excited state
dynamics of warfarin to be responsible for single emission band in steady state fluorescence
spectra. Time resolved emission experiments on warfarin at pH = 3 and pH = 9 with Aex =
310 nm are performed. Time profiles, collected at several wavelengths across the steady
state fluorescence spectra (Figure 3.11a-b) exhibit a uniform decay rate at pH = 3 and pH =
9, irrespective of emission wavelengths, indicating the absence of any excited state dynamic
process of time scale slower than 50 ps in warfarin. A single exponential fit to the emission
time profile at 360 nm provides the fluorescence lifetime of warfarin at pH = 3 to be ~55 ps.
Emission time profiles of deprotonated warfarin at pH = 9 also indicate a constant, yet

slower, decay rate of ~125 ps irrespective of the emission wavelength.
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These observed emission lifetimes are consistent with the fluorescence quantum yields (o)
at pH =3 (¢ = 2.71x107%) and pH = 9 (¢ = 4.77x107%), calculated using anthracene as a
standard reference compound at its excitation wavelength (305 nm) in cyclohexane (¢ =
0.36).2% The calculated non-radiative decay rate, observed to be ~2.3 times slower at pH =
9, further confirm the presence of the anionic species at higher pH. The rigidity due to
extended conjugation in the anion diminishes the non-radiative decay processes and thereby
increases the emission quantum yield as well as emission lifetime of warfarin anion. As
discussed earlier, our theoretical calculations illustrate that a single species of deprotonated

warfarin is present in solution at higher pH.

5000 5000 -
f\ (@) Warfarin, pH=3,1_ =310 nm \ (b) Warfarin, pH =9, A =310 nm
4000 A ) 4000 -
n — 3
S 3000 - Yo | E 3000 — 370 nm
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3 nm 430 om
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Figure 3.11 Time-resolved fluorescence profiles of warfarin in (a) pH = 3 and (b) pH =9
at different emission wavelengths, as indicated (Aex = 310 nm). Black solid line represents

instrumental response function (IRF).

Since warfarin is used as an anticoagulant drug as well as a prototype fluorescent probe in
biology, it is crucial to ascertain which isomeric form of warfarin binds to HSA. The
reported X-ray diffraction data of the crystal structure of warfarin-HSA complex are
consistent with the open-chain form of the warfarin molecule,®* however, the protonated or
deprotonated status of warfarin, when bound to HSA cannot be determined from X-ray
diffraction. To determine the protonation status of warfarin in the enzyme environment, we

perform absorption and emission experiments of warfarin-HSA complex at three different
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pH values (3, 7.4 and 9). Although, HSA is not in its native form in the solution of pH 3 and
9,%-3¢ the extent of denaturation for each subdomain is different..®” Therefore, the structure
of the binding domain of warfarin might remain the same even at different pH conditions.
The absorption spectrum at any pH value exhibits a single absorption band at ~310 nm
(Figure 3.12a). The emission spectrum shows a single fluorescence peak at ~382 nm (Figure
3.12Db). Interestingly, both absorption as well as emission spectra of HSA bound warfarin
are almost independent of pH. The similarity between the absorption spectra of warfarin,
when bound to HSA, and its deprotonated form indicates that warfarin is present in the open-
chain anionic form in HSA binding pocket. However, the emission spectrum shows ~10 nm
blue-shift from that obtained for deprotonated warfarin in aqueous solution (pH = 9). The
high micro-viscosity of the binding pocket, as compared to the surrounding, can elucidate
the blue shift of the emission maximum. In a previous report,®® a gradual blue shift of
warfarin emission maxima has been reported with increasing viscosity of the solvent. The
above experimental results also suggest that pH of the protein solution has minimal effect
on the warfarin binding site, and that the warfarin molecule is sequestered in the protein

pocket.
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Figure 3.12 (a) Normalized absorption spectra of warfarin-HSA complex in aqueous

solutions of different pH, HSA solutions in corresponding pH were used as reference during
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UV-Vis absorption experiments. (b) Normalized emission spectra of warfarin-HSA

complex in aqueous solutions of different pH (Aex = 318 nm).

3.4 Conclusions

Using a combined theoretical and experimental study of warfarin, we confirm that only
coumarin moiety of warfarin is solely responsible for the absorption spectrum of warfarin
in its aqueous form. We demonstrate that the manifestation of dual absorption feature in the
absorption spectrum is not associated with the existence of multiple isomeric forms of
warfarin in solution, rather due to excitations arising from two closely spaced occupied
molecular orbitals to the lowest unoccupied molecular orbital. Our study also illustrates that
the ring-chain isomerism of molecules structurally analogous to warfarin, as reported in
previous studies, cannot be explained using the spectral characteristics of the warfarin
absorption spectrum. Further, this comprehensive study eliminates the possibility
of n—z* transition contributing to the dual absorption feature of warfarin. The steady state
and the time resolved emission experiments provide additional support to distinguish
between the neutral and the deprotonated isomers of warfarin. Furthermore, these results
allow us to determine that warfarin exists in the open-chain anionic form in the active site
of HSA. Finally, as the coumarin moiety which mostly contributes to the absorption and
emission spectrum of warfarin, is present in many drugs, our study will be helpful in the

investigation of various drug-receptor interactions.
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4.1 Introduction

Fuelled by searching for environmentally benign solvents for sustainable chemical
processes, deep eutectic solvents (DESs) have emerged as green solvents with a wide range
of applications.! A typical DES consists of an hydrogen bond acceptor (HBA) and an
hydrogen bond donor (HBD), mixed in the eutectic molar ratio.> ©® DES nanostructures,
stabilized by inter-component hydrogen bond interactions, can be further tuned by the
addition of cosolvents capable of disrupting the native hydrogen bond networks.®!° As water
can act as both HBA and HBD, these neoteric solvents are highly water-miscible and
hygroscopic.!!"!? Recent reports demonstrate that water addition in the eutectic mixtures
alters the DES nanostructures and consequently impacts their physicochemical properties.®
Trends in these properties suggest an upper limit of DES hydration, above which, DES

behaves like an aqueous solution. '3!3

Reline, composed of urea (HBD) and choline chloride (ChCl, HBA) in a 2:1 molar ratio, is
one of the most widely studied DESs. This solvent has extensive use in biodiesel synthesis,
surface coating, and enzymatic reactions.'®'® Owing to the hygroscopic nature of both urea
and ChCl, the presence of water changes the macroscopic properties of reline and perturbs
the DES nanostructure.'” Experimental and theoretical studies have reported water’s effect
on the physicochemical properties and molecular arrangement of reline.® '>-2°22 Notably, an
unusual transition from an ionic mixture (“water in reline”) to an aqueous solution (“reline
in water”) at 51 wt% water was recently reported by Hammond et al. using neutron

diffraction experiments and empirical potential surface refinement (EPSR).®

Although various reports studied the disruption of reline nanostructure at certain hydration

levels, 579 13

all the studies focused on understanding the phenomenon from the solvent’s
perspective in the absence of any dissolved solute. The effect of increasing water content in

reline from the solute’s perspective has yet to be explored. A favorable arrangement of the
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DES components around the solute provides an ideal environment for applications like
selective catalysis and efficient synthesis.? The disruption of the preferred molecular
organization in the presence of water might perturb the favorable solute-reline interactions,
limiting the use of reline in such applications. Furthermore, water is often intentionally
added to improve the DES properties, for example, to lower viscosity.® 1° Does the solute
sense the transition from a heterogeneous ionic mixture to an aqueous solution at the same
water content reported by Hammond et al.? In other words, what is the hydration limit above

which the interactions between the solute molecule and the DES components cease to exist?

Herein, we report the polarization-selective evolution of the solute’s vibrational frequencies,
which provides the answers to the questions mentioned above. We also perform molecular
dynamics (MD) simulations on different reline-water systems in the solute’s presence to
obtain a molecular understanding of the solute-solvent interactions at different hydration
levels. The structural dynamics of the solvent produce frequency evolution within its
inhomogeneously broadened vibrational bands. These dynamics are quantified by the
frequency-frequency correlation function (FFCF) through time-dependent line shape
analysis of two dimensional infrared (2D IR) spectra.?*>* When dissolved in a relatively
slow-moving solvent, the solute can reorient on a much faster timescale than the solvent’s
complete structural evolution. The rapid reorientation of the solute contributes to a
polarization selectivity of the frequency evolution over time, known as reorientation-
induced spectral diffusion (RISD).>> A recent report on room temperature ionic liquids
(RTIL) shows that polarization dependence of the solute’s FFCF can distinguish a slowly
evolving environment from an aqueous solution.®> Considering the gradual lowering of
viscosity upon increasing water content in the DESs, polarization-selective 2D IR
spectroscopy is suitable to identify the transition from a eutectic to an aqueous environment

from the solute’s perspective.
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4.2 Materials and sample preparation

Urea (>99.8%), choline chloride (ChCl, >98.9%), deuterium oxide (D>0, >99.9%), and
ammonium thiocyanate (NH4SCN, >99.9%) were purchased from Sigma-Aldrich and used
without further purification. To avoid any absorption of moisture, choline chloride and urea
were dried in a vacuum oven at 373K for 24 hours and then stored in an N»-filled glove box.
Reline and reline—water mixtures were prepared by a previously reported procedure.® ! 26
Reline was prepared in a glove box by mixing urea with ChCl in a 2:1 molar ratio. The
mixture was then heated and stirred up to 2 h at 343K. To avoid further contact with
moisture, reline was then stored in the glove box. Reline—water mixtures (xW) were
prepared by adding x moles of reline to one mole of D2O. For example, 1:2:3 molar ratios
of ChCl/urea/water is referred to as 3W. Reline-water mixtures of 3W, 5W, 10W, and 15W
were used for experiments. NH4SCN was dissolved in reline and reline-water mixtures

independently such that the final concentration of a solution is 50 mM for the IR and 2D IR

studies.
4.3 Results and discussion

Ammonium thiocyanate (NH4SCN, >99.9%), being a small solute molecule, reorients at a
time scale much faster than that of DES structural dynamics. In addition, the reorientation
time scale of the solute is comparable with that of water fluctuation. Therefore, the small
thiocyanate solute allows us to obtain the reorientation induced spectral diffusion (RISD) in
DES-like environments from polarization selective 2D IR experiments.”® The anion
(chloride)-water interaction is a dominant one in reline-water mixtures and thus it is essential
to explore these interactions to obtain a molecular level understanding. Here, SCN™ has a

26-29

dual advantage. (1) It is a commonly used vibrational probe and (2) due to its very small

size, SCN is capable of mimicking the local water-chloride anion interaction and dynamics
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with minimally perturbing the solvent medium. Herein, we have performed polarization-
selective 2D IR experiments on ammonium thiocyanate dissolved in reline and reline-water
mixtures (Figure 4.1 and 4.2). We prepared a series of aqueous reline mixtures (xW) by
mixing X (ranging from 0 to 15) moles of water (D20O) with one mole of reline. Water-reline
molar ratios (xW) of 3W, 5W, 10W, and 15W were used (the detailed weight% and mol%

are given in Table 4.1) as solvents along with neat reline and water.

63



Chapter 4

2080
2040

2000

2080

2040

10 ps
1

‘ ?

2000 -

2080
2040

2000

2080

Excitation frequency (cm!) —>

2040

2000 -

2080
2040

2000

o

Detection frequency (cm!) —>

Figure 4.1 2D IR spectra of SCN" in reline, in reline-water (D20) mixtures, and in water
(D20) at (XXXX) polarization condition. The peak pairs correspond to v.y. The water
content increases from left to right. For a certain hydration level, Ty increases from top to

bottom. The CLS is shown in each 2D IR spectrum with a yellow line.
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Table 4.1 The reline-water composition used in the experiments.

