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ABSTRACT: Deep eutectic solvents have emerged as inexpensive
green alternatives to conventional solvents for diverse applications
in chemistry and biology. Despite their importance as useful media
in various applications, little is known about the microscopic
solvation structures of deep eutectic solvents around solutes.
Herein, we show that the electrostatic field, which can be estimated
both from infrared experiments and theory, can act as a unified
concept to report on the microscopic heterogeneous solvation of
deep eutectic solvents. Using a fluorophore containing the
carbonyl moiety as the solute and the electrostatic field as a
descriptor of the solvation structure of the deep eutectic solvents,
we report the residue-specific distribution, orientation, and
hydrogen bonding in deep eutectic solvents constituting of choline
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chloride and alcohols of varying chain-lengths. We observe that an increase in alcohol chain-length not only affects the alcohol’s
propensity to form hydrogen bond to the solute but also alters the spatial arrangement of choline cations around the solute, thereby
leading to a microheterogeneity in the solvation structure. Moreover, to extend our electrostatic field based strategy to other deep
eutectic solvents, we report an emission spectroscopy based method. We show that this method can be applied, in general, to all
deep eutectic solvents, irrespective of their constituents. Overall, this work integrates experiments with molecular dynamics
simulations to provide insights into the heterogeneous DES solvation.

B INTRODUCTION

Deep eutectic solvent (DES), a neoteric class of environ-
mentally benign solvents, has gained significant popularity as a
suitable alternative to organic solvents.' > A typical DES
consists of two or more components mixed in a certain mole
ratio, with at least one hydrogen bond acceptor (HBA) and a
hydrogen bond donor (HBD).””* DES, owing to extensive
interspecies HB interactions, shows a large depression in
melting point which allows the formation of a stable solvent at
the room temperature.”” Commonly used DESs are composed
of quaternary ammonium salts like choline chloride (ChCl) as
the HBA and amides, alcohols, and acids as the HBD. The
green character of DES has attracted potential applications in
diverse fields of chemistry and biology which include organic
synthesis,5’6 catallysis,7’8 biotransformations,”'® and nano-
science'"'” among many others. Moreover, protein stabil-
ity'"™'° and enzyme activity'®'” have been successfully
explored in DES as an alternative to water.

In recent times, studies have been performed to unravel
heterogeneous nature of deep eutectic microstructure both
from spectroscopic and computational standpoint.'®">* The
effect of the hydrogen bonding partner on DES property and
its relation with nanoscale heterogeneity has been analyzed
using classical MD simulation'”*®*” ‘and ab initio MD
simulation.”®*’ Microscopic structure and solute—DES inter-

© 2020 American Chemical Society

7 ACS Publications 3709

action are also discussed in conjunction with the polarity of the
HBD partner.’’>* A few recent interesting studies also discuss
the stability of DES in the aqueous presence of water.””***’

As the choice of an appropriate DES for any given process
depends on the DES solvation properties, insights into the
DES solvation structures around a solute is desired.*”*%*
Alcohol-based (as HBD) eutectic systems are used as media in
various applications due to their significantly low viscosity
compared to other DESs.*”*’ It has been suggested that
changes in the hydrocarbon chain-length of the alcohol
significantly influence the properties of alcohol-based
DES.*>*" However, little is known about how the residue
specific distribution and the hydrogen bonding of the DES
constituents (ChCl and alcohol) are altered by the alcohol
chain length. Thus, it is critical to obtain a molecular
understanding of how the solvation structures of alcohol-
based DES with varying chain-lengths influence the solute—
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solvent interactions. To gauge solute—solvent interactions,
spectroscopic responses of fluorophores have been commonly
used to assess the polarity of DES through semiempirical
polarity scales.”>*”**~** Although these studies are informa-
tive, the continuum semiempirical polarity parameters do not
account for the microscopic nature of the solvent. Moreover,
these parameters cannot be computed from simulations and
thus cannot provide the microscopic details of the DES
solvation structures. To overcome this limitation, we require
an experimental, yet microscopic, observable of solute—solvent
interactions, which can independently be estimated from
simulations. R

