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ABSTRACT: The aqueous mixture of 2,2,2-trifluoroethanol
(TFE) is one of the important alcoholic solvents which has
been extensively used for understanding the stability of
proteins as well as several chemical reactions. In this paper,
the deconvolution of the IR lines in the OH-stretching region
has been applied to understand the local structure of water—
water, alcohol—water, and alcohol—alcohol interactions in the
water mixture of TFE and ethanol (ETH). Further, molecular
dynamics simulations, quantum chemical calculations, and
atoms in molecules analysis have been performed to encode
the local structure information obtained from the experimental
data. Addition of a small amount of alcohol in a pure aqueous
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medium enhances the aggregation of water molecules for the case of ETH, whereas the hydrogen bond between TFE and water
is the dominant contributor for TFE. The —CF; substitution changes the orientation and hydrogen-bonding site of water
molecules from the hydrophilic OH terminal to the hydrophobic —CF; terminal of TFE, which decreases the clustering of water
molecules as well as enhances the hydrogen bonding between TFE and water. In the TFE-rich region of the water mixture of
TFE, the fluorine of the TFE molecules interacts with each other through a weak fluorous interaction which reduces the
hydrogen bonding between the —CF; of TFE and water molecules. These findings about the hydrogen bond network of the
water mixture of TFE induced by the hydrophobic —CF; group provide a stepwise explanation of the unique hydrophobic
properties of the trifluoromethyl group containing pharmaceutical molecules.

1. INTRODUCTION

2,2,2-Trifluoroethanol (TFE) is one of the most important
fluorinated alcohol which has diverse applications such as
reaction medium, > catalysis,4_6 medicinal chemistry,7’8
polymer synthesis,”'" and separation technique."'™'® The
presence of the —CF; group in TFE provides them with useful
physicochemical properties as compared to the nonfluorinated
analogs. The bond length as well as the dipole moment of the
C—F bond is higher than that of C—H, and the direction of the
dipole is opposite to that of the C—H group. In addition, the
high electronegativity and smaller size of fluorine make the C—
F group less polarizable than the C—H group. Hence, by virtue
of the distinct properties of the C—F group, fluorinated
molecules are extremely hydrophobic, inert, as well as prefer to
self-aggregate through the weak fluorous (F---F) interac-
tions. >

Indeed, it has been found that the aqueous mixture of TFE
stabilizes the secondary structure of protein more as compared
to the nonfluorinated alcohols and water.'” On the basis of
several simulations and experimental studies, it has been
proposed that TFE displaces more water near to the proteins as
compared to the nonfluorinated alcohols which enhances the
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probability of hydrogen bond formation between protein
molecules, resulting in the stabilization of the secondary
structure of proteins.'>** In another study, it has been shown
that molecules containing the C—F group get more stabilized in
TFE because of the weak fluorous interaction between the C—F
group of the probe and the TFE molecule.””** It has also been
observed that the selectivity and yield of several reactions are
increased when the reactions are performed in the aqueous
mixture of TFE than in nonfluorinated alcohols.***

Because of these unique and important properties of the
aqueous mixture of TFE, numerous theoretical and exper-
imental studies have been performed to realize its different
physical and biological properties.'>**™*" The nuclear magnetic
resonance (NMR), X-ray, and neutron scattering studies have
shown that the aggregation of TFE is more than that of the
nonfluorinated alcohols in their water mixtures.”> >> Partial
molar volume, density, and other thermodynamic properties of
the aqueous mixture of TFE show deviation from the ideal
behavior. Chitra and Smith performed the molecular dynamics
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(MD) simulations on the aqueous mixture of TFE and
reproduced most of the experimental thermodynamic data
and concluded that the ag§re§ation of TFE causes the deviation
from the ideal behavior.”*° Jalili and Akhavan studied the
hydrogen bond structure of the TFE—water mixture using the
MD simulations and concluded that the hydrogen bond
between TFE and water is broken when TFE is diluted with
water.'” The aggregation of TFE in their aqueous mixture is
well-established; however, the extensive information about the
role of the hydrophobic fluorine terminal (—CF;) on the
interaction with water and its effect on the hydrogen bond
network is still not very clear.