Reline-Water system Water (mol %) Water (weight %)
Reline 0 0
3W 50.0 17.22
oW 62.5 25.74
10w 76.9 40.95
15W 83.3 50.98
Water 100.0 100

In the 2D IR experiments, three ultrashort femtosecond pulses are focused on the sample at
different time delays. The time delay between pulses 1 and 2 is z, and that between 2 and 3
is Tw. Owing to the structural dynamics of the solvent molecules and the reorientation of the
solute, the initial CN stretching frequencies of the solute change as a function of Tw. For a
particular Tw, 2D IR spectrum (Figure 4.1 and 4.2) correlates the initial solute frequencies
after first pulse interaction (w-, excitation frequencies) with the final solute frequencies after
third pulse interaction (w:, detection frequencies). The blue peaks (w.~ 2060 cm™, w¢ ~ 2060
cm™) correspond to v = 0—1 transition and the red peaks (o, ~ 2060 cm™, o ~ 2030 cm™?)
correspond to v = 1—2 transitions, shifted by the vibrational anharmonicity along w:. The
2D IR peaks are diagonally elongated at a shorter Tw due to a greater correlation between
the initial and the final CN frequencies. However, the correlation decreases with the
evolution of frequencies over time, and the peaks gradually become upright with an increase
in Tw. Figure 4.1and 4.2 indicates that the peaks become upright at a shorter Tw as reline’s
water content increases. As the faster structural dynamics of the solvent leads to a faster
correlation decay, the Tw -dependent 2D IR spectra in different solvation environment are

consistent with the decrease in the DES viscosity upon water addition (Table 4.2).
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Table 4.2 Viscosity of reline upon addition of water.

Reline-Water system

Viscosity measured at 33.5 °C (cP)

Reline >600
3W 11.6
oW 5.6
10W 2.6
15W 1.9

Water 0.74

We have extracted the FFCF encoded in the Tw -dependent 2D IR spectra for two different

polarization conditions, (XXXX)and (XXYY), in terms of the center line slope (CLS)

decay?® (Figure 4.3 and Tables 4.3-4.4). For reline, the CLS for the (XXXX) polarization

(green) shows a slower decay than that for the (XXYY) polarization (yellow). The

polarization-selective CLS decays are also observed for 3W and 5W, albeit the difference

in the decays decreases with the increase in the water content. Interestingly, the CLS decays

become identical for both (XXXX) and (XXYY) polarization conditions at 10W within

experimental error. Further addition of water shows no polarization-dependence of the CLS

decays.
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Figure 4.3 CLS decay curves of SCN™ in reline and in reline-water mixtures for (XXXX)
(green) and (XXYY) (yellow) polarization conditions. Polarization selectivity is observed
for reline, 3W, and 5W. The CLS decays become identical at 10W within experimental

error.
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Table 4.3 Bi-exponential fitting parameters of SCN™ CLS decay for (XXXX) polarization in

reline, reline-water mixtures, and water(D.0). (a1 + a2) denotes the initial CLS value at 200

fs.

a1 71 (ps) a 72(ps) (a1 +a2)

Reline 0.09%0.00 1.3£0.16 0.64%0.00 123.4+2.46 0.73

3w 0.12+0.01 1.2+0.17 0.54+0.01 16.5+0.56 0.66

5W 0.21+0.01 0.8+0.06 0.44+0.01 4.1+0.36 0.65

10W 0.21+0.03 0.8+0.16 0.390.02 6.0+1.03 0.60

15W 0.23+0.03 0.5+0.09 0.35+0.03 3.1+0.32 0.58

D20 0.09+0.07 0.2+0.20 0.20%0.08 1.0£0.30 0.29

Table 4.4 Bi-exponential fitting parameters of SCN™ CLS decay for (XXYY) polarization in

reline, reline-water mixtures, and water(D20). (a1 + a2) denotes the initial CLS value at 200

fs.
a1 71 (ps) a 72 (ps) (a1 + a2)
Reline 0.11+0.00 1.3+0.13 0.61+0.00 57.7+£1.34 0.72
3W 0.20+£0.01 1.1+ 0.12 0.44+0.01 12.9+1.41 0.64
SW 0.19+£0.01 0.6+0.05 0.44+0.01 7.7£0.20 0.63
10W 0.13+£0.02 0.7£0.19 0.46x0.02 5.4+ 0.34 0.59
15W 0.25+0.06 0.7+0.18 0.27+0.06 3.5£0.71 0.52
D20 0.07£0.01 0.1+ 0.03 0.22+0.01 1.0+£0.08 0.29

We have analysed the anisotropy decay kinetics of the different reline-water systems (Figure
4.4 and Table 4.5) to understand the origin of the polarization-dependence of the CLS
decays. The CLS decay timescales in both (XXXX) and (XXYY) polarization conditions are
slower than that of the corresponding anisotropy decay timescales (~6 ps) for reline, 3W,
and 5W. The CLS decays for 10W and above are either comparable or faster than the

anisotropy decays. These results strongly support that the polarization-selective CLS in

69



Chapter 4

Figures 4.3a-c arise from RISD, where the solute reorientation occurs without complete
randomization of the DES structure. In a viscous solvent like reline, a component of the
solvent structure contributing to the overall CN vibrational band can be considered static on

the solute reorientation timescale, giving rise to the polarization selectivity.?®
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Figure 4.4 Anisotropy decay of SCN™ in reline and in various reline-water (D.O) mixtures.

Table 4.5 Fitting parameters of anisotropy decay of SCN™ in various reline-water mixtures

Reline-Water a 11 (PpS) a2 T2 (pS) Offset
molar ratio

Reline 10% 0.25+0.08 19% 7.25+1.16 71%
3W 13% 0.30+0.11 36% 7.16 £ 0.07 51%
SW 15% 0.13+0.05 52% 7.20+1.43 33%
10w 16% 0.34 £0.15 84% 6.56 £ 0.28 0
15W 14% 0.36 £ 0.08 86% 5.33+0.14 0
D20 100% | 2.95+0.07 - - 0

The blue-shift in the CN IR peak (Figure 4.5 and Table 4.6) with increasing water content
indicates an increment in solute-water hydrogen bonding interaction.*® The results obtained
from the FTIR and 2D IR experiments provide detail information about the cybotactic
region of NH4SCN in reline and reline-water mixture. The decrease in the difference

between the (XXXX) and (XXYY) decays from reline to 5W arises due to the increase in the
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rapidly fluctuating (~1.5 ps)® 3! water molecules around the solute with increasing
hydration. However, the polarization-selective decays at 3W and 5W demonstrate that the
solute is still interacting with the slowly fluctuating reline through the transition dipole’s
angular motion. In other words, the polarization dependence implies the presence of DES
components around the solute at these hydration levels. In fact, the very existence of
polarization selective decay for a reline-water mixture is a signature of a solute-DES

interaction.

Normalized Absorbance

2000 2020 2040 2060 2080 2100 2120
1
IR Frequency (cm )

Figure 4.5 FTIR spectrum of ammonium thiocyanate in reline, in various reline-water
mixtures, and in neat water. The peak maximum shows a gradual blue-shift with increasing

hydration level of the solvent.

Table 4.6 CN stretch peak characteristics of ammonium thiocyanate in reline, reline-water

mixtures, and water.

Reline-Water system IR peak frequency (cm™) FWHM (cm™)
Reline 2055.6 29.1
3W 2057.6 33.0
SW 2058.6 34.0
10W 2060.5 34.3
15W 2060.6 35.6
Water 2063.2 36.4
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At 10W, the solute is predominantly solvated by the water molecules that fluctuate at a
timescale faster or comparable to the solute’s reorientation (Figure 4.6). This phenomenon
gives rise to identical CLS decays at 10W in different polarization conditions. Any further
increase in the hydration level (up to neat water) does not further perturb the solvation shell
of the solute, and the CLS decays remain identical, independent of polarization conditions.
From the solute’s perspective, the transition from a deep eutectic solution (solute-DES
interaction) to an aqueous solution (only solute-water interaction) occurs at ~10W (41 wt%
water). It is to be noted that although the CLS decays become identical at 10W in both the
polarization conditions, the CLS decay timescales continue to gradually accelerate beyond
10W (Table 4.3-4.4) with further increase in the water content. This gradual acceleration
might imply that the local solvation continues to evolve beyond 10W and thereby contradicts

our hypothesis of an aqueous environment around the solute is formed at 41 wt% water.

2. R, L ">« A ) o
23 L Sed . 0 U SN
RSN _}’iyﬁ)?,&‘\ ,'.\_)\"Df‘f(— ,’/\"j, B
/'\‘2‘\“‘ }J .- jI\,“—:)'\ e Lo \,-',‘/\_l" 1% e
L BN ﬁ/:j‘ £ 00 T e N,
‘ ol 2 IS, VA" ‘.quf_'\ QA 1 w7 J Vel ‘}. 4 194
g FINT VS 24 e SIC R L g TR 2K
XL FrA XA L N NP L 526, B
PRCVIE 8 ) IS RILES gou ey » IS 20§
Qg \/\%‘:}f‘. J \ "“/\l""}"\“ 1 i \ﬁ P /‘)‘\ ‘._;/m—/‘uw “
‘ «,\\Lq,- oo P ‘l' 1790 \qu‘*")fb . RICD!
W 7t 5e | N RS Wad L § (&,L\« W A N
o M A TR L v
O LeRtnatsing R e ol
. | B \ a “ o | ) S P\ 2 | 1 "
R 1R e .l e 2
DAPC R P T e §
Water in DES DES in Water

Figure 4.6 Schematic diagram for “Water in DES” and “DES in Water” transition. The
solute molecule is represented by an orange sphere. The solute-water interactions replace
all the solute-DES interactions at 10W, thereby creating a neat water-like environment

around the solute.

To obtain better insights about the local solvation, we have looked into the vibrational

anharmonicity. Previous studies of thiocyanate reported that proximity to the cations usually
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results in the lowering of the vibrational anharmonicity.®3> We have estimated the
anharmonicity to gradually increase from ~27 cm™ in reline to ~35 cm™ at 10W (Table 4.7).
However, the anharmonicity does not change for 15W and neat water within the
experimental error limit. This trend in the anharmonicity is in agreement with the gradual

replacement of the ionic DES components around the solute by water molecules up to 10W.

Table 4.7 Anharmonicity of CN stretch of SCN™ in reline, in reline-water(D,O) mixtures

and in water(D20).

Reline-water system Anharmonicity of SCN- (cm™)
Reline 27.1
3w 30.8
SW 31.9
10w 34.6
15W 34.3
Water 35

We have also performed MD simulations to further probe the local solvation around the
solute. The force field parameters for the selected solute which is NH4SCN are shown in
Table 4.8. Although earlier simulation reports investigated the bulk nature of reline-water
interaction at different hydration levels,” ® > the local solvation around a solute was not
explored. We have calculated the spatial distribution function (SDF) which provides the
three-dimensional density distribution of urea and choline around the solute in neat reline.
Figure 4.7a indicates that, although choline contains a hydroxyl group which can directly
interact with the CN, solute-urea interaction is preferred over solute-choline interaction in
neat reline. Previous studies of thiocyanate in aqueous solutions reported viscosity
dependent slowdown of the solute rotational dynamics due to interactions with small cations
with high charge density.3® The preferential interaction of the solute with urea over choline

(albeit a much larger cation) shows that local environment of the solute plays a more
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prominent role in DES than the macroscopic viscosity. We have also computed the
water/urea and water/choline ratios within 5 and 10 A of the solute in different reline-water
mixtures. The ratios, averaged along the trajectories, show an increase with increasing water
content of reline (Table 4.9). However, a very interesting phenomenon is observed when
the ratios are plotted as a function of time. Figure 4.7b indicates that the water/urea ratio
gradually increases from 3W and reaches the maximum value at 10W. Beyond 10W, this
ratio remains constant. However, the ratios keep switching between high and low values,
thereby indicating a solvent exchange process where the water molecules around the solute
are replaced by the reline components from time to time. The frequency of the solvent
exchange increases with increasing water content. It has previously been reported that
molecular exchange between solvent components slows down the solvation dynamics and
results in a slower spectral diffusion in an aqueous mixture than in water.36-3 Thus, the
simulation results show that the experimental CLS decay timescales can be interpreted on
the basis of solvent exchange. Even though the solute senses an overall agueous
environment at 10W, the decrease in the mole fraction of the reline components in the outer
solvation shell with increase in water content plausibly leads to a faster solvent exchange

and thereby an acceleration of the CLS decay timescales.