It has been recently shown that electrostatic field (F) can
serve as a quantitative and microscopic descriptor of solute—
solvent interactions in neat solvents and solvent mixtures,**°
Carbonyl (C=O0) groups, ubiquitous in chemistry and
biology, has been reported to show a linear correlation
between the C=0 infrared (IR) frequencies (¥c—) and the
corresponding electrostatic fields (Fc_g along the C=0 bond
through vibrational Stark effect (VSE).*”** As Fc_q depends
both on the distances of all other solvent atoms from the C=
O and the residual partial charges on each solvent atom, it can
be directly mapped to the DES solvation structure. Moreover,
Fc_o exerted by the DES on the solute’s C=O can be
independently estimated from molecular dynamics (MD)
simulations. The electrostatic field estimated from simulations
can be compared with that measured from experiment to
benchmark the MD force fields.*” A good agreement between
the common microscopic parameter (Fc_y) obtained
independently from experiments and simulations would allow
us to get insights into the variation in the solvation structures
of alcohol-based DES with varying chain lengths. .

In this report, we have experimentally determined F-_g
along the C=0 bond of a fluorophore, coumarin 151 (C151),
exerted by the four alcohol-based DESs (Scheme 1) from

Scheme 1. Molecular Structures of the Constituents of the
DES Used in This Study
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infrared (IR) spectroscopy. We have compared the exper-
imentally determined ﬁc:o with those estimated from MD
simulations. Furthermore, we have decomposed the total
electrostatic field into contributions from individual HBA and
HBD constituents to obtain an in-depth understanding of the
microscopic heterogeneous solvation of the DESs around the
solute molecule. Moreover, in order to obtain a general
strategy for ﬁc=0 estimation in any DES, irrespective of its
constituents, we have successfully used the emission peak
maxima of the fluorophore to estimate electrostatic fields in
three non-alcohol-based DESs.
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B MATERIALS AND METHODS

Materials. Coumarin151(C151), choline chloride (ChCl),
1,2-ethanediol, 1,3-propanediol, 1,4-butanediol, 1,5-pentane-
diol, urea, malonic acid, and oxalic acid and solvents like
dibutyl ether (DBE), diethyl ether (DEE), tetrahydrofuran
(THF), valeronitrile (VLN), and acetonitrile (ACN) were
purchased from Sigma-Aldrich. All chemicals other than ChCl
were used without further purification. Milli-Q water was used
in this study.

Sample Preparation. All of the deep eutectic solvents
were synthesized by following a reported procedure.**
Choline chloride was dried in a vacuum oven at 90 °C for
24 h before use. All of the deep eutectic solvents were prepared
in an argon-filled glovebox. ChCI were mixed with respective
diols, urea and acids with a specific molar ratio. Then the
mixtures were heated and stirred at 60—70 °C until fully
homogeneous colorless liquids were formed. The reaction
mixture was allowed to cool to room temperature before any
measurements were taken. Water content was measured by
using a Metrohm Karl Fischer titrator and results indicated
that water contents are less than 0.5% by weight (Table S1).
Full IR absorption spectra of DESs are shown in Figure S1
(Supporting Information). The absence of the water band
(OH bend) near 1700 cm™" in pure DES spectra as compared
to that in pure water and DES water mixtures (2:1 v/v)
(Figure S2, Supporting Information)) validates the results
obtained from water content measurement in DESs.

Spectroscopy. IR absorption spectra were recorded on a
FTIR-Bruker Vertex 70 spectrometer with 2 cm™" resolution at
room temperature. For each sample, ~60 uL of the sample
solution was loaded into a demountable cell consisting of two
windows (CaF,, 3 mm thickness, Shenzen Laser), separated by
a mylar spacer of 56 pm thickness. IR cells were prepared in
Argon filled glovebox to minimize the water contamination.
Fluorescence was obtained with a calibrated Spectrofluor-
ometer FSS (Edinburgh Instruments).