In this paper, we have studied the aqueous mixture of TFE
and ethanol (ETH) using infrared (IR) spectroscopy in the
OH-stretching region and the MD simulation method to
understand the role of different binding sites of alcohols in the
evolution of their hydrogen bond network. The OH-stretching
frequency is extremely sensitive to the local hydrogen bond
environment and has been used earlier to realize the hydro7gen
bond network of many complex liquids and their mixtures.””~*°
The IR and MD studies combinedly reveal that the hydro-
phobic —CF; group of TFE causes a switch in the hydrogen-
bonding site of the water molecules from the OH to the —CF;
end of TFE which increases the O—Hygg---O,, hydrogen bond
between TFE and the water molecules and decreases the
clustering of the water molecules via the O—H,,-O,, hydrogen
bond, in contrast to the ETH-—water mixture where the
clustering of the water molecules dominate. The fluorous
interaction between the fluorine of the TFE molecules
dominates in the TFE-rich region which reduces the hydrogen
bonding between water and the fluorine of TFE.

2. METHODS

The IR spectra of the aqueous mixtures of ETH and TFE in
their OH-stretching regions were measured by the Fourier
transform infrared spectrometer (Nicolet iS10, Thermo Fisher)
working in the attenuated total reflection (ATR) mode. N, gas
was flown to avoid the effect of the atmospheric vapors on the
measurements. The resolution of the instrument was 2 cm™".
The measured IR spectra have been corrected for ATR. All the
experiments were performed at room temperature (26 + 4 °C).
ETH (99.9%) and TFE (99.9%) were purchased from
Spectrochem (Mumbai, India) and dried using a molecular
sieve prior to all measurements. To assure that pure alcohols
are not contaminated by moisture, we measured the IR spectra
of pure alcohols in the bending region of water. The aqueous
mixtures of ETH and TFE were prepared by using Milli-Q
water (H,O, Millipore, 18.3 MQ cm resistivity).

MD simulations of the water mixtures of ETH and TFE were
carried out using two different all-atom simulation methods
using the GROMACS MD simulation package.”' All-atom
optimized potentials for liquid simulations (OPLS) and
Amber99sb-ildn force field parameters for ETH were used as
available in GROMACS topology. The water model has been
described by TIP3P for the OPLS force field, whereas TIPSPE
was used for the Amber99sb-ildn force field. The OPLS force
field parameters for TFE were adopted from Duffy et al.*,
whereas those of the Amber99sb-ildn force field were adopted
from Gerig et al.*® First, each trajectory was equilibrated in an
NVT ensemble at 800 K for 500 ps to remove the biased
dependencies on the initial configuration followed by an
equilibration in an NPT ensemble at 300 K temperature and 1
bar pressure for 1 ns. Further, the production run of the
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equilibrated configuration was performed for another S ns in
the NPT ensemble at 300 K and 1 bar pressure. The
temperature and pressure were kept constant using the
Berendsen thermostat™ with a time constant (7) of 0.1 ps
and the Parrinello—Rahman barostat™ with a 7 of 1.0 ps,
respectively. The particle mesh Ewald method was used for the
incorporation of the electrostatic interactions.” The periodic
boundary condition was used for each MD run with two
femtoseconds time step. The nonbonded force calculation with
a grid, updated after five steps, was used for the neighbor list
generation. The neighbor list generation and van der Waal’s
interaction were calculated with a cutoff radius of 1.2 nm.

The performance of the force fields was checked by the
calculation of the volumetric properties (molar volume of neat
liquids, partial molar volume, and excess volume of mixing) and
enthalpy of mixing and comparing them with the existing
simulation as well as the experimental results (Tables S1—S15).
The simulated values of density, molar volume, and molar
enthalpy of pure liquids using these two force fields are in good
agreement with the experimental values. It can be seen that the
values of density, partial molar volume, and the excess molar
volumes of the aqueous mixtures of ETH and TFE estimated
from the Amber99sb-ildn force field are closer to their
respective experimental values than the OPLS case. The
dielectric constant of the alcohol—water mixture estimated from
the Amber99sb-ildn force field is in good agreement with the
experimental value in the water-rich region of the mixture,
whereas the OPLS force field estimates the correct dielectric
constant value in the alcohol-rich region of the mixture. The
sign of the molar enthalpy of mixing of the ETH—water
mixture has been estimated correctly by both the force fields;
however, the minima have been correctly reproduced by the
OPLS force field. The sign of the molar enthalpy of mixing of
the TFE—water mixture has been correctly estimated by the
OPLS force field, whereas the Amber99sb-ildn force field
overestimates the values of molar enthalpy of mixing and
provides the opposite sign. It is evident from the calculations
that the volumetric properties are better estimated by
Amber99sb-ildn, whereas the OPLS force field estimates
more accurately the molar enthalpy of mixing. Nevertheless,
the radial distribution functions of the different interacting
groups providing the information about the hydrogen bond
network of the water mixtures of ETH and TFE obtained from
these two force fields show a similar trend, except that the
aggregation of water in the alcohol-rich region is higher for
OPLS as compared to the Amber99sb-ildn force field.