Table 4.8 Force field parameters of ammonium thiocyanate (NH4SCN).

Atom q(e) o (A) & (KJ.mol™")
SCN- S -0.716271 3.5635 1.046
C 0.351075 3.3996 0.8786
N1 -0.634805 3.250 0.7113
NH4" N4 -0.853966 3.250 0.7112
Hl1 0.463491 1.069 0.6568
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Figure 4.7 (a) Spatial distribution function (SDF) of urea and choline around SCN" in neat
reline. (b) Graph of water/urea ratio within 10 A of the SCN- vs time in different reline-

water mixtures.

Table 4.9 The water/urea and water/choline ratios within 5 and 10 A of the SCN- in different

reline-water mixtures.

Reline- Water/Urea ratio Water/choline ratio
Water within 5 A of | within 10 A of | within5 A of | within 10 A of
system the SCN- the SCN- the SCN- the SCN"
Reline 0 0 0 0
3W 14 1.0 3.1 2.6
SW 1.7 1.5 4.4 3.8
10w 2.1 1.8 7.9 7.1
15W 4.2 3.8 11.4 11.2
20w 4.8 4.2 141 13.6

Overall, our computational results indicate that although water interacts with the solute at
5W, a considerable number of heterogeneous reline constituents persist in the thiocyanate
solvation shell. At 10W and above, solute-solvent interactions predominantly arise from

thiocyanate-water interactions, subsequently decreasing the heterogeneity around the solute.
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This molecular picture was further validated from experiments using the vibrational

lifetimes (T1), and the CLS values at a short Tw (~200 fs) (Table 4.10 and Table 4.3-4.4).

Table 4.10 Population decay time constants of the CN stretch in reline, in reline-water(D20)

mixtures and in water(D20).

DES/D20 system Population decay time of SCN™ (ps)
Reline 196+0.1
3W 11.4+0.1
SW 10.8+0.1
10w 114+0.1
15W 11.6+£0.1
D20 105+0.1

We have measured T for different reline-D>O mixtures using pump-probe spectroscopy
(Figure 4.4 and Table 4.10). In pure reline, T1 of the CN vibrational mode is ~20 ps. The T
values in all other mixtures are constant (~11 ps) within experimental error. The CN
vibration’s coupling with the resonant water mode (bending + libration) through hydrogen
bond interaction can explain the invariability of vibrational relaxation timescales at all
hydration levels.®® The constant T indicates the presence of water in the solute solvation
shell, even at 3W. As the thiocyanate vibrational lifetime in H20 is much shorter than that
in D20,% Ty in reline-H.0 might be a more sensitive probe of solute hydration. We have
additionally measured T; for different reline-H>O mixtures (Table 4.11). Our results show
that T1 of the CN vibrational mode in H2O gradually decreases with increase in water on
content up to 10W. Beyond 10W, T is almost constant with the experimental error. This
trend in the lifetime indicates that the solute is predominantly solvated by water molecules
at 10W. The initial amplitude of the CLS at a very short Ty is a measure of the dynamical

heterogeneity around the solute. The decrease in the initial CLS amplitude (Figure 4.3, Table
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4.3-4.4) from reline to 10W implies a gradual replacement of slowly moving DES

components by fast fluctuating water molecules in the thiocyanate solvation shell.

Table 4.11 Population decay time constants of the CN stretch of SCN" in reline, in reline-

water mixtures and in water (H20).

DES/water system Population decay time of SCN™ (ps)
Reline 196+0.1
3W 7.1+0.2
SW 49+0.2
10w 26+0.3
15W 25+0.3
Water 20+0.1

4.4 Conclusion

In summary, we provide an upper hydration limit of reline beyond which the solute
experiences a water-like environment. Interestingly, our results demonstrate that this upper
hydration limit (41 wt% water or 10W) is considerably lower than the limit proposed by
Hammond et al. (51 wt% water or 15W) from the neutron diffraction study.® However, the
diffraction results provided us an upper hydration limit from the solvent’s perspective, i.c.,
when each reline constituent (choline cation, chloride anion, and urea) are solvated by water.
The polarization-selective 2D IR results demonstrate that the solute may experience an
aqueous environment much before water solvates all the reline constituents. Further, this
report illustrates that polarization dependence of the structural dynamics could identify
when the solute experiences a transition from the heterogeneous DES environment to an
aqueous solution. For a wide range of applications, researchers are presently exploiting

hydration as a tool to overcome the limitations of green solvents like DESs and RTILs.* "
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1541 This study opens up an avenue to investigate similar transitions from the solute’s

perspective for viscous green solvents with varying constituents.
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Dissecting carbonyl vibrational responses
of vibrational coupling and hydrogen-
bond dynamics of small molecules in

complex solvation environments.
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5.1 Introduction

Solute—solvent interactions profoundly impact the structure, function, and dynamics of
chemical and biological systems. Recently, vibrational probes have been used to interrogate
the site-specific interaction and local electrostatic field in various molecular systems.!®
Carbonyl groups are ubiquitous in nature; their high oscillator strength make them useful
vibrational probes.®!® The variations in the environment surrounding the carbonyl
vibrational probes are manifested in the peak positions, width, or lineshape of the carbonyl
stretch. Ester group containing the carbonyl moiety occurs in various organic moieties and
compounds of biological origin (modified proteins, natural products, lipids) and is
commonly used as a site-specific vibrational probe.® **% A recent study investigated a
change in the lineshape of the ester carbonyl governed by hydrogen bonding with water - a
universal hydrogen bonding partner in various biological media.’®*” Along with water,
alcohols are widely used as a cosolvent to study the folding—unfolding mechanism of
biomolecules.'®2 Despite the merit, the effect of hydrogen bonding of carbonyls with

alcohols in the spectral lineshapes adds an additional complexity to the problem.4 1626

Recently, the multiple well-resolved IR peaks of ester carbonyl in alcohols have been
assigned to the non-hydrogen bonded, single hydrogen bonded (1hb), and double hydrogen
bonded population (2hb).1® 26 However, another study speculates about IR peaks arising
from the presence of hydrogen bond mediated Fermi resonance (FR) with the ester molecule
in its aqueous solution.?” Lack of a consensus regarding the IR absorption profile in
hydrogen bonding environments restricts the use of ester moieties as a site-specific
vibrational probe in the hydrogen bonding environment. To verify the aforementioned
plausible origins of the IR transitions, molecular level understanding of vibrational
frequency position, line shape, and the hydrogen bond interaction of the ester carbonyl group

need to be thoroughly explored.
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In this work, we have used methyl acetate (MA) and ethyl acetate (EA) as model ester
compounds in different alcohols with varying side chains that mimic the hydrogen bonding
environment (structures are shown in the Figure 5.1). We have performed FTIR and 2D IR
spectroscopies on MA and EA. The IR experiments show three overlapping peaks (~ 1748
cm?, ~1730 cm?, ~1711 cmY) within the broad IR absorption profile (between 1650 cm™ -
1800 cmY). In this study, the conclusive results obtained from the 2D IR experiments
revealed the signatures of both hydrogen bonding and vibrational coupling within the IR
lineshapes. Here, we have demonstrated that the lowest frequency peaks (~1711 cm™) arise
from the FR and are not due to a doubly hydrogen bonded population of the ester carbonyls.
In addition, the side chain dependent differential solvent exchange dynamics surrounding
the ester molecules has also been investigated. This study will be helpful for the
unambiguous assignment of multiple peaks from the complex lineshapes of ester in various

hydrogen bonding environments.

O
)OLO/ )I\o/\

Methyl acetate (MA) Ethyl acetate (EA)

CHj H3C
HyC OH
H,C —OH 3 ch%OH
’ ~ CH;»,)\ OH HsC
Methanol Ethanol Isopropanol tert-butanol

Figure 5.1 The structure of methyl acetate (MA) ad Ethyl acetate (EA). The structures of

alcohols used in this study also shown in this figure.
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5.2 Materials and sample preparation

Methy| acetate (>99.8%), Methyl acetate (ChCI, >98.9%), Methanol (>99.9%), Ethanol
(>99.9%), Isopropanol (>99.9%), and tert-butanol (>99.9%) were purchased from Sigma-
Aldrich and used without further purification. Each compound was dissolved independently
in different alcohols such that the final concentration of the liquid sample is 0.1M for the IR

and 2D IR experiments.
5.3 Results and discussion

The linear IR absorption experiments are performed on the MA and EA in different alcohols
of varying side-chains. The representative FTIR spectra are shown in Figure 5.2. The
hydrophobicity and bulkiness increase from methanol to t-butanol. Both MA and EA show
three well resolved peaks in all alcohols. Upon fitting the IR absorption spectra with three
peaks, a monotonic blue shift is observed for the two higher frequency peaks (~1748 cm*
and ~1730 cm™®) from methanol to t-butanol, but the lowest frequency peak (~1711 cm™)
does not show any systematic change with respect to the solvent (Table 5.1). To start with,
we consider all possible origins of these multiple peaks. In a previous study, these three
peaks have been assigned to the non-hydrogen bonded (~1748 cm™), hydrogen bonded with
a single solvent molecule (1hb, ~1730 cm™) and hydrogen bonded with two solvent
molecules (2hb, ~1711 cm™). The pictorial representation of different hydrogen bonded
populations of the ester with methanol are shown in Figure 5.3a. Now the questions are; 1)
does the presence of 1hb and 2hb populations of the ester can provide a significant
separation between peaks at (~1730 cm™) and (~1711 cm) that can easily detect by FTIR
spectroscopy? 2) Why is the 2hb population (~1711 cm™) not showing the expected blue

shift from methanol to t-butanol?
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Figure 5.2 a) FTIR spectrum of methyl acetate in different alcohols. b) FTIR spectrum of

ethyl acetate in different alcohols.

Table 5.1 FTIR fiited peak frequencies of methyl acetate and ethyl acetate in different

alcohols.
Methyl acetate
Methanol Ethanol Isopropanol t-butanol
Highest 1748.20 1750.06 1752.03 1753.56
frequency peak
Middle peak 1730.30 1731.37 1732.69 1734.51
Lowest 1711.52 1711.53 1711.26 1710.27
frequency peak
Ethyl acetate
Highest 1743.02 174457 1746.22 1747.03
frequency peak
Middle peak 1726.21 1727.14 1727.74 1728.83
Lowest 1711.98 1713.22 1713.16 1713.40
frequency peak

In another study, the FR between the skeletal deformation and the carbonyl stretch has been

speculated for the multiple IR lineshape of methyl acetate in water. Fermi resonance occurs

when an energy of overtone or a combination band of any particular vibration matches with

the fundamental band of another vibration.?® The transition involved in IR absorption

spectroscopy and possible transitions involved in the FR are shown in Figure 5.3b and 5.3c

respectively. The decrease in the separation between the absorption frequency of

fundamental band and Fermi peak result in the increase in intensity of the less intense Fermi
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peak. The intensity borrowing mechanism involved in the FR are shown in Figure 5.3d. The
invariability of the peak position with change in solvent and the increase in the intensity of
(~1711 cm) peaks with the decrease in the separation between (~1711 cm™) peak and

(~1730 cm) peak suggest the presence of FR.

