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ABSTRACT: Deep eutectic solvents, consisting of heterogeneous nano-
domains of hydrogen-bonded networks, have evolved into a range of viscous
fluids that find applications in several fields. As viscosity is known to influence
the dynamics of other neoteric solvents like ionic liquids, understanding the
effect of viscosity on deep eutectic solvents is crucial to realize their full
potential. Herein, we combine polarization-selective pump—probe spectroscopy,
two-dimensional infrared spectroscopy, and molecular dynamics simulations to
elucidate the impact of viscosity on the dynamics of an alcohol-based deep
eutectic solvent, ethaline. We compare the solvent fluctuation and solute
reorientation time scales in ethaline with those in ethylene glycol, an ethaline
constituent. Interestingly, we find that the solute’s reorientation apparently
scales the bulk viscosity of the solvent, but the same is not valid for the overall
solvation dynamics. Using the variations in the estimated intercomponent
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hydrogen bond lifetimes, we show that a dissolved solute does not sense the bulk viscosity of the deep eutectic solvent; instead, it
senses domain-specific local viscosity determined by the making and breaking of the hydrogen bond network. Our results indicate
that understanding the domain-specific local environment experienced by the dissolved solute is of utmost importance in deep

eutectic solvents.

Bl INTRODUCTION

Over the last two decades, deep eutectic solvents (DESs) have
emerged as promising green alternatives to conventional
solvents due to their favorable properties, such as biodegrad-
ability, low vapor pressure, high conductivity, and recycla-
bility."™® Unlike homogeneous molecular solvents, DESs
usually consist of two components, a hydrogen bond donor
(HBD) and a hydrogen bond acceptor (HBA), such that the
melting temperature (T,,) of the mixture is lower than the T,
of the pure components.”” The recent interest in DESs stems
from the opportunity of modulating their solvating properties
by changing their chemical composition.'”"" DESs have wide-
range applications as sustainable media in extractions, analysis,
organic synthesis, electrochemistry, electrodeposition, bioca-
talysis, and nanomaterial synthesis and processing."*'*~'*
DES formation has been ascribed to the intercomponent
hydrogen bonds (HBs) between the HBA and the
HBD.”'"'~"7 A reported drawback of DESs is their high
viscosity, which limits their application potential.'""*"
Despite the well-documented influence of viscosity on the
dynamics in other neoteric solvents (e.g, ionic liquids), the
effect of viscosity on the DES dynamics is primarily
unexplored.”*™* Due to the diverse intermolecular inter-
actions within DES components, the formation of hetero§e-
neous nanostructures in a DES has been reported.””**
Although bulk viscosity has been measured for different deep
eutectic systems, it is highly unlikely that uniform viscosity is
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maintained across the heterogeneous nanostructures. It is still
unknown if a solute dissolved in a DES nanodomain would
sense the bulk DES viscosity or domain-specific effective
viscosity. In addition, previous studies primarily focused on
understanding the DES characteristics without any dissolved
solute.'¥*>*° As DESs are relatively recent constructs with
applications in several fields, understanding the dependence of
the dynamics on viscosity, from the perspective of both the
solute and the solvent, is required to realize their full potential.

Herein, we report the viscosity dependence of solvent
fluctuations and solute reorientation in a deep eutectic solvent
using two-dimensional infrared (2D IR) spectroscopy” "’
and polarization-selective pump—probe (PSPP) spectrosco-
py.”’ Some of the recent 2D IR reports on DESs have focused
on comparing the solvation dynamics among different DES
families.””’" However, the effect of the domain-specific
viscosity experienced by a small solute is mostly unexplored.
Due to the long vibrational lifetime of the nitrile stretch,* we
choose methyl thiocyanate (MeSCN, solute) as the vibrational
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reporter of the viscous environment. Although most eutectic
mixtures contain high-melting-point solid components, etha-
line, a 2:1 molar mixture of ethylene glycol (EG, HBD) and
choline chloride (HBA), is unique, as EG is liquid at room
temperature. Interestingly, EG can act as both HBA and HBD
to form an intricate hydrogen bond network of its own,
resulting in alcohol clusters of various sizes.””** The distinct
difference in the viscosities (17) of ethaline and neat EG at
room temperature (5 = 17 cP, Nepaiine = 36 cP)lg’35 allows us
to illustrate the role of intercomponent friction in DES
dynamics. We also perform molecular dynamics (MD)
simulations to estimate the intercomponent HB lifetimes.
While the experiments allow us to compare the solvation
structure and dynamics, MD simulations permit us to decipher
the dependence of the solute’s reorientation on the domain-
specific local viscosity.

