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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-
dimensional infrared spectroscopy and molecular dynamics simulations. The heteroge-
neous DES nanostructure around the solute is partially retained up to 41 wt % of added
water, although water molecules are gradually incorporated in the solute’s solvation shell
even at lower hydration levels. Beyond 41 wt %, the solute is observed to be preferentially
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
results indicate that the transition from a deep eutectic solvation environment to an
aqueous one around the dissolved solute can happen at a hydration level lower than that
reported for the “water in DES” to “DES in water” transition.

Fuelled 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.1−5 A typical DES consists of an HB
acceptor (HBA) and an HB donor (HBD), mixed in the
eutectic molar ratio.3,6−8 DES nanostructures, stabilized by
intercomponent HB interactions, can be further tuned by the
addition of cosolvents capable of disrupting the native HB
networks.6−10 As water can act as both HBA and HBD, these
neoteric solvents are highly water-miscible and hygro-
scopic.11,12 Recent reports demonstrate that water addition
in the eutectic mixtures influences the DES nanostructures and
consequently impacts their physicochemical properties.6

Trends in these properties suggest an upper limit of DES
hydration, above which DES behaves like an aqueous
solution.13−15

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.16−18

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.19 Experimental and
theoretical studies have reported water’s effect on the
physicochemical properties and molecular arrangement of
reline.6,15,20−22 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).8

Although various reports studied the disruption of reline
nanostructure at certain hydration levels,6,7,9,15 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.2

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.6,15 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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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.23,24 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).25 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.23

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,26−29 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 0 to 15) moles of water (D2O) 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
S1 of the Supporting Information) as solvents along with neat
reline and water.

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 τ, 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, the 2D IR spectrum (Figures 1 and S1)
correlates the initial solute frequencies after first pulse
interaction (ωτ, excitation frequencies) with the final solute
frequencies after third pulse interaction (ωt, detection
frequencies). The blue peaks (ωτ ≈ 2060 cm−1, ωt ≈ 2060
cm−1) correspond to v = 0 → 1 transition and the red peaks
(ωτ ≈ 2060 cm−1, ωt ≈ 2030 cm−1) correspond to v = 1 → 2
transitions, shifted by the vibrational anharmonicity along ωt.
The 2D IR peaks are diagonally elongated at a shorter Tw
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 Tw. Figure 1 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 S2).
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) decay23 (Figure 2a−d and Tables S3 and S4). For

Figure 1. 2D IR spectra of SCN− in reline, in reline−water (D2O) mixtures, and in water (D2O) at ⟨XXXX⟩ polarization condition. The peak pairs
correspond to ν ̅CN. The water content increases from left to right. For a certain hydration level, Tw increases from top to bottom. The CLS is shown
in each 2D IR spectrum with a yellow line.
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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, 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 5W. 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.23

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.30 The decrease in the difference

between the ⟨XXXX⟩ and ⟨XXYY⟩ decays from reline to 5W
arises because of the increase in the rapidly fluctuating (∼1.5
ps)24,31 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 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
molecules that fluctuate at a timescale faster than or
comparable to the solute’s reorientation. Any further increase
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

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 5W. The CLS decays become identical at 10W within experimental error. (e)
FTIR spectrum of ammonium thiocyanate in reline, in various reline−D2O mixtures, and in neat D2O. The peak maximum shows a gradual blue-
shift with increasing hydration level of the solvent. (f) SCN− anharmonicity in reline and reline−D2O 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−H2O mixtures suggests a nonmonotonic change in the solvation environment at 10W.
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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.32−35

We have estimated the anharmonicity to gradually increase
from ∼27 cm−1 in reline to ∼35 cm−1 at 10W (Table S7 and
Figure 2f). 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.
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,7,9,15 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.33 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 Å 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

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.36−38 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 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.
This molecular picture was further validated from experiments
using the vibrational lifetimes (T1) and the CLS values at a
short Tw (∼200 fs) (Table S9 and Tables S3 and S4,
respectively).
We have measured T1 for different reline−D2O mixtures

using pump−probe spectroscopy (Figure S3 and Table S9). In
pure reline, T1 of the CN vibrational mode is ∼20 ps. The T1

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.39 The constant T1 indicates
the presence of water in the solute solvation shell, even at 3W.
As the thiocyanate vibrational lifetime in H2O is much shorter
than that in D2O,

40 T1 in reline−H2O might be a more
sensitive probe of solute hydration. We have additionally
measured T1 for different reline−H2O mixtures (Table S10).
Our results show that T1 of the CN vibrational mode in H2O
gradually decreases with increase in water content up to 10W.
Beyond 10W, T1 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 Tw 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).

Figure 3. (a) Spatial distribution function (SDF) of urea and choline around SCN− in neat reline. (b) Graph of water/urea ratio within 10 Å of the
SCN− vs time in different reline−water mixtures.
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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.8 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 RTILs.4,7,15,41 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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