(a) HO —CH; H,C —OH. ~ HO—CH;
o) o - 0/
Non hydrogen bonded One hydrogen bonded Two hydrogen bonded
(b) () (d)
V=4 Vi 2V, B
V=3 § I|'|I
V=2 B 1 N
VvV, ] A |I ' " [\
2 [ I | |
v=1 - fk — L ) & L
V=0 Frequency — Frequency —»
=— Fundamental band / \
== First overtone Fundamental band of Overtone band of A —Fermi peak
— Second overtone one vibrational mode another vibrational mode B — Fundamental band

Figure 5.3 a) Schematic representation of different hydrogen bonded populations of methyl
acetate in methanol. b) Possible transitions involved in FR are shown in different colors. c)
Enegy level diagram for the fundamental and overtone band of two different vibrational

modes d) The pictorial representation of intensity borrowing mechanism of FR.

To validate the presence of FR, we have performed 2D IR spectroscopy on the MA and EA
in different alcohols. In addition, 2D IR spectroscopy will also allow us to verify the
dynamic exchange between multiple hydrogen bonded structures of ester, as speculated in
earlier reports. The time and the polarization dependence of the 2D IR cross peaks will allow
us to differentiate whether the transitions arise from FR or hydrogen bonded populations. In
past decades, 2D IR spectroscopy evolved as a potential tool to measure the ultrafast
fluctuations, structural evolution and interchanging dynamics of various chemical and

biological systems. The spectral data is plotted in two dimensions which further explores
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the vibrational transitions that are difficult to identify with IR absorption spectroscopy.
Although 2D IR spectroscopy is akin to 2D NMR, in contrast to 2D NMR, it measures the
dynamics at sub-picosecond timescale. 2D IR spectroscopy is a third-order non-linear
spectroscopic technique, where three successive femtosecond IR pulses interact with a
sample that generates the vibrational echo signal. The 2D IR data is represented as a
correlation between the excitation frequency (w:) versus detection frequency (wt), which
exhibits the vibrational transitions that occur during the coherence and detection period. The
ultrafast structural fluctuations of molecules and specific solute-solvent interaction manifest

as a change in the peak position and spectral line shapes in 2D IR spectrum.

2D IR experiment involves three time intervals; 1) coherence time (t) where the molecules
labeled with the initial frequency w: 2) population or waiting time (Tw) where ultrafast
fluctuation or chemical exchange dynamics happens 3) Detection time (t) where vibrational
echo signal emitted with a final frequency w: of the labeled molecules. The typical 2D IR
spectrum consists of one diagonal peak corresponding to v= 0 — 1 transition (blue peak).
Another off-diagonal peak corresponds to v= 1 — 2 transition (red peak), which shifted to
lower frequency along the w: axis due to the vibrational anharmonicity. The diagonal (v =0
—1) peak arises from ground state bleaching and stimulated emission, while off-diagonal (v
= 1 — 2) peak coming from excited state absorption. Here, we have only described the
specific dynamical processes used in this study (For complete details, refer to section 2.5 of

chapter 2).

The chemical exchange process involves the exchange between the population associated
with one chemical species with another chemical species during the population period. The
evolution of the off-diagonal cross peaks in the 2D IR spectrum as a function of Ty is
commonly used as a proxy to the chemical exchange processes. At very short Tw, ~ 0 ps,

when the two species are unable to interchange, only two peaks occur along the diagonal.
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With the increase in the waiting time, two chemical species interchanging between one
another under thermal equilibrium results in the growth of two off-diagonal cross peaks in
the 2D IR spectrum. The 2D IR spectrum of MA and EA in different alcohols is shown in
Figure 5.4; the corresponding FTIR spectrum is also shown at the top of the 2D IR spectrum.
In previous studies®®3°, the vibrational coupling between different modes has been provided
a cross peak at zero waiting time. The 2D IR spectrum of MA and EA in all alcohols also
shows a off-diagonal cross peaks for the ~1730 cm™ and ~1711 cm™at Tw=0 ps (Figure 5.4).
Due to the low intensity of third peak at ~1711 cm?, off diagonal cross peaks are not clearly
visible in MA but for EA these cross peaks are clearly visible. These direct experimental
observations are in contrast to the chemical exchange process between different H-bonded
populations, where the cross-peaks typically do not appear at very early waiting times.33*
The existence of cross peaks at Tw= 0 ps further supports the assignment of a peak at ~1711

cm™to FR.
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Figure 5.4 The 2D IR spectra of methyl acetate and ethyl acetate in methanol to t-butanol
are shown in the figure a-d and e-h respectively. The FTIR spectra in the corresponding

alcohol are shown at the top of the 2D IR spectrum.
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In figure 5.4, we focused only on the 2D IR spectral signature at Tw=0ps and successfully
assigned the peak ~1711 cm™ to FR. But question regarding the previously reported
different hydrogen bonded populations of ester molecules still remains unanswered.? In this
regard, we have performed 2D IR experiment on MA and EA in all alcohols and looked into
the off-diagonal cross peaks between the ~1748 cm™ and ~1730 cm™ as a function of T
(Figure 5.5 and 5.6). As shown in Figure 5.5 and Figure 5.6, the intensity of cross peak
increases from Tw = 0 ps to Tw = 2 ps, which further indicates the exchange between the
different hydrogen bonded population occurs at ~1748 cm™ and ~1730 cm™ of ester in
different alcohols. The observed spectral characteristics further suggest that the 1hb and 2hb
is merged in a broad hydrogen bonded population at ~1730 cm™ and increase in waiting

time shows exchange with the non-hydrogen bonded population occurs at ~1748 cm™™.
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Figure 5.5 Waiting time dependent 2D IR spectrum of methyl acetate in different alcohols.
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Figure 5.6 Waiting time dependent 2D IR spectrum of ethyl acetate in different alcohols.

Due to the inductive effect, the hydrogen bonding capacity of the hydroxyl group decreases
from methanol to t-butanol, so more hydrogen bonded population for the ester is expected
in methanol than the t-butanol. In contrast, we have observed an increment in the hydrogen
bonded population ranging from methanol to t-butanol. (see Tw= 0 ps in Figure 5.5 and
Figure 5.6). This unexpected behavior can be possible due to previously reported ring
structure formation in alcohols®¢ (intermolecular hydrogen bonding between alcohol
molecules) which is might be more possible in methanol than the bulky t-butanol. Due to
steric effect, instead of forming alcohol-alcohol hydrogen bonding, t-butanol predominantly
forms hydrogen bonding with the ester carbonyl which leads to an increase hydrogen bonded

population of the ester molecules.

The solvent molecules surrounding the dissolved solute molecules are exchanging in and
out from the first solvation shell of the solute.®” The smaller size of methanol molecules can
able to exhibits a faster exchange than the bulkier t-butanol molecules. The faster exchange

of methanol molecules can change the proximity of hydrogen bonded partner (hydroxyl
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group) surrounds to ester molecules, which can be manifested as a prominent cross peaks at
Tw= 2 ps in methanol and not in the t-butanol. (see Tw = 2ps in Figure 5.5 and Figure 5.6).
Here, the spectral feature provides qualitative information about the side chain-dependent
solvent exchange. We plan to perform the quantitative analysis of the hydrogen bond

exchange rate in different alcohol in future work of this study.
5.4 Conclusion

Ester carbonyl groups are ubiquitous in nature and are commonly used as a vibrational
probe. The multiple overlapping peaks made it difficult to use ester carbonyl as a site-
specific reporter of interaction and dynamics. Previous reports have speculated various
peaks involved in the multiple lineshapes for either different hydrogen bonded populations
or the Fermi resonance between the skeletal vibration and the carbonyl stretch of ester in
protic solvents. The ambiguity in the previous assignment demanded a thorough analysis of
the ester molecules in the hydrogen bonding environments. In this study, we have performed
FTIR and 2D IR spectroscopy on the methyl acetate and ethyl acetate, which is widely used
as a model compound in the ester vibrational study. The results obtained from the FTIR
spectroscopy speculates ~ 1711 cm™ due to the presence of FR instead of hydrogen bonded
population with two solvent molecules. The FR was further confirmed by monitoring off-
diagonal cross peaks at Tw=0 ps between the peaks at ~ 1730 cm™ and ~ 1711 cm™ in the
2D IR spectrum. In addition, the waiting time dependent 2D IR spectroscopic experiments
further helped us to assign the non-hydrogen bonded (~ 1748 cm™) and hydrogen bonded
population (~ 1730 cm™). The effect of a steric factor on the formation of alcohol-alcohol
and solute-alcohol hydrogen bonding has also been discussed. The site chain dependent
differential exchange of alcohol molecules has also been monitored by using the off-

diagonal cross peaks at Tw=2. . These unambiguous peak assignments of ester in alcohols
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will be helpful to study the complex biological environment where multiple hydrogen

bonding partners might generate complicated lineshapes of ester vibrational probes.
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6.1 Summary

Specific and non-specific interactions play key roles in the structure-function relation of
molecular system, ranging from small organic molecules to large biomolecules. A
comprehensive study of these non-covalent interactions provides information about the
protein-ligand interaction and different solute-solvent interactions at a molecular level.
Although several spectroscopic techniques are used to quantify various interactions, the
macroscopic observables are unable to explore the site-specific changes in the system. In
this context, molecular probes have been widely used in many spectroscopic methods due
to their high sensitivity to the surrounding environment. The intrinsic vibrational absorbance
or fluorescent emission of spectroscopic probes are used to quantify the interaction and
dynamics of the system under interest. To widen the application of spectroscopic probes,
along with the development of new spectroscopic probes, a complete update on the current

molecular probes is highly necessary.

In this thesis, different spectroscopic probes with their specific spectroscopic characteristics

and applications have been discussed.

In chapter 3, we have investigated the origin of the dual absorption spectrum of warfarin
which is a fluorescent probe and potent anticoagulant drug in biology. Based on the
combined experimental and theoretical calculation, we have eliminated the contribution of
any structural isomer of warfarin in its dual absorption profile. Furthermore, we have
observed that the transition occurs between the two closely spaced occupied molecular
orbitals to the lowest unoccupied molecular orbital associated with the coumarin moiety of
warfarin. In addition, we have determined that warfarin exists in its open chain deprotonated

when it binds to the human serum albumin (HSA).
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In chapter 4, the variation of the deep eutectic solvent (DES) nanostructure around the
dissolved solute upon addition of water is investigated by polarization-selective two-
dimensional infrared spectroscopy and molecular dynamics simulations. The ammonium
thiocyanate (NH4SCN) is used as a vibrational probe for this purpose. In this study, we have
investigated a solute perspective transition of deep eutectic solvation environment to an
aqueous solution which is lower than the previously reported for the "water in DES" to "DES

in water" transition.

In chapter 5, the origin of the spectral line shape of the ester compounds in protic solvents
is investigated by using linear and 2D IR spectroscopy. The results obtained from the IR
and 2D IR experiment indicate that the hydrogen bond induced fermi resonance is the
plausible origin of the additional line shape. The different hydrogen bonded populations and

differential solvent dynamics around the solute also have been discussed.
6.2 Future scope

6.2.1 Determination of local electric field of warfarin binding site in human serum

albumin.