B MATERIALS

Choline chloride (ChCl, >98.9%), methyl thiocyante
(MeSCN, >99.9%), and ethylene glycol (EG, >99.8%) were
purchased from Sigma-Aldrich, and except for ChCl, others
were used without further purification.

DES Synthesis. Ethaline DES was prepared according to
the previously mentioned procedure.” To start with, ChCl was
dried in a vacuum oven overnight at 90 °C to remove any
water impurity. DES synthesis was performed in an argon-filled
glovebox and the prepared DES was found to have negligible
water content with the help of a Karl Fischer titrator.

FTIR Spectroscopy. FTIR spectra were recorded in a
Bruker Vertex 70 FTIR spectrometer with a demountable cell
consisting of two CaF, windows (3 mm thickness) separated
by a 100 ygm Mylar Spacer. MeSCN was added into the EG
and ethaline solutions such that the final concentration reached
~100 mM. 2D IR experiments were performed using the same
solution as FTIR, with the same sample cell. Reported FTIR
peak positions were obtained by fitting the experimental IR
spectra with Voigt line shape functions.

2D IR Spectroscopy. 2D IR and PSPP spectra were
acquired using a pulse shaper-based 2D IR spectrometer
designed by PhaseTech spectroscopy, Inc. A detailed
description of the 2D IR setup is mentioned previously.
Briefly, 800 nm output from a Ti—sapphire amplifier was
converted to a mid-IR beam centered at ~2160 cm™" with a
~60 fs pulse width by an optical parametric amplifier (OPA,
OPerA Solo, Coherent). This IR pulse was then divided into a
strong excitation pulse (80%) and a weak detection pulse
(20%) using a beam splitter. A germanium acoustic-optic
modulator (AOM)-based pulse shaper shaped the pump pulses
and created the initial coherence period (7). Excitation and
detection pulses were spatially overlapped and focused onto
the sample cell using parabolic mirrors. 7 was scanned to
generate the 2D IR signal at a fixed temporal delay (waiting
time, T,) between the excitation and detection pulses. The
signal was dispersed with a monochromator (Princeton
Instruments) and detected using a nitrogen-cooled 64-pixel
HgCdTe (MCT) IR array (InfraRed Associates) detector. The
2D IR experimental data at a fixed T,, were a function of the
variable delay time between the two excitation pulses (7) and
detection frequencies. Numerical Fourier transform provided
the second frequency variable, excitation frequencies. A 2D
spectrum was obtained for each waiting time, T,

Waiting-time-dependent evolution of the 2D IR line shapes,
i.e., spectral diffusion C(t), was analyzed using the center line
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slope (CLS) method.*® The CLS decay curves were fitted with
the following biexponential functions to extract the time
constants

2

C(t) = Z aie(t/f‘)

i=1

PSPP Spectroscopy. Polarization-selective pump—probe
experiments were performed to obtain the pump—probe
signals in the parallel (XXXX) and perpendicular (XXYY)
polarization conditions. 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.

Parallel I;(t) and perpendicular I,(t) signals can be
expressed using the following equations

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

L(t) = P(t)[1 — 0.4C,(1)] (2)

where P(t) is the isotropic pump—probe decay and C,(t) is the
second-order Legendre polynomial orientation correlation
function of the transition dipole moment.