The B3LYP method and the 6-311+G(d,p) basis set were
used for the optimization of the different types of clusters of
ETH—water and TFE—water in their respective bulk media.
The polarizable continuum model has been used to realize the
solvent effect in the calculation. The frequency calculations of
each optimized structure were performed to ensure that the
optimized structures are minimum-energy structures. Standard
convergence criteria and frozen core approximation were used
for the optimization. The GO09 suites of the program were used
for all the calculations.” To understand the nature of
interaction between the two _fgroups, atoms in molecules
(AIM) analysis was performed.”

3. RESULTS AND DISCUSSION

3.1. IR Study and the Deconvolution of the Bands.
The IR spectral feature of the water mixtures of alcohol in their
OH-stretching region covering the range of 3000—3800 em™tis
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(a) IR study and the deconvolution of the bands
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Figure 1. IR spectra in the OH-stretching region for different compositions of the water mixture of ETH (a) and TFE (b). The offset has been
provided for clarity. (c,d) To find the difference in the band shape, the normalized IR spectra of the ETH—water and the TFE—water mixtures for
two different compositions in the OH-stretching region with respect to pure water have been shown. The change in the band shape has also been

shown in the insets of (c,d) for clarity of visualization.

depicted in Figure 1. The IR spectrum of bulk water shows two
peak features centered at 3260 and 3370 cm™" (Figure la,b, red
line). The origin of the double-peak features of water has been
controversial. Some groups believe that the spectral feature at
~3200 cm™" belongs to the water molecules in the symmetrical
tetrahedral hydrogen bond network and the peak at 3370 cm™
is assigned to the asymmetric tetrahedral hydrogen-bonded
network.>® In contrast, the other groups believe that the
double-peak feature of water originates from the Fermi
resonance between the stretching and bending modes of the
water molecules.””*’ Bulk ETH shows a broad single IR peak at
3330 cm™! (Figure 1a, dark yellow), which depicts the absence
of Fermi resonance in bulk ETH. Bulk TFE shows a broad IR
peak centered at ~3341 cm™' along with a comparatively
narrow-band feature at ~3634 cm™' (Figure 1b, brown line). In
our previous study, the broad IR feature below 3600 cm™" has
been assigned to the different sizes of the O—Hrgg--Orgg
hydrogen-bonded clusters of TFE and the narrow feature at the
high-frequency region of the OH spectrum (~3634 cm™) has
been attributed to the O—Hppp-Frpp interaction mainly
originating from the dimer and trimer of the TFE clusters."’
The IR feature of the bulk TFE at ~3634 cm ™' is relatively
broad as well as slightly red-shifted compared to the IR
spectrum of TFE in the isolated gas phase (~3651 cm™") which
also justifies the assignment of this band to the weakly
hydrogen-bonded O—Hypp-+Frpy species (Figure S1).°° The
IR spectrum of TEE is more broad and blue-shifted than that of
ETH, suggesting that the average hydrogen bond strength of
the bulk TFE is less than that of the bulk ETH. In fact, a
significant number of O—Hrgg - Frgg interactions appear at the
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cost of O—Hrgg+-Orgg in the bulk TFE, resulting in a decrease
in its average hydrogen bond strength.