Molecular Dynamics Simulations. Classical molecular
dynamics simulations were performed by GROMACS 2016.5
package.”” Parameters for pure solvents and coumarin 151 dye
were taken from our previous work based on AMBER
framework.>' Force field parameters for ChCl, 1,2-ethanediol,
urea, malonic acid, and oxalic acid are taken from the work of
Brian et al,,”® and for 1,3-propanediol and 1,4-butanediol, we
have used force field parameters for alcohol generated by the
automatic server by Jorgensen and co-workers.”> Cubic
simulation boxes are defined by 100 choline chloride ion
pair and varying number of hydrogen bond donor according to
the experimental mole fraction using GROMACS build in tool.
Prior to each simulation step, we have performed energy
minimization by steepest descent algorithm with 2 fs step size.
NVT ensemble was performed at 300 K for 1 ns with a velocity
rescale thermostat and was followed by the NPT ensemble at
300 K temperature and 1 bar pressure using a Parrinello—
Rahman barostat for 5 ns. LINCS is used to constrain all the
hydrogen atoms which are covalently bonded. Production runs
are carried out for a minimum of 10 ns.

Hydrogen bond analysis are performed on GROMACS of
last S ns of trajectory where position outputs are saved every
500 ps. The distance cutoff of 3.5 A and angle cutoff of 30° are
used for the hydrogen bond calculation. Represented snapshots
are obtained by using GROMACS cluster analysis tool to get
the most probable arrangement. Electric field on carbonyl
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bonds of coumarmlSl have been calculated according to our
previous work.**

B RESULTS AND DISCUSSION

Coumarin 151 (C151), a common fluorophore containing an
ester C=O moiety is dissolved in the synthesized DESs to
perform the spectroscopic experiments. The emission peak
positions of C151 in the DESs (Figure S3 in the Supporting
Information) are similar to those of C1S51 in acetonitrile—
(ACN—) water mixtures (Figure S4) and show a gradual blue-
shift with increasing hydrocarbon chain-length of the alcohols.

The blue-shift in the emission maxima is consistent with an
earlier report, albeit using different fluorophores.’® Further-
more, the IR spectra in the C=0O stretch region of C151 are
measured in neat solvents and aqueous ACN solutions (Figure
S4 in the Supporting Information). The C=0 stretch region
in C1S1 shows overlapping transitions (Figure SSA in the
Supporting Information) arising from the C=0 stretch (lower
frequenc1es) and Fermi resonance peaks (higher frequen-
cies).”® The peaks are deconvolved to obtain the C=0 peak
positions (¥c—o), as shown in Figure SSB in the Supporting
Information. A gradual red-shift in ¥c_ is observed with the
increasing polarity of the solvents. We have also estimated
Fe—o from MD 51mu1at10ns in the same solvents and aqueous
ACN solutions.”* A plot of the paired points (Fe—o,Fco)
shows a linear correlation (R* = 0.98) with a slope of 0.32
cm™/(MV/cm) (Figure 1A). This is in excellent agreement
with the reported Stark tuning rates [AVc—o/ AFC o~ 10
ecm™!/(MV/cm)] of ester C=0,”" independently measured
from vibrational Stark spectroscopy, containing a local field
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Figure 1. (A) C=O0 IR stretching frequencies (¥c—o) in neat
solvents and ACN-water mixtures show a linear correlation with the
corresponding FC —o of C151. The black line indicates the best fit line
(R*=0.98). Fc_ in 1, 2, 3, and 4 are estimated from their respective
Te—o- (B) Bar plots of IR estimated and MD predicted FC oinl, 2,
3, and 4 show excellent agreement.
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factor of ~3.°° The best-fit straight line in Figure 1A acts as a
calibration line and allows us to estimate F-_o using the
experimentally measured 7-_o in any unknown environ-
ment."” To estimate the average electrostatic fields exerted
along the solute C=0 bond by the alcohol-based DESs with
varying hydrocarbon chain-lengths, we obtain the values of

Voo of C151 in 1, 2, 3, and 4 (Figure S6 in the Supporting

Information). Similar to the emission peak maxima, 7 also
show a gradual blue-shift with increasing hydrocarbon chain-
length of the alcohols. Using, the calibration line in Figure 1A,
we estimate the fields to be —47.9, —45.1, —41.9, and —37.4
MV/em in 1, 2, 3, and 4, respectively. This result indicates that
FC —o exerted by the DES decreases with the increase in the
chain-length of the alcohols, plausibly due the increase in
hydrophobicity arising from the longer hydrocarbon chains.
Furthermore, we have generated the force-fields for 1, 2, 3, and
4 and performed MD simulations to predict Fc_o on C151 in
the four alcohol-based DESs. Figure 1B and Table S1 in the
Supporting Information show that the Fo_o estimated from
the IR spectra are in excellent agreement with those predicted
from MD simulations.