By rearranging eqs 1 and 2, we obtain

[1(t) + 2L.(t)] = 3P(t) 3)

[,(t) = L()] = 1.2P(t)Cy(t) (4)

Orientational anisotropy r(t) can subsequently be obtained
from eqs 3 and 4

_ I(t) = I,(t)
0= 10

0.4 C,(t) .

r(t) in eq S is a ratio of the LHSs of eqs 4 and 3. As [I;(¢) +
2I,(t)] and [Ij(t) — I,(¢)] decay over time, dividing one small
number (~0) by another (~0) at large pump—probe delays
would incorporate a large error in the anisotropy value. To
eliminate the error, we have simultaneously fitted [I;(t) +
2I,(t)] and [I(t) — I,(#)] using multiexponential decay
functions for P(t) and single-exponential decay for C,(t), such
that the same decay corresponding to P(t) fits both [I;(t) +
2I,(t)] and [I;(#) — I.(#)]. This method, by far, provides
significantly better results than direct fitting of r(t). The
anisotropy r(t) obtained from the fits shows an excellent
agreement with experimentally obtained anisotropies.

MD Simulations. All-atom classical MD simulations of
MeSCN in the EG and ethaline system were performed in the
GROMACS 2021 package.”” Force field parameters for EG
and ethaline were taken from the work of Doherty et al.**
GAFF force field parameterization with antechamber suits was
used for MeSCN.*® A simulation box was constructed using a
MeSCN molecule and a molar ratio of choline chloride and
EG of 1:2 for the ethaline DES simulation. The system was
first energy-minimized with the steepest decent algorithm with
a 2 fs step size. Further, it was equilibrated in a velocity rescale
thermostat at 300 K for 1 ns and a Parrinello—Rahman
barostat at 300 K and 1 bar for 5 ns. Production runs were
calculated for a further 100 ns. Hydrogen bond analysis with
lifetime calculations was performed using a GROMACS
analysis tool, gmx hbond, with default criteria. A three-
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Figure 1. (a) FTIR spectra of the CN stretch of MeSCN in ethaline and EG. The CN absorption shows a 3 cm™ blue shift in EG compared to that
in ethaline. The full width at half-maximum (FWHM) of the CN stretch spectrum is the same in both solvents. (b) 2D IR spectra of the CN stretch
of MeSCN in ethaline (left panels) and EG (right panels). The top and bottom panels correspond to T, = 1 ps and T,, = 20 ps, respectively. (c)
Frequency—frequency correlation function C(t) decay curves of MeSCN at a function of T,, in EG and ethaline. The decay curves indicate that the
solvent fluctuation is slower in ethaline than that in EG.
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Figure 2. Results from polarization-selective pump—probe experiments and HB analysis from MD simulation trajectories. (a) The decay of the (I,
+ 2I,) signal of the CN stretch as a function of time in EG and ethaline. (b) HB population MeSCN in EG and ethaline obtained from MD
simulations. The vibrational probe experiences considerably more HB population in EG than that in ethaline, indicating a change in the solvation
environment in the two solvents. (c) The decay of the (I, — I,) signal of the CN stretch as a function of time in EG and ethaline. Simultaneous
fitting of (I, + 2I,) and (I; — I,) decays was performed to obtain the anisotropy r(f) decay, which is given by the expression

R
r(t) = e 0.4C,(t).