The hydrogen bonds among the different species of alcohol—
water mixtures compete throughout different compositions
which determine the shape of the IR spectra in the OH-
stretching regions. To discuss the role of all the contributors in
the IR spectra, the aqueous mixtures of alcohols have been
divided into three regions: (a) water-rich region (X, > 0.80),
(b) intermediate region (0.80 > X,, > 0.20), and (c) alcohol-
rich region (X,, < 0.20). Two important parameters of the
spectra, namely, the intensity change (depicting the change in
the relative number of clusters) and the shift in the band
position (depicting the average strength of the hydrogen bonds
calculated over all the OH stretches) have been discussed to
understand the hydrogen bond network of the water mixtures
of ETH and TFE. In the water-rich region of the ETH—water
mixture, the intensity ratio of the peaks at 3200 and 3370 cm™!
is increased more than that of pure bulk water, indicating that
the overall spectra get red-shifted (clearly shown in the first
plot of Figure 1c). In the water-rich region, either water can
aggregate through the formation of strong O—H,--O,
hydrogen bonds or intermolecular hydrogen bonds between
water and ETH can also occur. The possibility of the significant
contribution of the O—H--O hydrogen bonds between ETH
and water can be ruled out as it appears around 3400 cm™".
Hence, the enhanced intensity of the IR peak at 3200 cm™" is
dominant because of the increased aggregation of water
molecules via the strong O—H,-O, hydrogen bonds. In
contrast to the ETH—water mixture, the intensity of the peak
around 3370 cm™" is more than that of the peak at 3200 cm™
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as compared to the bulk water along with the appearance of a
peak at the high-frequency region of ~3670 cm™' whose
intensity increases with the increase of TFE (Figure 1b, clearly
shown in second plot of Figure 1c) in the water-rich region of
the aqueous mixture of TFE. The appearance of a high-
frequency peak at ~3670 cm ™' and its increase in the intensity
with the addition of TFE (blue square region in the Figure 1b)
indicates that it originates probably from the weak interaction
between water and TFE; hence, we tentatively assign it to the
O—H,,-Frgg interaction between the OH group of water and
the fluorine of TFE. Indeed, lipid as well as air/water interfaces
also have shown an IR feature at 3640 cm™' which has been
attributed to water interacting with the hydrophobic regions of
the interfaces.”””” The decrease in the intensity of the peak
around 3200 cm™' indicates that the clustering of water
decreases on the addition of TFE in the aqueous mixture. The
decrease in the water clustering is due to the hydrogen bonding
between water and TFE via the O—H,+-Og and O—H,,
Frgg interactions which in turn increases the intensity of the IR
peaks at ~3370 and 3660 cm™". The spectral change in the IR
spectra of the aqueous mixtures of alcohols indicates that even a
small amount of hydrophobic —CF; group of TFE plays an
important role in the reorganization of the hydrogen bond
network of the TFE—water mixture.

In the intermediate region of the ETH—water mixture, the
intensity of the peak at ~3370 cm™ is either equal or more
than the intensity of the peak at 3200 cm™), and the center of
the peak position gets blue-shifted. The change in the spectral
shape as well as the peak position indicates that the average
hydrogen bond strength of the mixture in the intermediate
region decreases when compared to that of pure water as well
as the water-rich region, which is due to the fact that the
contribution of the ETH—water hydrogen bond outweighs the
effect of the hydrogen bonding between water molecules
(clearly shown in the first plot of Figure 1d). In the
intermediate region of the TFE—water mixture, the center of
the peak position of the IR spectra of the mixture is blue-
shifted, and the amount of the blue shift is more than that of
the ETH—water mixture; the intensity of the peak at 3370 cm™
is more compared to the peak at 3200 cm™' along with a more
intense and broad IR feature at ~3650 cm ™" as compared to the
water-rich region of the same mixture (depicted in the second
plot of Figure 1d). The higher blue shift in the center of the
peak position of the IR spectra of the TFE—water than that of
the ETH—water mixture indicates that the average hydrogen
bond strength of water molecules becomes more weak in the
case of TFE as compared to ETH in their aqueous mixtures.
The increase in the intensity of the peak at 3650 cm™ suggests
that a significant number of water molecules orient around the
—CF; terminal and interact through the O—H, --Fpgg
interaction which probably breaks the hydrogen bond between
water molecules as well as cooperates in the formation of
stronger O—H,/pg**Orggs, hydrogen bonds between water
and the TFE molecules, resulting in an increased blue shift in
its IR spectra than that of ETH.