As the IR estimated electrostatic fields are validated by the
independently measured Stark tuning rate (from the slope in
Figure 1A), this agreement between theory and experiment
allows us to obtain further insights about the variation in HB,
distribution, and orientation of the DES constituents around
C151 as a function of alcohol chain-length. First, we have
decomposed the total FC —o estimated from MD simulations to
the contributions from the individual constituents (HBA and
HBD) for all the alcohol-based DESs (Figure 2A and Table S2
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Figure 2. (A) Contributions from ChCl, alcohol, choline cation, and
chloride anion to the total Fc —o- (B) RDF between the C=0 oxygen
of C151 and the choline nitrogen in 1,2-ethanediol (1, black) and 1,5-
pentanediol (4, red). (c) RDF between the C=0 oxygen of C151
and the choline nitrogen in 1,5-pentanediol (4, black) and between
the C=0 oxygen of C151 and the choline oxygen in 1,5-pentanediol
(4, red).

in the Supporting Information). It is observed that the exerted
field arises predominantly (60—80%) from ChCl across all
DESs. Despite the apparent change in hydrophobicity with the
variation in alcohol chain-length, the diols have a smaller
contribution to the overall Fc_ experienced by the solute.
The largest contribution of the alcohol constituent is observed
in 1; the electrostatic field (a greater negative indicates larger
stabilization) drops off to about half the value in 1 for larger
chain alcohols. However, the electrostatic fields exerted by
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ChClI almost remain constant and no apparent trend can be
observed in as a function of alcohol chain-length. When we
further decompose the total field arising from ChCl field into
contributions from the choline cations and the chloride anions
(Figure 2A and Table S2 in the Supporting Information), we
find an interesting trend. A monotonic increase in the
stabilizing field from the choline cations (C=O-cation
attraction) as a function of increasing alcohol chain-length is
accompanied by a subsequent increase in the destabilizing field
from the chloride anions (C=O—anion repulsion). This result
suggests ChCl remains as an ion-pair, as also reported in a
recent study.”’ Furthermore, as the electrostatic field is
inversely proportional to the square of the distance, the result
indicates that the choline concentration around the C151 C=
O increases with increase in the chain-length of the alcohol
constituent. To obtain a greater insight into this, radial
distribution function (RDF) is calculated between the C=0O
oxygen (O) of C151 and the choline nitrogen (N) for all
DESs. As surmised from the changes in the electrostatic fields
exerted by choline in the alcohol-based DESs, we observe that
the RDF peak intensity increases with increase in the alcohol
chain-length (Figure 2B). The variation in the RDF peak
intensities for different alcohol chain-lengths correlates with
the variation observed in F._ exerted by choline. Addition-
ally, to investigate the orientation of the choline molecules
with respect to the solute C=0, we have calculated the RDF
between the carbonyl oxygen of C151 and the choline O in in
1, 2, 3, and 4.Figure 2C shows that the N atom of the choline
cation is predominantly oriented toward the solute carbonyl.
The small peak in the RDF between C=0 oxygen and choline
O within 3.5 A indicates a small population of the choline
cation where the hydroxyl groups are oriented toward the
solute C=0, plausibly forming HB to the C=0. As both the
choline and the alcohol constituents of the DESs contain OH
groups it will be interesting to understand which is the
preferred hydrogen bond partner to C151 C=O0O. We have
performed hydrogen bond analysis, and it demonstrates that
preferential hydrogen bonding occurs between C151 C=O
and alcohol OH (Table S3 in the Supporting Information).
However, the HB propensity monotonically decreases with
increase in the alcohol chain-length. Thus, it can be concluded
that the increase in alcohol chain-length not only perturbs the
HB affinity but it also affects the spatial arrangement of choline
cation around the solute leading to a microheterogeneity in the
solvation structure. The overall solvation environment is
manifested in the total F-_q experienced by the solute C=
O, however, decomposition of the total field into residue-
specific contributions unfolds the microheterogeneity of the
solvation structure. Representative MD snapshots in Figure 3
show the heterogeneous solvation structure around the solute
in four different alcohol-based DESs with varying chain length.