dimensional spatial distribution plot was obtained using the
TRAVIS package.*

B RESULTS AND DISCUSSION

The IR absorption spectra of the CN stretch show a symmetric
peak in ethaline and EG (Figure la). Although Figure la
shows symmetric peaks, various subensembles exist within the
absorption bands due to the heterogeneity in the solvent
configurations that determine CN’s frequency through
intermolecular interactions.”’ As the solvent structures evolve
over time, these subensembles exchange on the time scales of
the solvent fluctuations, making the probe transition frequency
(@) fluctuate from its average (w). 2D IR spectroscopy allows
direct extraction of the frequency—frequency correlation
function (C(t) = (6w (t)6w(0))) of a vibrational transition,
where 6w = ®(t) — (w) is the time-dependent fluctua-
tion.”**>** The 2D IR spectra (Figure 1b) are elongated along
the diagonal at early time delays (T,,), indicating that the
excitation and detection frequencies are correlated. At longer
T, the correlations are lost due to solvent fluctuations, and the
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spectra become circular. The analysis of the 2D IR spectral
shapes as a function of T, provides the decay of C(t), referred
to as spectral diffusion.

Figure 1c shows the C(t) of the CN peak in EG and ethaline.
In both solvents, C(t) fits to biexponential functions (Table
S1). The faster time constants, related to the local solvent
fluctuations around the solute, are the same for ethaline and
EG within the experimental error. However, the slower time
constant (), related to the bulk dynamics of the solvent, slows
down considerably going from EG (~12 ps) to ethaline (~39
ps). The estimated slow time constants indicate retardation of
the solvent dynamics with an increase in viscosity. Interest-
ingly, the time scales demonstrate that a 2-fold increase in
viscosity results in a nearly 3-fold slowdown of the spectral
diffusion. Our results illustrate that adding choline chloride
increases the solvent inhomogeneity, as evidenced by the C(t)
value in ethaline at T,, = 0, relative to that in EG (see the last
column of Table S1). In the absence of any motionally
narrowed homogeneous dynamics, C(t) at T,, = 0 should be
unity.””** The smaller initial drop in ethaline demonstrates
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Figure 3. (a) Schematic diagrams of the three possible HB scenarios in ethaline. In EG, EGoy—EGey HB is the only possibility. (b) Lifetime
decays of different HB types in EG and ethaline. (c) Spatial distribution functions of choline(green) and EG (pink) around MeSCN in ethaline

(left) and EG (right).

larger inhomogeneity arising from the disruption of the
extended alcohol HB network by choline chloride.

The solute reorientation is estimated from the PSPP
experiments. Before we discuss the solute reorientation, it is
interesting to note that the vibrational lifetime is faster in EG
than that in ethaline (Figure 2a). The faster vibrational lifetime
contributes to larger homogeneous dynamics and agrees well
with the larger initial drop from unity (Figure 1c). A faster
lifetime is known to arise from the formation of a solute—
solvent HB. The ~3 cm™' blue shift in peak maxima going
from ethaline to EG (Figure la) and previous reports of
negligible HB of MeSCN in ethaline indicate considerably
more HBs between the probe and the OH moieties in EG. In
agreement with our experimental results, the HB analysis of the
MD simulation trajectories predicts an increase in the HB
propensity of the solute going from the DES to EG (Figure
2b). HB is generally associated with the broadening of the IR
absorption peak. However, we observe that the peaks in EG
and ethaline have the same full width at half-maximum
(FWHM) of ~13.5 cm™" (Figure 1a) despite the change in HB
propensity. The FWHM is expected to be larger in EG than
that in ethaline due to the predominance of the solute—EGgy
HB conformations in EG. However, a motionally narrowed
homogeneous component in EG, arising from ultrafast solute
motions, plausibly cancels out the increase in the FWHM.