Carbonyl (C=0) groups are present in different drugs, proteins and other biomolecules. Due
to its high extinction coefficient, C=0 stretching mode is commonly used as a vibrational
(IR) probe.r® A change in the environment surrounding the probe modulates the electric
field exerted on the IR probe, causing a shift in the vibrational frequency. Furthermore, the
vibrational frequencies of C=0 groups are linearly sensitive towards the electrostatic field
through the vibrational Stark effect (VSE) (Figure 6.1a).} 4° X-ray crystal structures
indicate that the warfarin binds to Sudlow site | of the human serum albumin (HSA) mainly
through its coumarin moiety.® To understand the warfarin-HSA binding, it is essential to

estimate the electric field exerted by the active site onto the warfarin. This can be achieved
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by using 4-hydroxycoumarin (4-HC, structure is shown in Figure 6.1b) as a model
vibrational probe that will mimic the coumarin moiety of warfarin. The linear sensitivity
between ester carbonyl stretching frequency of 4HC and the calculated electric field in the
different solvents of varying polarity can be used as a calibration line to predict the electric
field exerted on the warfarin in the warfarin-HSA complex. This field-frequency approach
will be helpful to understand the electrostatic environment surrounding the various drugs

that specifically bind to the Sudlow site | of HSA.
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Figure 6.1 (a) The plot of carbonyl stretching frequency against calculated average electric

field.(Annu. Rev. Biochem. 2017, 86, 387-415) (b) Structure of 4-hydroxycoumarin (4-HC).

6.2.2 Estimation of electric field and hydrogen bonding status of hydrophobic DES

using nitrile as a vibrational probe.

In the case of deep eutectic solvent (DES), hydrophilic DES gain significant attention than
its hydrophobic counterparts. In 2015, Van Osch and co-workers prepared the first
hydrophobic DES (HDES) by mixing a different hydrogen bond donor (HBD) and hydrogen
bond acceptor (HBA) at a specific molar ratio.” HBD and HBA are environmentally benign

compounds which qualitatively makes HDES a suitable choice for a green solvent media in
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various applications. Prior to use of HDES in different application in the presence of solute,
the detailed knowledge about local solvation structures of HDES around a solute need to be
explored. HDES mainly formed a biphasic mixture with the aqueous solution,® but a small
amount of water is miscible in the HDES which can change the microscopic solvation of
HDES surrounds to the dissolved solute. Water can act as another hydrogen bond donor in
the HDES-water mixture. From the application perspective, it is important to quantify the
hydrogen bonding interaction and change in the electrostatic environment around the solute
as a function of the addition of water. In this work, we will use benzonitrile as a vibrational
probe. The solvatochromism of benzonitrile shows a V-shaped field-frequency plot as
shown in Figure 6.2.° To investigate the hydrogen bonding status and electrostatic
environment of HDES, the field versus frequency calibration plot of benzonitrile dissolved
in different solvents can be utilized. The nitrile stretch of benzonitrile will work as the
vibrational probe. This work will be helpful to identify the solute perspective extent of

hydration and change in the local environment surrounds the dissolved solute.
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Figure 6.2 The plot of nitrile stretching frequency of benzonitrile versus the calculated

electric field from MD simulation.(J. Phys. Chem. B 2016, 120, 17, 4034-4046)
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6.2.3 Study of drugs passage thorough the bilayer system — differential hydrogen

bonding approach using PCT and PCM as vibrational probes.

Intermolecular and intramolecular hydrogen bonding associated with the drug molecules
plays a vital role in passive diffusion of drugs across cell membranes. Recently, the effect
of intramolecular hydrogen bonding (IMHB) on the penetration of a drug molecule through
a lipid membrane has been studied by using a molecular dynamics simulation.’® The
previous results indicate that the intramolecular hydrogen bond (IMHB) favors the
permeability of the drug molecule in the hydrophobic core of the lipid bilayer.° In contrast,
the polar group of the drugs decreases this affinity towards the lipophilic part. The
interaction between the drug and its surrounding environments needs to be investigated to
understand the specific bioactivity. In this work, we will use 2-oxo-1-pyrrolidine acetamide
(PCT) which can form both intra and intermolecular hydrogen bonding. In addition, we will
synthesize 3-oxo-1-pyrrolidine acetamide (PCM), which is unable to form intramolecular
hydrogen bonding. The structures of PCT and PCM are shown in Figure 6.3. In this work,
we will use the linear and two-dimensional IR (2D IR) spectroscopic method combined with
MD simulation to measure the interactions and dynamics of drugs during their diffusion

through the lipid bilayer.

0 0
|)I\N Ho HLNHQ
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PCT PCM

Figure 6.3 The structure of 2-oxo-1-pyrrolidine acetamide (PCT) and 3-oxo-1-pyrrolidine

acetamide (PCM).
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ABSTRACT: Warfarin is a potent anti-coagulant drug and is on
the World Health Organization’s List of Essential Medicines.
Additionally, it displays fluorescence enhancement upon binding to
human serum albumin, making warfarin a prototype fluorescent
probe in biology. Despite its biological significance, the current
structural assignment of warfarin in aqueous solution is based on
indirect evidence in organic solvents. Warfarin is known to exist in
different isomeric forms—open-chain, hemiketal, and anionic
forms—Dbased on the solvent and pH. Moreover, warfarin displays
a dual absorption feature in several solvents, which has been
employed to study the ring-chain isomerism between its open-
chain and hemiketal isomers. In this study, our pH-dependent
experiments on warfarin and structurally constrained warfarin
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derivatives in aqueous solution demonstrate that the structural assignment of warfarin solely on the basis of its absorption spectrum
is erroneous. Using a combination of steady-state and time-resolved spectroscopic experiments, along with quantum chemical
calculations, we assign the observed dual absorption to two distinct 7 — 7* transitions in the 4-hydroxycoumarin moiety of warfarin.
Furthermore, we unambiguously identify the isomeric form of warfarin that binds to human serum albumin in aqueous buffer.

B INTRODUCTION

Coumarin derivatives are of significant interest due to their
pharmaceutical importance as well as their fluorescent
properties. Warfarin, a coumarin derivative of clinical
significance, is a highly potent anti-coagulant drug that reduces
the risk of strokes and heart attacks by preventing blood clots
in veins.' ™ Moreover, warfarin binds to human serum albumin
(HSA)," the most abundant protein in blood plasma that
transports hormones, fatty acids, bilirubin, and drugs in the
human body.”® The high affinity and selectivity of warfarin
toward HSA and the substantial increase in its fluorescence
upon binding to the protein make warfarin a prototype
fluorescent probe in biology.” Fluorescence lifetimes of
warfarin in aqueous solution, free or bound to blood plasma
proteins, have been correlated to blood coagulation.®
Interestingly, warfarin is known to exist in various isomeric
forms.”™"* The conjugation between the functional groups
gives rise to the coumarin and the chromone structures in
various solvents (Figure l).13’14 Moreover, proximity of the
hydroxyl and the carbonyl moieties allows open-chain and
cyclic hemiketal conformations, leading to four possible
isomers of warfarin. In addition, the deprotonated forms
(anion) also contribute to the structural diversity of warfarin in
water. Therefore, the structural determination of warfarin in
water is important from the perspective of biological
applications.'”

© 2021 American Chemical Society

7 ACS Publications 2871

Surprisingly, the current structural interpretation of warfarin
in aqueous solution is based on indirect spectroscopic evidence
in non-aqueous solvents. Nuclear magnetic resonance (NMR)
studies in different organic solvents have indicated the
predominance of the coumarin structural form over
chromone.”>'®'” In addition, the coexistence of hemiketal
and open-chain isomeric forms has been suggested from NMR
peak positions.'®
in an aqueous medium are unavailable from NMR due to the
low solubility of warfarin in water. More recently, absorption
spectroscopy in organic solvents and in solvent mixtures has
been employed in lieu of NMR to identify the warfarin
isomers. The warfarin absorption spectrum consists of two
overlapping peaks in the 250—350 nm range, which have been
assigned to the hemiketal (~280 nm) and the open chain
isomers (~310 nm)."” Although the absorption experiments
were not performed in an aqueous solution, several structural
studies on the ring-chain isomerism as well as various
biological applications of warfarin have used these absorption

~18 However, the structural details of warfarin
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Figure 1. Possible isomers of warfarin: (I) coumarin open chain, (II)
chromone open chain, (III) coumarin hemiketal, (IV) chromone
hemiketal, (V) coumarin anionic, and (VI) chromone anionic. The
hydroxyl, ketone, and ester functional groups are shown in green, red,
and blue, respectively.

spectrum-based structural interpretations.'”'"**™*” The inter-
pretation gets even more ambiguous with another recent study
suggesting that these two absorption peaks of warfarin arise not
from the different isomeric forms but from n — 7* and 7 — 7*
transitions.”” The biological significance of warfarin and the
existence of several coumarin-based drug molecules demand an
unambiguous structural assignment in the aqueous medium.
In this report, we investigate the origin of the dual
absorption of warfarin in aqueous solution using a combination
of time-averaged and time-resolved spectroscopic experiments
and quantum mechanical calculations. Absorption and
emission experiments on warfarin in aqueous solutions at
different pH values are performed. In addition, experiments are
performed on warfarin derivatives with structural constraints
such that only one of the isomeric forms is available for
warfarin. Interestingly, we observe a similar dual absorption
pattern for both the structurally constrained warfarin
derivatives, irrespective of being restricted to one particular
isomer. These results demonstrate that the lower and the
higher wavelength transitions in the absorption spectrum of
warfarin do not arise from two different structural isomers.
This is further corroborated by steady-state emission spec-
troscopy. Our results show that the ring-chain isomerism of
molecules structurally related to warfarin cannot be explained
using the relative populations of the two absorption bands as
they have been done in the past. Further, our results also show
that the dual absorption is due to two distinct 7 — z*
transitions of warfarin. Quantum chemical calculations indicate
that the dual absorption band arises due to distinct transitions
to accessible excited states. The transitions take place from two
energetically close occupied molecular orbitals (MOs) to the
lowest unoccupied molecular orbital (LUMO) pertaining to
the coumarin moiety of warfarin. Time-resolved emission
spectroscopy on coumarin derivatives confirms that warfarin
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exists in its anionic form in water at a pH greater than 6.0.
Further, experiments are performed in the presence of HSA to
identify the isomer of warfarin that binds to the blood plasma
protein in aqueous buffer. Our results reveal that warfarin
adopts an open-chain anionic form when bound to HSA,
independent of the pH of the aqueous buffer.

H MATERIALS AND METHODS

Chemicals. Warfarin (analytical standard), 4-hydroxycou-
marin (98%), pyranocoumarin (analytical standard), and HSA
were purchased from Sigma-Aldrich, and their purity was
checked using the high-performance liquid chromatography—
mass spectrometry (HPLC-MS) technique. Methoxywarfarin
and 4-methoxycoumarin were synthesized using the normal
methylation method, and purity of the synthesized compounds
was checked by NMR spectroscopy and the HPLC-MS
technique.”® All solvents were of spectroscopy grade (Sigma-
Aldrich).

Spectroscopic Experiments. Absorption and fluores-
cence spectra were measured in a Shimadzu UV—vis—NIR
(360%) spectrophotometer and a PTI Quanta Master steady-
state spectrofluorometer, respectively. A quartz cell of a 1 cm
path length was used as the sample chamber. Freshly prepared
~60 uM solutions of warfarin and its related compounds were
used for this purpose. Picosecond fluorescence dynamics
studies of the fluorophore solutions were performed with a
time-correlated single-photon counting (TCSPC) system
employing a picosecond laser operating with 4, = 310 nm
and a pulse width of ~50 ps.