In the alcohol-rich region of the aqueous mixture of ETH, we
get a single-peak IR feature around 3330 cm™, suggesting that
the contributions from the self-aggregated ETH molecules via
O—Hgry-Opry dominate over the contributions from the
hydrogen bonds between water molecules as well as that
between water and ETH molecules. In the case of the TFE—
water mixture, two band features of the mixture converge to
one band at 3340 cm ™', and the intensity of the band at 3670
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cm™! decreases with the appearance of a new peak around 3630
cm™" (brown square area in Figure 1b) whose intensity
increases with the increase of TFE, clearly indicating that the
contribution of the self-aggregated TFE molecules through the
O—Hpg-Frpg and O—Hppg-Orgg interactions prevails over
the hydrogen bonds between water molecules as well as that
between water and TFE molecules.

To quantify the population of different hydrogen-bonded
species such as alcohol—alcohol, water—water, and alcohol—
water in the aqueous mixture of alcohol, the IR spectra of the
water mixture of alcohol have been deconvoluted by applying
the method proposed by Ratajska-Gadomska and Gadomski
(Figures S2 and $3).*° Five Gaussian peaks centered at 3080,
3200, 3400, 3500, and 3600 cm™' have been used for the
deconvolution of the IR spectrum of bulk water. The peak at
3080 cm™! has been assigned to the Fermi resonance arising
from the bending mode (1630 cm™") and the stretching mode
(3200 cm™) of the water molecules. The peak around 3200
cm™" has been assigned to the water molecules organized in the
symmetrical tetrahedral environment, whereas the peak at 3400
cm™' has been attributed to the asymmetric tetrahedral
hydrogen-bonded network. The peaks at 3500 and 3600
cm™" have been designated to the weakly hydrogen-bonded
species. Two Gaussian peaks centered at ~3280 and 3360 cm™"
representing the different sizes of the clusters of ETH have
been used to deconvolute the IR spectra of ETH. Table 1
depicts the normalized contribution of different peaks, and the
normalization has been done by the total area of the peaks
which is the sum of the areas of five water peaks and two ETH
peaks. It can be seen that the population of the peak at 3200
cm™' increases, and simultaneously the contribution of the
peaks at 3500 and 3600 cm™" decreases in the water-rich region
of the aqueous mixture of ETH. The deconvoluted data suggest
an increase in the contribution of the tetrahedral water network
as compared to the bulk water at the cost of the weakening of
the asymmetrical hydrogen-bonded network of water molecules
in the water-rich region of the aqueous mixture of ETH. In the
intermediate region, the population of the water peak at 3200
cm™ decreases, and the contribution of the peaks at 3500 and
3600 cm™! increases, indicating that the tetrahedral arrange-
ment of water molecules gets loosened and the population of
the water molecules in the asymmetrical tetrahedral hydrogen
bond network increases. Apart from this, the contribution of
the ETH peak increases in the intermediate region of the
mixture which could be either because of the water—ETH
hydrogen bonding or self-clustering of the ETH molecules.
However, in the intermediate region, it is expected that the
contribution of the water—ETH hydrogen bonding should
dominate the clustering of the ETH molecules. The
deconvoluted data of the water mixture of ETH in the
intermediate region suggest that the tetrahedral structure of
water is broken/loosened, which forms hydrogen bonds with
the ETH molecules. In fact, the excess compressibility of the
water mixture of ETH increases sharply in the intermediate
region, which is attributed to the decrease in the tetrahedral
hydrogen bond network.

In contrast to ETH, because of the O—H,,+-Fpp interaction,
an additional peak at ~3650 cm™' has been used to
deconvolute the IR spectra of the aqueous mixture of TFE.
Unlike the ETH—water mixture, the intensity ratio of the water
peaks at 3200 and 3400 cm™" decreases along with an increase
in the population of the peak at the high-frequency region at

~3650 cm ™ in the water-rich region of the aqueous mixture of
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Table 1. Population of the Different Hydrogen-Bonded
Species in the Different Compositions of the Water Mixtures
of ETH and TFE Obtained from the Deconvolution of IR
Lines