The anisotropy r(t) is obtained from PSPP experiments
performed at parallel (1) and perpendicular (I,) polarization
conditions. r(t) provides the orientational dynamics through

I-1 '
1\|“+ 22 = 04Cy(t), where C,(t) is the

second-order Legendre polynomial orientational correlation
function. We obtain r(t) by simultaneously fitting the
difference (I, — I ; Figure 2c) and the sum (I, + 2I,; Figure
2a, see PSPP Spectroscopy section for more details). The
anisotropy decays in EG and ethaline fit to single-exponential
functions where the time constant ¢, (Table S2) provides the
time scales for complete randomization. The randomization
time scale, related to the free orientational diffusion constant
(D,, = 1/6t,), shows a nearly 2-fold slowdown in the rotational
diffusion of the solute going from EG to ethaline.

the expression r(t) =
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The time constant ¢, can be compared to the predictions of
rotational diffusion in the hydrodynamic limit, using a
modified Debye—Stokes—Einstein equation. If the diffusive
motion is well-described by hydrodynamics, the orientational
relaxation time can be related to the properties of the system
by t, = fV.g1/ksT.>" Here, T is the absolute temperature, 7 is
the solvent viscosity, kg is Boltzmann’s constant, f is the shape
factor, and V4 is the effective molecular volume.

We estimate the dimensions of the solute molecule using the
known bond lengths and the van der Waals radii of the atoms.
As the size of the solute is either smaller or comparable to that
of the solvent, slip boundary conditions are a reasonable model
for the solute’s reorientation dynamics. Slip boundary
conditions are applied when the friction opposing reorienta-
tion arises from the solvent in the swept volume of the
solute.”’ Considering the axial ratios of the MeSCN spheroid, f
is obtained from the calculations by Youngren et al.* and Hu
et al.* Calculated £ values are provided in Table S2 next to
the measured t, values. The measured and calculated time
constants in ethaline and EG show excellent agreement.
Therefore, the 2-fold retardation observed in the measured
reorientation dynamics indicates that DES viscosity predom-
inantly dictates the solute’s rotational diffusion.

It is intriguing to note that although solute dynamics scales
with viscosity, the solvent fluctuations show a larger slowdown
than that predicted from viscosity. To understand this
phenomenon, we have analyzed the lifetimes of the different
intercomponent HBs in ethaline. As multiple HB partners are
present in the DES, the overall solvent fluctuation should
depend on the making and breaking of all of the individual
intercomponent HBs (EGou—EGgoy, EGoy—cholineqy, and
EGou—Cl7; Figure 3a). Figure 3b shows the HB lifetime
autocorrelation functions (Cyg(t)) in ethaline between EG and
other HB partners. Triexponential fits to Cyyp(t) show two fast
time scales (similar in all cases, within the fitting error)
plausibly arising from librational motions and the HB making/
breaking between the same pair of solvent molecules and a
component-specific slower time scale (Table S3). Our
computational results suggest that the Cyy(t) of the EGoy—
EGoy HB dynamics scales the bulk viscosity. The Cyp(t) of
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EGou—EGqy is slower in the DES by almost a factor of 2 than
that in EG. Within the different intercomponent HB of
ethaline, Cyp(t) is the slowest for the EGoy—CI~ HB, while
the lifetimes of the EGoy—EGoy and EGoy—cholineqy HBs
are comparable.

If we assume a similar solvation environment, the retardation
in solute reorientation can be explained based on the
slowdown of the EGoy—EGeoy HB lifetimes in ethaline and
EG. However, the spatial density functions (SDFs, Figure 3c)
indicate an altered environment where the choline component
of the DES preferentially interacts with the solute nitrogen.
Therefore, the complete reorientation of the solute molecule
will need rearrangement of both the EGou—EGoy and EGoy—
cholinegy; HBs. Since the estimated HB lifetimes of EGgy—
EGoy and EGgoy—cholinegy; HBs are the same, the solute
reorientation scales the EGoy—EGpy HB lifetimes in both
environments. On the other hand, DESs have been reported to
form heterogeneous nanodomains.*” The fluctuation time scale
of each domain depends on the intercomponent HB prevalent
in the domain. Our experimental results can be rationalized if
we consider that the solute only experiences the local friction
of the domain in which it is located. Even though the presence
of more viscous domains can slow down the randomization of
the total liquid structure by restricting the motions of the less
viscous regions, they do not completely determine the friction
telt locally by MeSCN. The agreement between measured and
predicted t, values (Table S2) indicates that the domain-
specific local viscosity experienced by the solute is the same as
the reported bulk viscosity of ethaline. As spectral diffusion
measures the overall evolution of the solvent structures in all of
the domains, the presence of much slower HB dynamics
(EGou—Cl™) does not allow the spectral diffusion to mirror
the bulk viscosity changes. To this end, comparing the viscosity
dependence of the solute reorientation and the solvent
fluctuation dynamics in various DESs can provide an
interesting perspective to tailor DESs for specific applications.