Quantum Chemical Calculations. Geometries of 4-
hydroxycoumarin, 4-methoxycoumarin, and different isomeric
forms of warfarin were optimized using density functional
theory (DFT) with the hybrid functional B3LYP**° and the
6-31+G(d,p) basis set. The effect of the solvent was
incorporated during geometry optimization using the SMD
solvation model.”" The calculation of transition energies and
oscillator strengths of the higher singlet excited states were
performed using time-dependent density functional theory
(TDDFT) with the same functional and basis set. It was shown
that transition energies calculated by the TDDFT method
matched well with experimental values for coumarin
derivatives.””™** Molecular orbital diagrams of all possible
forms of every compound were computed at the Hartree—Fock
(HF) level of theory with the 6-31+G(d,p) basis set. The
equation-of-motion coupled-cluster singles and doubles
(EOM-CCSD) method, with the same 6-31+G(d,p) basis
set, was used to calculate accurate oscillator strengths of
isolated 4-methoxycoumarin. The DFT, TDDFT, and HF
calculations were performed using the Gaussian 09 program,
and the EOM-CCSD calculations were carried out using
Molpro 2012.°73*

B RESULTS AND DISCUSSION

The ground-state structures of different isomeric forms of
warfarin in water are optimized using DFT (Table 1). We
consider every possible structural conformer of warfarin to
remove any bias reported in previous studies. The open-chain
and the cyclic hemiketal coumarin structures (I and III) are
found to be more stable than the corresponding chromone
structures (II and IV). Moreover, in the case of any
equilibrium between I and III, the equilibrium is expected to
shift toward the lower energy hemiketal isomer. Estimation of

https://doi.org/10.1021/acs.jpcb.0c10824
J. Phys. Chem. B 2021, 125, 2871-2878
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Table 1. Calculated Spectral Parameters for S, — S,
Electronic Transitions of Various Forms of Warfarin in
Water (SMD Solvation Model) Using DFT and TDDFT
B3LYP/6-31+G(d,p)

open chain hemiketal anion
structure 1 11 111 v (v/vI)©
relative ground-state 3.6 10.6 0.0 8.0 288.4
energy (kcal/mol)
absorption A, (nm) 316.7 309.7 303.1 309.7 319.3
oscillator strength (f) 0.56 0.03 0.66 0.04 0.44

“See the Supporting Information for details.

the S, — S, transition wavelengths and the corresponding
oscillator strengths further suggests that the chromone
conformers are not only energetically unfavorable but also
would not contribute to the absorption spectrum of warfarin.
The structures V and VI corresponding to the warfarin anion
are merely resonance structures, and thus, a single species of
the deprotonated form of warfarin is present in solution at
higher pH.

Absorption spectra of warfarin in aqueous solution show two
distinct absorption peaks centered at ~280 and ~310 nm at
lower pH (Figure 2a). An increase in the pH results in the
decrease in the absorbance of the ~280 nm peak along with a
concomitant increase in the absorbance of the ~310 nm peak.
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Figure 2. Normalized (at 310 nm) absorption spectra of (a) warfarin,
(b) methoxywarfarin, and (c) pyranocoumarin in aqueous solution of
different pH. The structures of methoxywarfarin and pyranocoumarin
are shown along with the spectra.
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Moreover, a small red shift is observed in the band at ~310 nm
for pH values greater than S. On the basis of previous
structural assignments (Figure S1 in the Supporting
Information), the dual absorption pattern in water can be
speculated to arise from the open chain (~310 nm) and the
hemiketal isomers (~280 nm).'”*" Although this speculation
may appear qualitatively consistent with our calculated
wavelengths, confounding results are obtained when control
experiments are performed on structurally constrained warfarin
derivatives.

Two structurally constrained warfarin derivatives, methox-
ywarfarin and pyranocoumarin (structures in Figure 2b and
Figure 2c, respectively), are chosen, which by virtue of their
structures, are restricted to exclusively open-chain and
hemiketal conformers, respectively. Surprisingly, similar to
warfarin, both methoxywarfarin and pyranocoumarin have dual
absorptions at ~280 and ~310 nm (Figure 2b and Figure 2c,
respectively), irrespective of their confinement to one specific
isomeric form. However, unlike warfarin, the absorption
spectra of methoxywarfarin and pyranocoumarin do not
show any pH dependence. The inability of methoxywarfarin
and pyranocoumarin to convert to the anionic form is the
likely explanation for the invariance of the absorption spectra
with changing pH. As the stability of pyranocoumarin may be
debatable in acidic solution (see the Supporting Information
for details), absorption experiments are further performed in
non-aqueous solvents to confirm the dual absorption pattern of
pyranocoumarin (Figure S2 in the Supporting Information).
These observations in structurally constrained warfarin
derivatives are in conflict with the earlier structural assign-
ments of warfarin on the sole basis of the absorption
spectrum.'” This gives rise to the following question: what
then is the origin of the two bands?

A recent report has mentioned that the dual absorption of
warfarin arises from n — 7* and 7 — 7* transitions.” As a
single carbon—carbon bond fission of warfarin results in 4-
hydroxycoumarin and phenylbutanone (structures are shown
in Figure 3a) without any change in the conjugation length, the
absorption spectrum of warfarin can be considered to be a
combination of the absorption spectra of the two moieties.
Negligible absorption due to the n — 7* transition of the keto-
carbonyl group at ~260 nm is observed for phenylbutanone
(Figure 3a). The absorption spectrum of 4-hydroxycoumarin
(Figure 3a,b) shows similar spectral signatures and pH
dependence as that of warfarin. pH-independent dual
absorption of 4-methoxycoumarin (Figure 3c), similar to that
of 4-methoxywarfarin, further suggests that the single
absorption band at higher pH in both warfarin and 4-
hydroxycoumarin (pK, of 4.1)'° arises due to the anionic
species. More importantly, both the transition frequency and
the weak intensity of the n — #* absorption in phenyl-
butanone suggest that the n — #x* transition does not
contribute to the dual absorption of warfarin. These results
clearly indicate that the 4-hydroxycoumarin moiety of warfarin
is solely responsible for the dual absorption pattern. This is a
significant conclusion, although the assignment of the two
bands still remains unresolved.

In a previous report on coumarin, the dual absorption was
hypothesized to arise from HOMO — LUMO and HOMO-1
— LUMO transitions.””*" As our results suggest that the dual
absorption profile of warfarin arises exclusively from the 4-
hydroxycoumarin moiety, TDDFT calculations are performed
for all possible Franck—Condon transitions on the optimized
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Figure 3. Absorption spectra of (a) phenylbutanone and 4-
hydroxycoumarin in ACN and THF; normalized absorption spectra
of (b) 4-hydroxycoumarin and (c) 4-methoxycoumarin in aqueous
solutions of different pH. The structures of phenylbutanone, 4-
hydroxycoumarin, and 4-methoxycoumarin are shown along with the
spectra.

geometries of 4-hydroxycoumarin (neutral and anionic), 4-
methoxycoumarin, and warfarin (all coumarin-type isomers).
The HF molecular orbitals (MOs) are also computed.
Schematic representations of all possible transitions in 4-
hydroxycoumarin, its anion and 4-methoxycoumarin (within
260—340 nm), the corresponding oscillator strengths (f), and
the MOs are shown in Figure 4a—c and Figure S3a—c (see the
Supporting Information). Additional schematic representations
from similar calculations on different coumarin-type isomers of
warfarin in the range of experimental absorption are shown in
Figure 4d—f and Figure S3d—f (see the Supporting
Information). Figure 4 and Figure S3 clearly show that only
7 orbitals are involved in every transition. Furthermore, the n-
type orbitals are quite buried and the first n-type orbital below
the highest occupied molecular orbital (HOMO) is HOMO §
or HOMO-6, as presented in Figures S4 and SS in the
Supporting Information. Therefore, these calculations provide
further theoretical support to disregard the contribution of the
n — m* transition to the absorption spectrum. According to
energy profile diagrams, HOMO — LUMO, HOMO-1 —
LUMO 7 — #* transitions contribute to the dual absorption of
4-hydroxycoumarin and 4-methoxycoumarin. The dual ab-
sorption nature of warfarin at lower pH can also be explained
to arise from transitions originating from distinct but
energetically close occupied orbitals to the LUMO. The
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DFT calculated wavelengths agree well with those obtained
from experiments. Theoretically, thecalculated oscillator
strength corresponding to any transition is comparable with
the experimentally observed optical density. For deprotonated
warfarin and 4-hydroxycoumarin, oscillator strengths are
relatively high for HOMO — LUMO transitions, while they
are small for other higher energy transitions. These results
explain the experimentally observed single absorption nature of
the anionic species at high pH. In addition, the calculated
absorption wavelength is the highest for the warfarin anion,
which also explains the red shift observed in the warfarin
absorption spectrum with an increase in pH.

The only observation that is not reproduced by the TDDFT
calculations is the relative intensities of the lower and higher
wavelength transitions in the experimental absorption spectra
of warfarin and 4-hydroxycoumarin at low pH. Therefore, a
more accurate, albeit computationally expensive method,
EOM-CCSD, has been used to perform calculations on 4-
methoxycoumarin to address this issue (Table 2).*' 4-
Methoxycoumarin is selected instead of warfarin to reduce
computational cost as well as to restrict any contribution from
the anionic form in the dual absorption. This calculation has
been carried out in the gas phase because the inclusion of
solvent effects increases computational costs significantly;
moreover, EOM-CCSD calculations with continuum solvation
models are known to have large errors.”” The oscillator
strengths predicted by EOM-CCSD are remarkably consistent
with experimental absorbance. The absolute values of the
excitation energies predicted by EOM-CCSD are higher than
those predicted by TDDFT and the experiment, and this is
possibly due to cancellation of errors in TDDFT and because
EOM-CCSD calculations are performed for the isolated
molecule corresponding to the gas phase, while the
experimental spectrum is obtained in solution.

To validate the theoretical predictions, steady-state and
time-resolved emission studies are performed on warfarin. In
agreement with the earlier reports, emission bands, independ-
ent of the excitation wavelengths, are observed at ~356 and
~390 nm at pH = 3 and 9, respectively (Figure Sa and Figure
Sb, respectively).'”'”*” If warfarin exists as different structural
isomers, then multiple distinct emission bands are expected.
The single emission band supports the theoretical prediction
that the dual absorption arises not from structural isomers but
rather due to excitations from two distinct energetically
accessible states. As radiative emission occurs exclusively for
the S, — S, transition, any fluorophore excited to S, (second
excited singlet state) would initially decay to S, through
internal conversion. This explains the single emission band of
warfarin at 356 nm, irrespective of exciting the molecule to S,
(280 nm) or S; (310 nm). On the other hand, at pH = 9, the
red-shifted single emission peak at 392 nm is the emission of
the warfarin anion. DFT calculations performed on excited-
state structures of warfarin (Table S1 in the Supporting
Information) agree well with the experimental results.