ETH:--water
water

X 3050 3200 3400 3500 3600 ETH
1.00 0.091 0.450 0.314 0.127 0.018

0.97 0.089 0.462 0.305 0.073 0.044 0.027
0.93 0.073 0.464 0.304 0.061 0.027 0.073
0.88 0.088 0.452 0.297 0.062 0.024 0.077
0.83 0.087 0.437 0.288 0.087 0.020 0.082
0.76 0.100 0.395 0.265 0.080 0.019 0.132
0.68 0.063 0.364 0.239 0.115 0.026 0.190
0.58 0.064 0.320 0.203 0.136 0.030 0.247
0.45 0.082 0.263 0.158 0.136 0.027 0.334
0.36 0.080 0.234 0.145 0.125 0.020 0.396
0.27 0.084 0.222 0.142 0.123 0.024 0.406
0.17 0.072 0.157 0.096 0.112 0.019 0.545
0.12 0.069 0.072 0.047 0.072 0.008 0.733
0.03 0.054 0.027 0.034 0.033 0.010 0.842

TFE---water
‘water

X 3050 3200 3400 3500 3600 TFE TFE---W
0.97 0.082 0.444 0.329 0.072 0.024 0.047 0.002
0.94 0.076 0.422 0.331 0.069 0.025 0.073 0.003
0.90 0.065 0.403 0.335 0.067 0.033 0.092 0.003
0.86 0.065 0.393 0.335 0.060 0.040 0.103 0.004
0.80 0.064 0.385 0.332 0.074 0.039 0.104 0.00S
0.73 0.068 0.369 0.288 0.084 0.047 0.144 0.007
0.63 0.067 0.295 0.209 0.142 0.030 0.244 0.007
0.57 0.069 0.255 0.173 0.119 0.034 0.342 0.008
0.50 0.069 0.235 0.158 0.112 0.029 0.376 0.021
0.31 0.067 0211 0.146 0.117 0.030 0.408 0.021
0.28 0.069 0.196 0.144 0.110 0.047 0.415 0.019
0.20 0.051 0.123 0.115 0.051 0.033 0.602 0.024
0.15 0.022 0.093 0.078 0.016 0.010 0.773 0.008
0.12 0.008 0.078 0.054 0.014 0.008 0.830 0.007
0.08 0.013 0.035 0.031 0.013 0.008 0.893 0.007
0.04 0.013 0.032 0.013 0.015 0.011 0911 0.006

TFE. Noticeably, an increase in the contribution of the TFE
part in the water-rich region is more than that of ETH in its
water mixture, indicating that the contribution of the water—
TFE hydrogen bond is more significant. The deconvoluted data
of the TFE—water mixture in the water-rich region evoke that
the tetrahedral hydrogen-bonded structure of water is broken/
loosened and it realizes more of the asymmetric hydrogen-
bonded environment because of the hydrogen bonding of water
with the TFE clusters via O—H,, /rgg - O1gg/ and O—H, -+-Frgg
interactions.

3.2. MD Simulations. The deconvoluted IR data describe
the difference in the hydrogen bond structure between the
aqueous mixtures of ETH and TFE; however, the mode of
interaction between water and alcohol, for example, whether
water is a donor to alcohol or vice versa is not evident. Hence,
we have performed MD simulations using all-atom OPLS and
Amber99sb-ildn force fields for different compositions of the
aqueous mixtures of ETH and TFE to enhance the depth of
understanding about the mode of interaction between the
different molecules of the mixtures. The results obtained from

6620

the OPLS force field are shown in the main text (Figures 2—4),
whereas the comparisons of the results of both the force fields
are shown in the Supporting Information (Figures $4—S8).

To understand the self-aggregation of water and alcohol in
their respective mixtures, g(r) between oxygen and alcohol have
been calculated as depicted in Figures 2 and S4. It can be seen
that the intensity of the first peak of g(r) between hydrogen and
oxygen of ETH decreases with the increase of water, suggesting
that the aggregation of ETH via the O—Hgry--Ogry hydrogen
bond decreases with the increase of water. However, the
intensity of the first peak of g(r) between the hydrogen and
oxygen of water increases with the increase of ETH, indicating
the aggregation of water via the O—H,,--O,, hydrogen bond
enhances with the addition of ETH in its aqueous mixture. The
trend of the g(r) data obtained from the Amber99sb-ildn force
field is similar to that of the OPLS force field; however, the
aggregation of water in the ETH-rich region is higher as
compared to that of the OPLS force field.