However, the apparent correlation between the solute
reorientation time scale and the overall solvent viscosity exists
because of two reasons: (1) the local microviscosity around
MeSCN mirrors the bulk viscosity of ethaline, and (2) the HB
lifetimes of the ethaline DES components solvating MeSCN,
EGou—EGey and EGoy—cholinegyy, are the same. However,
dynamic heterogeneity has been previously reported as an
important characteristic of DESs, resulting in the fractional
dependence of the solute reorientation time scale on
viscosity.”” A previous report on a nonionic DES predicts
that depending on the structure and the intermolecular
interactions of the probe, it would selectively reside in a
specific nanodomain of the heterogeneous DES.*" As ethaline
DES is also heterogeneousfg’49 there could indeed be a
scenario where a solute would be located in a different domain.
Interestingly, another report on an ionic probe in ethaline
(unlike the neutral probe reported here) predicts a much
broader FWHM compared to our results, indicating different
domain selections.’® The previous report on the ionic probe
also showed a much broader asymmetric peak shape in EG
compared to DES, which is not evident in our case. The
previous report compared the solvation dynamics and their
relation to the bulk viscosities across DES families; however,
the reorientation dynamics of the ionic solute was not
reported.’® Thus, although the previous results are comple-
mentary to our findings, a direct comparison between the two
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studies is not possible to elucidate the effect of the domain-
specific viscosity on an ionic solute and a neutral solute.

Another important aspect to decipher the origin of the local
viscosity is to look into different intercomponent HB lifetimes.
To the best of our knowledge, this is the first study where
experimental understanding of ultrafast solvation dynamics and
reorientation dynamics in DES have been directly correlated to
the theoretical calculations of HB lifetimes using MD
simulations. When a solute selects a particular nanodomain,
its reorientation in this nanodomainis generally governed by
the rearrangement of a different intercomponent HB. As a
different HB might have a different lifetime, the reorientation
time scale can be different. The time scale will depend on the
steric and electrostatic stabilization of the solute by the DES
components, leading to the preferential selection of the
domain.

Bl CONCLUSIONS

In this study, we used time-resolved vibrational spectroscopies
to estimate the time scales of the solvent fluctuation and the
reorientation dynamics of a small neutral solute dissolved in a
DES, ethaline. We compared the time scales with those
observed in EG, an ethaline component, which can act as both
HBA and HBD. Our results show that increased solvent
viscosity slows down the spectral diffusion of the solute. The
spectral diffusion time scale increases by a factor of 3 (slower),
while the viscosity increases by a factor of 2. Unlike the
spectral diffusion time scales, the estimated solute reorienta-
tion time scales apparently scale the bulk viscosity of the
solvent. MD-estimated time scales of the intercomponent HB
dynamics reveal that the solute does not sense the bulk
viscosity; instead, it senses the domain-specific microviscosity
determined by the making and breaking of the interspecies
hydrogen bond network. This insight is particularly exciting
because a large body of recent studies indicates that the
microheterogeneity in DES still lacks fundamental under-
standing. Interestingly, this article shows that the combination
of 2D IR, PSPP, and MD simulations is capable to identify the
viscosity dependence of the domain-specific dynamics
experienced by the probe in heterogeneous systems like
DESs. How local interactions of the probe determines the
domain specificity would be explored in detail in future work.
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