Earlier studies, limited by instrumental resolution, have
speculated ultrafast excited-state dynamics of warfarin to be
responsible for the single emission peak in steady-state
fluorescence spectra.'”'”*” Time-resolved emission experi-
ments on warfarin at pH = 3 and 9 with 4, = 310 nm are
performed. Time profiles, collected at several wavelengths
across the steady-state fluorescence spectra (Figure Sc,d),
exhibit a uniform decay rate at pH = 3, irrespective of emission
wavelengths, indicating the absence of any excited-state

https://doi.org/10.1021/acs.jpcb.0c10824
J. Phys. Chem. B 2021, 125, 2871-2878


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c10824/suppl_file/jp0c10824_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c10824/suppl_file/jp0c10824_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c10824/suppl_file/jp0c10824_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c10824/suppl_file/jp0c10824_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c10824/suppl_file/jp0c10824_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c10824/suppl_file/jp0c10824_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c10824/suppl_file/jp0c10824_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c10824/suppl_file/jp0c10824_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c10824?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c10824?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c10824?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c10824?fig=fig3&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.0c10824?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry B pubs.acs.org/JPCB
(@) 0. (b) 'y
. . > 4 LUMO
@ !.f. LUMO 'y, %),
300.9 nm 306.4 nm
(f=0.52) 279.8 nm (f=0.45) 283.0 nm
(f=0.24) (f=0.00) [2719nm
(f=0.15)
, @ , @
‘.: *°®@" HOMO “?"._ HOMO
. °
° 2 9
L
&
’ 4.‘.
(© :’ (d) o3 'f;’ -
8PP T LUM
(A WIITON s,
296.9 nm 316.6 nm
(f=0.49) 277.0 nm (f=0.56)
(f=0.26) 292.6 nm
(f=0.08)
o a 282.4 nm
_ L e (f=0.11)
‘;'- o~ HOMO (%0 S
3 * ", T HOMO
o™ - @9
4‘,%‘ e .';'.Q-
"O"o So¥e3,
v B
.57
Jv.‘t
© () . is
. sgﬁ LUMO Y- 0
Jw-' 5’. i LUMO
319.2 nm
303.1 nm (f=0.44)
(f=10.66) 292.4 nm
284.5 nm @=0on |
f=10.04 2. .5 nm
» ( ) | 2770 am . ® &:; (f=0.07)
:’«-‘ (f=0.13) *a’y »
1“9 : ) HOMO
.9 T HOMO . Q;
[ JJ“ | E—
VD - e
-5 85,
oo A

19%0®

9,

29%e%

Figure 4. Energy level diagrams for (a) 4-hydroxycoumarin and (b) its anion, (c) 4-methoxycoumarin, and warfarin in its (d) open-chain, (e) cyclic
hemiketal, and (f) anionic forms in the aqueous medium (SMD solvation model). Molecular orbitals are calculated at the HF/6-31+G(d,p) level of
theory, while the excitation energies are calculated using the TDDFT B3LYP/6-31+G(d,p) method.

Table 2. Calculated Spectral Parameters for Electronic
Transitions of 4-Methoxycoumarin in Vacuum at the EOM-
CCSD/6-31+G(d,p) Level of Theory

absorption oscillator predominant orbitals
Amax an) strength (f) involved
first allowed 272.0 0.10 HOMO — LUMO
transition
second allowed 235.1 0.24 (HOMO-1) —» LUMO and

transition HOMO - LUMO

dynamic process of a time scale slower than 50 ps in warfarin.
A single exponential fit to the emission time profile at 360 nm
provides the fluorescence lifetime of warfarin at pH = 3 to be
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~S5 ps. Emission time profiles of deprotonated warfarin at pH
= 9 also indicate a constant, yet slower, decay rate of ~125 ps,
irrespective of the emission wavelength. These observed
emission lifetimes are consistent with the fluorescence
quantum vyields (¢) at pH = 3 (¢ = 2.71 X 107°) and 9 (¢
= 4.77 X 107%), calculated using anthracene as a standard
reference compound at its excitation wavelength (305 nm) in
cyclohexane (@ = 0.36)."> The calculated non-radiative decay
rate, found to be ~2.3 times slower at pH = 9, further validates
the presence of the anionic species at higher pH. The rigidity
due to extended conjugation in the anion suppresses the non-
radiative decay channel, thereby increasing the emission
quantum yield as well as emission lifetime of deprotonated
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Figure 5. Normalized emission spectra of warfarin in (a) pH = 3 and (b) pH = 9 at different excitation wavelengths.Time-resolved fluorescence
profiles of warfarin in (c) pH = 3 and (d) pH = 9 at different emission wavelengths, as indicated (1., = 310 nm). Black solid line represents

instrumental response function (IRF).

warfarin. As discussed earlier, our theoretical calculations
indicate that a single species of deprotonated warfarin is
present in solution at higher pH.

Since warfarin is used as an anti-coagulant drug as well as a
prototype fluorescent probe in biology, it is imperative to
ascertain which isomeric form of warfarin binds to HSA. The
reported X-ray diffraction data of the crystal structure of the
warfarin-HSA complex are consistent with the open-chain form
of the warfarin molecule;** however, the protonated or
deprotonated status of warfarin, when bound to HSA, cannot
be determined from X-ray diffraction. To determine the
protonation status of warfarin in the enzyme environment, we
perform absorption and emission experiments of the warfarin-
HSA complex at three different pH values (3, 7.4, and 9). The
absorption spectrum at any pH shows a single absorption band
at ~310 nm (Figure S6a in the Supporting Information). The
emission spectrum shows a single fluorescence peak at ~382
nm (Figure S6b in the Supporting Information). Interestingly,
the absorption as well as emission spectra of HSA-bound
warfarin is almost independent of pH. Close resemblance of
the absorption spectra of warfarin, when bound to HSA, with
its deprotonated form indicates that warfarin is present in the
open-chain anionic form in the HSA binding pocket. However,
the emission spectrum shows an ~10 nm blue shift from that
obtained for deprotonated warfarin in aqueous solution (pH =
9). The high microviscosity of the binding pocket, as compared
to the surrounding, can explain the blue shift of the emission
maximum. In a previous report,” a gradual blue shift of
warfarin emission maxima has been reported with increasing
viscosity of the solvent. Above experimental evidence also
suggest that the pH of the protein solution has minimal effect
on the warfarin binding site and that the warfarin molecule is
confined in the protein pocket.

B CONCLUSIONS

Using a combined theoretical and experimental study of
warfarin, we confirm that the coumarin moiety of warfarin is
solely responsible for the absorption spectrum of warfarin in its
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aqueous form. We demonstrate that the dual absorption
feature in the absorption spectrum is not indicative of the
presence of multiple isomeric structures of warfarin in solution
but rather due to excitations arising from two closely spaced
occupied molecular orbitals terminating at the lowest
unoccupied molecular orbital. Our study also illustrates that
the ring-chain isomerism of molecules structurally similar to
warfarin, as reported in previous studies, cannot be explained
using the spectral features of the warfarin absorption spectrum.
Further, this report decisively eliminates the possibility of the n
— 7* transition contributing to the dual absorption feature of
warfarin. The steady-state and the time-resolved emission
experiments provide additional support to distinguish between
the neutral and the anionic isomers of warfarin. Further, these
results allow us to determine that warfarin exists in the open-
chain anionic form in the active site of HSA. Finally, as the
coumarin moiety, which mostly contributes to the absorption
and emission spectrum of warfarin, is present in many drugs,
our study will be helpful in examining various drug—receptor
interactions.
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ABSTRACT: Disruption of the deep eutectic solvent (DES) nanostructure around the
dissolved solute upon addition of water is investigated by polarization-selective two-
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Q0RO

41 wt%
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dimensional infrared spectroscopy and molecular dynamics simulations. The heteroge- 0055)00\)

neous DES nanostructure around the solute is partially retained up to 41 wt % of added QQ

water, although water molecules are gradually incorporated in the solute’s solvation shell 5" (QDEs QO j)

even at lower hydration levels. Beyond 41 wt %, the solute is observed to be preferentially 9 ;?ﬂltl: Q

solvated by water. This composition denotes the upper hydration limit of the deep eutectic

solvent above which the solute senses an aqueous solvation environment. Interestingly, our — <ooe p— e

results indicate that the transition from a deep eutectic solvation environment to an |} <> o |} <

aqueous one around the dissolved solute can happen at a hydration level lower than that 5] \ Ak

reported for the “water in DES” to “DES in water” transition. \x\_v_
(D] T, (ps)

uelled by searching for environmentally friendly solvents

for sustainable chemical processes, deep eutectic solvents
(DESs) have emerged as green designer solvents with a wide
range of applications. > A typical DES consists of an HB
acceptor (HBA) and an HB donor (HBD), mixed in the
eutectic molar ratio.”*”® DES nanostructures, stabilized by
intercomponent HB interactions, can be further tuned by the
addition of cosolvents capable of disrupting the native HB
networks. ' As water can act as both HBA and HBD, these
neoteric solvents are highly water-miscible and hygro-
scopic.”’12 Recent reports demonstrate that water addition
in the eutectic mixtures influences the DES nanostructures and
consequently impacts their physicochemical properties.®
Trends in these properties suggest an upper limit of DES
hydration, above which DES behaves like an aqueous
solution,*~"*

Reline, composed of urea (HBD) and choline chloride
(ChCl, HBA) in a 2:1 molar ratio, is one of the most widely
studied DESs.
synthesis, surface coating, and enzymatic reactions.
Owing to the hygroscopic nature of both urea and ChCl, the
presence of water changes the macroscopic properties of reline
and perturbs the DES nanostructure.'” Experimental and
theoretical studies have reported water’s effect on the
physicochemical properties and molecular arrangement of
reline.”'>?°™* Notably, an unusual transition from an ionic
mixture (“water in reline”) to an aqueous solution (“reline in
water”) at 51 wt % water was recently reported by Hammond
et al. using neutron diffraction experiments and empirical
potential surface refinement (EPSR).®

This solvent has extensive use in biodiesel
16—18

© XXXX American Chemical Society
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Although various reports studied the disruption of reline
nanostructure at certain hydration levels,”””"* all the studies
focused on understanding the phenomenon from the solvent’s
perspective in the absence of any dissolved solute. The effect of
increasing water content in reline from the solute’s perspective
has yet to be explored. A favorable arrangement of the DES
components around the solute provides an ideal environment
for applications like selective catalysis and efficient synthesis.”
The disruption of the preferred molecular organization in the
presence of water might perturb the favorable solute—reline
interactions, limiting the use of reline in such applications.
Furthermore, water is often intentionally added to improve the
DES properties, for example, to lower viscosity.(”15 Does the
solute sense the transition from a heterogeneous ionic mixture
to an aqueous solution at the same water content reported by
Hammond et al.? In other words, what is the hydration limit
above which the interactions between the solute molecule and
the DES components cease to exist?

Herein, we report the polarization-selective evolution of the
solute’s vibrational frequencies, which provides the answers to
the questions mentioned above. We also perform molecular
dynamics (MD) simulations on different reline—water systems
in the solute’s presence to obtain a molecular understanding of
the solute—solvent interactions at different hydration levels.
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Figure 1. 2D IR spectra of SCN™ in reline, in reline—water (D,0) mixtures, and in water (D,0) at (XXXX) polarization condition. The peak pairs
correspond to Ucy. The water content increases from left to right. For a certain hydration level, T, increases from top to bottom. The CLS is shown

in each 2D IR spectrum with a yellow line.

The structural dynamics of the solvent produce frequency
evolution within its inhomogeneously broadened vibrational
bands. These dynamics are quantified by the frequency—
frequency correlation function (FFCF) through time-depend-
ent line shape analysis of two-dimensional infrared (2D IR)
spectra.”””* When dissolved in a relatively slow-moving
solvent, the solute can reorient on a much faster timescale
than the solvent’s complete structural evolution. The rapid
reorientation of the solute contributes to a polarization
selectivity of the frequency evolution over time, known as
reorientation-induced spectral diffusion (RISD).”® A recent
report on room-temperature ionic liquids (RTILs) shows that
polarization dependence of the solute’s FFCF can distinguish a
slowly evolving environment from an aqueous solution.*
Considering the gradual lowering of viscosity upon increasing
water content in the DESs, polarization-selective 2D IR
spectroscopy is suitable to identify the transition from a
eutectic to an aqueous environment from the solute’s
perspective. As thiocyanate is one of the common vibrational
probes,”*™*° we have performed polarization-selective 2D IR
experiments on ammonium thiocyanate dissolved in reline and
reline—water mixtures (Figures 1 and S1). We prepared a
series of aqueous reline mixtures (xW) by mixing x (ranging
from O to 15) moles of water (D,0) with one mole of reline.
Water—reline molar ratios (xW) of 3W, SW, 10W, and 15W
were used (the detailed weight % and mol % are given in Table
S1 of the Supporting Information) as solvents along with neat
reline and water.