Similar to the ETH—water case, the g(r) between the
hydrogen and oxygen of TFE (Figures 2c and SSa,b) obtained
from both the force fields decreases with the increase of water
in the TFE—water case; however, the amount of decrease is
slightly higher than that of the ETH—water mixture, pointing
that the aggregation of TFE via O—Hgg-+*Orgg is less than that
of ETH in their aqueous mixtures. To understand this, the g(r)
between the fluorine and hydrogen of OH of TFE has been
calculated using both the force fields (depicted in Figures 2d
and S6a,b), and it is observed that the intensity of the first peak
of g(r) increases and is shifted slightly toward a lower distance
for a higher mole fraction of water in the mixture, indicating
that the O—Hpg'+ Frpg interaction between the TFE molecules
gets stronger and prominent with the increment of water in
their mixtures. The O—Hppp---Frgg interaction between the
TFE molecules causes more of a decrease in the number of O—
Hrgg-Orgg hydrogen bonds than the ETH on the addition of
water in their respective mixtures. In contrast to the aqueous
mixture of ETH, the aggregation of water via the O—H,-O,,
hydrogen bond does not increase monotonically with the
increase of TFE in their aqueous mixture (Figures 2e and
S5¢,d). The nonmonotonic nature has been obtained from both
the force fields; however, the point of nonmonotonicity is
different for both force fields. The intensity of the first peak of
g(r) between the hydrogen and oxygen of water obtained from
the OPLS force field increases up to X, & 0.30, and after that it
decreases, whereas nonmonotonicity appears at X,, & 0.50 for
the Amber99sb-ildn force field. Although nonmonotonicity has
been observed in both the force fields, however, the decrease in
g(r) is more prominent in the case of the Amber99sb-ildn force
field. The nonmonotonic nature of water clustering with the
increase of TFE in their mixture is probably because of the
enhanced heterogeneity of the hydrogen bonding between the
water and TFE molecules than that of the ETH case as TFE
can interact with water via the OH as well as —CF; groups.

Hence, the g(r) plots between the hydrogen of the OH of
alcohol and oxygen of water and vice versa have been calculated
using both the force fields (depicted in Figures 3, S7, and S8)
to explore the intermolecular hydrogen bonding between the
different sites of alcohol and water. From the g(r) plots, it is
evident that ETH is predominantly a hydrogen bond donor and
that it interacts with water via the O—Hgry--O,, hydrogen
bond as the intensity of the first peak of g(r) between the
hydrogen of the OH of ETH and oxygen of water (Figures 3a
and S7a)b) is higher than the g(r) between the hydrogen of the
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Figure 2. g(r) plots between the oxygen and hydrogen of ETH (a) and water (b) for different compositions of the aqueous mixture of ETH. (c) g(r)
plot for oxygen and hydrogen of TFE; (d) g(r) plot between the hydrogen and fluorine of TFE; and (e) g(r) plot for the oxygen and hydrogen of
water for different compositions of the aqueous mixture of TFE. The simulations have been performed using the OPLS all-atom force field.