Even though we have established an electrostatic field based
methodology to obtain molecular insights into the solvation
structure of DES, this strategy requires experimental
determination of T_g from the IR spectra to estimate the
electrostatic fields exerted of the solute. However, the HBD
constituent of DES is not restricted to alcohols. Amides and
carboxylic acids, which have also been reported as common
HBD constituents in DESs, themselves contain the C=0
group. As it is not feasible to decipher 7o of the solute in the
presence of the broad and intense IR signal from the solvent
C=O0 group, our strategy is limited to alcohol-based DES. In
search of an alternate strategy applicable to all DES, we
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Figure 3. Representative snapshots of 1, 2, 3, and 4 from MD
trajectories. The snapshots are obtained by averaging the coordinates
of a 5 ns long simulation.

decided to plot Tc—o of 1, 2, 3, and 4 against the
corresponding emission frequencies (Figure 4A) as both
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Figure 4. (A) C=0O0 IR stretching frequencies (¥c—¢) in 1, 2, 3, and
4 and aqueous acetonitrile solutions (v/v) {80% acetonitrile, 60%
acetonitrile, 40% acetonitrile} [red circle, inset] show a linear
correlation with the corresponding emission peak maxima of CISI.
The red line indicates the best fit line (R* = 0.98). (B) Bar plot of
Fc_o estimated from emission peak maxima and MD simulations in
Chdl:U, ChCL:M, and ChCl:O show good agreement

emission and IR peak maxima in alcohol-based DESs show
blue shifts with increasing chain length. Interestingly, a linear
correlation (R* = 0.98) is observed between To_o and the
emission peak maxima. As the other commonly used DESs
contain a C=O0 moiety, they cannot be used to check the
generality of this linear relation between Vc_o and the
emission frequencies. However, when points from noneutectic
solutions, containing a HBD and a HBA (binary mixtures of
ACN and water), are included (Figure 4A, inset), the excellent
linear correlation (R* = 0.97) between To_ and the emission
peak maxima validates the generality of the aforesaid linearity.
This observation implies that F-_ can also be estimated using
the emission peak maxima. The origin of this linear
relationship is itself an interesting topic of investigation,
however, it falls outside the scope of this work. Instead, we
have compared the experimental F-_g from emission peak
maxima with those estimated from simulations to inspect the
generality of this approach for DES constituents containing the
C=0 group.

Combining the linear relationships from Figures 1A and 4A,
we have estimated Fc_ in three more DESs (Scheme 2): §
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Scheme 2. Molecular Structures of Other Constituents of
the DES Used in This Study
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(ChCL:U), 6 (ChCl:M), and 7 (ChCIL:O), where the HBD
constituents contain the C=0 group. The estimated values of
Fc_o on CI1S51 in these three DESs are given in Table S4 in
the Supporting Information. Furthermore, we have independ-
ently predicted Fc_o in these C=O-containing DESs from
MD simulations. Figure 4B shows that the experimentally
estimated fields agree well with the MD predicted fields. This
agreement demonstrates that a molecular level understanding
of the DES solvation structures can indeed be obtained for
other DESs using the electrostatic field based approach,
independent of the DES constituents.

B CONCLUSION

To understand changes in solute—solvent interactions in
different DESs, earlier reports assessed empirical solvent
parameters depicting polarity, HBD acidity, and HBA basicity
using responses of fluorescent probes.”"*"***> However, these
empirical parameters cannot be computed from MD
simulations, and thus they cannot provide further insights
into the heterogeneous solvation structure of the DES. We
have successfully demonstrated that electrostatic field can be
used a unified concept to decipher the microheterogeneity as
well as the subtle changes in the solvation structures of the
alcohol-based DESs with varying hydrocarbon chain length.
We have obtained a molecular understanding of the
distribution, orientation, and HB of the constituents with
respect to DES solvation. Furthermore, we have shown that an
emission spectroscopy based methodology allows us to
determine the electrostatic fields in any DES, irrespective of
the constituents. Recent experimental and theoretical studies
have shown that electrostatic fields play key roles in chemical
and enzymatic processes.”* " This electrostatic field based
strategy will enable us to connect theoretical and experimental
results and to provide insights into the various applications of
DES in chemistry and biology.
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