8785

In the 2D IR experiments, three ultrashort femtosecond
pulses are focused on the sample at different time delays. The
time delay between pulses 1 and 2 is 7, and that between 2 and
3 is T,. Owing to the structural dynamics of the solvent
molecules and the reorientation of the solute, the initial CN
stretching frequencies of the solute change as a function of T.,.
For a particular T,, the 2D IR spectrum (Figures 1 and S1)
correlates the initial solute frequencies after first pulse
interaction (w,, excitation frequencies) with the final solute
frequencies after third pulse interaction (w, detection
frequencies). The blue peaks (w, & 2060 cm™’, w, ~ 2060
cm™") correspond to v = 0 — 1 transition and the red peaks
(w, ~ 2060 cm™, @, =~ 2030 cm™!) correspond tov=1— 2
transitions, shifted by the vibrational anharmonicity along ®,.
The 2D IR peaks are diagonally elongated at a shorter T,
because of a greater correlation between the initial and the final
CN frequencies. However, the correlation decreases with the
evolution of frequencies over time, and the peaks gradually
become upright with an increase in T,,. Figure 1 indicates that
the peaks become upright at a shorter T,, as reline’s water
content increases. As the faster structural dynamics of the
solvent leads to a faster correlation decay, the T,, -dependent
2D IR spectra in different solvation environment are consistent
with the decrease in the DES viscosity upon water addition
(Table S2).

We have extracted the FFCF encoded in the T,, -dependent
2D IR spectra for two different polarization conditions,
(XXXX) and (XXYY), in terms of the center line slope
(CLS) decay™ (Figure 2a—d and Tables S3 and S4). For
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Figure 2. (a—d) CLS decay curves of SCN™ in reline and in reline—water mixtures for (XXXX) (green) and (XXYY) (yellow) polarization
conditions. Polarization selectivity is observed for reline, 3W, and SW. The CLS decays become identical at 10W within experimental error. (e)
FTIR spectrum of ammonium thiocyanate in reline, in various reline—D,O mixtures, and in neat D,0. The peak maximum shows a gradual blue-
shift with increasing hydration level of the solvent. (f) SCN™ anharmonicity in reline and reline—D,O mixtures shows a gradual increase up to 10W
(green arrow), beyond which the anharmonicity remains constant (shaded region) within experimental error bar. (g) SCN~ vibrational lifetime in
reline and reline—H,O mixtures suggests a nonmonotonic change in the solvation environment at 10W.

reline, the CLS for the (XXXX) polarization (green) shows a
slower decay than that for the (XXYY) polarization (yellow).
The polarization-selective CLS decays are also observed for
3W and SW, although the difference in the decays becomes
smaller with the increase in the water content. Interestingly,
the CLS decays become identical for both (XXXX) and
(XXYY) polarization conditions at 10W within experimental
error. Further addition of water shows no polarization-
dependence of the CLS decays.

We have analyzed the anisotropy decay kinetics of the
different reline—water systems (Figure S2 and Table S5) to
understand the origin of the polarization dependence of the
CLS decays. The CLS decay timescales in both (XXXX) and
(XXYY) polarization conditions are slower than that of the
corresponding anisotropy decay timescales (~6 ps) for reline,
3W, and SW. The CLS decays for 10W and above are either
comparable to or faster than the anisotropy decays. These
results strongly support that the polarization-selective CLS
decays in Figure 2a—c arise from RISD, where the solute
reorientation occurs without complete randomization of the
DES structure. In a viscous solvent like reline, a component of
the solvent structure contributing to the overall CN vibrational
band can be considered static on the solute reorientation
timescale, giving rise to the polarization selectivity.”*

The blue-shift in the CN IR peak (Figure 2e and Table S6)
with increasing water content indicates an increment in
solute—water HB interaction.’® The decrease in the difference
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between the (XXXX) and (XXYY) decays from reline to SW
arises because of the increase in the rapidly fluctuating (~1.5
ps)***" water molecules around the solute with increasing
hydration. However, the polarization-selective decays at 3W
and SW demonstrate that the solute is still interacting with the
slowly fluctuating reline through the transition dipole’s angular
motion. In other words, the huge difference between the
fluctuation timescales between reline and water implies that
the polarization dependence arises because of the presence of
DES components around the solute at these hydration levels. A
plausible explanation toward the identical CLS decays at 10W
is that the solute is predominantly solvated by the water
faster than or
comparable to the solute’s reorientation. Any further increase

molecules that fluctuate at a timescale

in the hydration level (up to neat water) would not further
perturb the solvation shell of the solute, and the CLS decays
remain identical, independent of polarization conditions. From
the solute’s perspective, the transition from a deep eutectic
solution (solute—DES interaction) to an aqueous solution
(only solute—water interaction) occurs at ~10W (41 wt %
water).

However, it is to be noted that the merging of the CLS
decays alone cannot provide a molecular picture of the
transition in the solvation environment. In fact, although the
CLS decays become identical at 10W in both the polarization
conditions, the CLS decay timescales continue to gradually
accelerate beyond 10W (Tables S3 and S4) with further
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Figure 3. (a) Spatial distribution function (SDF) of urea and choline around SCN™ in neat reline. (b) Graph of water/urea ratio within 10 A of the

SCN~ vs time in different reline—water mixtures.

increase in the water content. This gradual acceleration might
imply that the local solvation continues to evolve beyond 10W
and thereby contradicts our hypothesis that an aqueous
environment around the solute is formed at 41 wt % water. To
verify the transition from a deep eutectic solution to an
aqueous solution, we have further looked into complementary
experimental observables and MD simulations.

To obtain better insights about the local solvation, we have
looked into the vibrational anharmonicity. Previous studies of
thiocyanate reported that proximity to the cations usually
results in the lowering of the vibrational anharmonicity.**~*
We have estimated the anharmonicity to gradually increase
from ~27 cm™! in reline to ~35 cm™' at 10W (Table S7 and
Figure 2f). However, the anharmonicity does not change for
1SW and neat water within the experimental error limit. This
trend in the anharmonicity is in agreement with the gradual
replacement of the ionic DES components around the solute
by water molecules up to 10W.

We have also performed MD simulations to further probe
the local solvation around the solute. Although earlier
simulation reports investigated the bulk nature of the reline—
water interaction at different hydration levels,””"> the local
solvation around a solute was not explored. We have calculated
the spatial distribution function (SDF) which provides the
three-dimensional density distribution of urea and choline
around the solute in neat reline. Figure 3a indicates that,
although choline contains a hydroxyl group which can directly
interact with the CN, solute—urea interaction is preferred over
solute—choline interaction in neat reline. Previous studies of
thiocyanate in aqueous solutions reported viscosity-dependent
slowdown of the solute rotational dynamics due to interactions
with small cations with high charge density.”* The preferential
interaction of the solute with urea over choline (albeit a much
larger cation) shows that local environment of the solute plays
a larger role in DES than the macroscopic viscosity. We have
also computed the water/urea and water/choline ratios within
5 and 10 A of the solute in different reline—water mixtures.
The ratios, averaged along the trajectories, show an increase
with increasing water content of reline (Table S8). However, a
very interesting phenomenon is observed when the ratios are
plotted as a function of time. Figure 3b indicates that the
water/urea ratio gradually increases from 3W and reaches the
maximum value at 10W. Beyond 10W, this ratio remains
constant. However, the ratios keep switching between high and
low values, thereby indicating a solvent exchange process
where the water molecules around the solute are replaced by
the reline components from time to time. The frequency of the
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solvent exchange increases with increasing water content. It has
previously been reported that molecular exchange between
solvent components slow down the solvation dynamics and
results in a slower spectral diffusion in an aqueous mixture than
in water.>>® Thus, the simulation results show that the
experimental CLS decay timescales can be interpreted on the
basis of solvent exchange. Even though the solute senses an
overall aqueous environment at 10W, the decrease in the mole
fraction of the reline components in the outer solvation shell
with increase in water content plausibly leads to a faster solvent
exchange and thereby an acceleration of the CLS decay
timescales.

Overall, our computational results indicate that although
water interacts with the solute at SW, a considerable number of
heterogeneous reline constituents persist in the thiocyanate
solvation shell. At 10W and above, solute—solvent interactions
predominantly arise from thiocyanate—water interactions,
subsequently decreasing the heterogeneity around the solute.
This molecular picture was further validated from experiments
using the vibrational lifetimes (T;) and the CLS values at a
short T, (~200 fs) (Table S9 and Tables S3 and S4,
respectively).

We have measured T, for different reline—D,0O mixtures
using pump—probe spectroscopy (Figure S3 and Table S9). In
pure reline, T, of the CN vibrational mode is ~20 ps. The T
values in all other mixtures are constant (~11 ps) within
experimental error. The CN vibration’s coupling with the
resonant water mode (bending + libration) through HB
interaction can explain the invariability of vibrational relaxation
timescales at all hydration levels.”” The constant T; indicates
the presence of water in the solute solvation shell, even at 3W.
As the thiocyanate vibrational lifetime in H,O is much shorter
than that in D,0,” T, in reline—H,O might be a more
sensitive probe of solute hydration. We have additionally
measured T, for different reline—H,O mixtures (Table S10).
Our results show that T; of the CN vibrational mode in H,O
gradually decreases with increase in water content up to 10W.
Beyond 10W, T, is almost constant within the experimental
error. This trend in the lifetime indicates that the solute is
predominantly solvated by water molecules at 10W. The initial
amplitude of the CLS at a very short T, is a measure of the
dynamical heterogeneity around the solute. The decrease in
the initial CLS amplitude (Figure 2a—d and Tables S3 and S4)
from reline to 10W implies a gradual replacement of slowly
moving DES components by fast fluctuating water molecules
in the thiocyanate solvation shell (Figure 4).
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Figure 4. Schematic diagram for “Water in DES” and “DES in Water”
transition. The solute molecule is represented by an orange sphere.
The solute—water interactions replace all the solute—DES interactions
at 10W, thereby creating a neat water-like environment around the
solute.

In summary, we provide an upper hydration limit of reline
beyond which the solute experiences a water-like environment.
Interestingly, our results demonstrate that this upper hydration
limit (41 wt % water or 10W) is considerably lower than the
limit proposed by Hammond et al. (51 wt % water or 1SW)
from the neutron diffraction study.” However, the diffraction
results provided us an upper hydration limit from the solvent’s
perspective, i.e., when each reline constituent (choline cation,
chloride anion, and urea) is solvated by water. The
polarization-selective 2D IR results demonstrate that the
solute may experience an aqueous environment much before
water solvates all the reline constituents. Further, this report
illustrates that polarization dependence of the structural
dynamics could identify when the solute experiences a
transition from the heterogeneous DES environment to an
aqueous solution. For a wide range of applications, researchers
are presently exploiting hydration as a tool to overcome the
limitations of green solvents like DESs and RTTLs."”">*' This
study opens up an avenue to investigate similar transitions
from the solute’s perspective for viscous green solvents with
varying constituents.
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