OH of water and oxygen of alcohol (Figures 3b and S7c,d) for
any composition. Similarly, TFE acts predominantly as a
hydrogen bond donor and interacts with water via the O—
Hrgg+-O,, hydrogen bond in the aqueous mixture of TFE, as
shown in the g(r) plots between the hydrogen of the OH of
TFE and oxygen of water and vice versa (Figures 4c,d and
S8a—d). However, the hydrogen bond donor capability of the
OH of TFE toward the oxygen of water via O—Hrpgg--O,, is
increased in their aqueous mixture as compared to the ETH—
water mixture, which is evident from the increased intensity
(~2-fold) of the g(r) between the hydrogen of the OH of
alcohol and oxygen of water for the TFE—water mixture than
that for the ETH—water mixture. Simultaneously, the hydrogen
bond donor capability of water toward TFE via O—H,~Orgg
in their aqueous mixture has decreased as compared to the
ETH—water mixture as the g(r) between the hydrogen of the
OH of water and oxygen of alcohol of the TFE—water mixture
is ~1.5 times less than that of the ETH—water mixture.
Further, to understand the origin of the enhanced hydrogen
bond donor capability of TFE compared to ETH in their water
mixtures, we investigated the interaction of water with the
—CF; group of TFE by calculating the g(r) between the
fluorine of the —CF; terminal of TFE and the hydrogen of the
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OH group of water using both force fields (shown in Figures 3e
and S6c,d). It can be seen that the g(r) between the fluorine
terminal of —CF; and the hydrogen of the OH group of water
shows a peak within 3.5 A, indicating the presence of an
extremely weak O—H,,---Frgg interaction in the water mixture
of TFE. The O—H, Frg interaction enhances with the
increment of TFE in their water mixture as shown by the g(r)
plots of Figure 3e. The increase of the O—H,,-Frgg interaction
causes the switching of the water-binding site from the OH to
the —CF; terminal of TFE and hence reduces the probability of
the formation of the O—H,-Orp hydrogen bond more
rapidly compared to ETH, as discussed above and shown in
Figure 3b,d. Moreover, because of the O—H,,+-Frg;, interaction,
the oxygen of water is easily approachable for the O—Hrgg--O,,
hydrogen bond probably through the cyclic structure having
both O—Hgg'++O,, as well as O—H,++-Frpg, interactions (Figure
3f), causing an increase in the intensity of the first peak of g(r)
between the hydrogen of the OH of alcohol and oxygen of
water for the aqueous mixture of TFE than that of ETH (Figure
3a,c).

Indeed, in the supersonic jet conditions, a cyclic complex of
water with TFE having O—H---F and O—H--O contacts was

observed.’"** Furthermore, the O—H,,--Fpp; interaction
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Figure 3. (a,b) g(r) plots between the hydrogen of ETH and oxygen of water as well as the hydrogen of water and oxygen of ETH, respectively, for
different mole fractions of the water mixture of ETH; (c,d) g(r) plots between the hydrogen of TFE and oxygen of water as well as the hydrogen of
water and oxygen of TFE, respectively; (e) g(r) plot between the hydrogen of water and fluorine of TFE for different compositions of the TFE—
water mixture. (f) Snapshot of the TFE—water mixture having O—H,,-+-F g and O—Hrgg-+-O,, contacts. The simulations have been performed using

the OPLS all-atom force field.

reduces the aggregation of water molecules through the O—
H, O, hydrogen bond as the O—H,--Fpgg and O—Hgg--O,,
interactions block the hydrogen- and oxygen-binding sites of
water for hydrogen bonding with another water molecule.
Further, the coordination number (CN) for the different
interactions between alcohol and water molecules has been
computed, as represented in Figure 4. The CN data depict that
self-aggregation of alcohol and water molecules is more
prominent in ETH than that in TFE in their water mixtures
(Figure 4a,b). It also indicates that the OH group of TFE is a
strong hydrogen bond donor than that of ETH in their aqueous
mixtures as the CN number for the O—H,,---O,. interaction is
higher for the aqueous mixture of ETH than that of TFE,
whereas the CN number for the O—H,--O,, interaction is
higher for TFE than that for ETH in their aqueous mixture
(Figure 4c,d). The CN for the O—Hpgp+-Frpg interaction
decreases and simultaneously, the CN for the O—H,Frgg
interaction increases (Figure 4e) with the increment of water
content, indicating that the addition of water decreases the O—
HippgeFrpg interaction between TFE molecules by increasing
its interaction with the TFE molecules via O—H,-Fypg
interactions. The CN data suggest that the increased O—
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H,,--Frgg interaction cooperates to increase the hydrogen bond
donor capability of the OH group, which is in good agreement
with the results obtained from the radial distribution
calculations.

3.3. Quantum Chemical Calculation. MD simulation
renders the probability of interactions as well as the solvent
organization of any system; however, it lacks the information
about the kind of interactions as well as their inherent nature.
To understand the nature of different interactions involved in
the water mixtures of alcohol and to correlate the experimental
IR data with the MD simulation results, we performed the AIM
analysis and frequency calculations on the structures obtained
from the MD simulations within 5.0 A (the cutoff of 5.0 A has
been chosen as it describes the first solvation shell of alcohols).
Figure 5 shows the molecular graph of the electron densities at
different (3, —1) bond critical points (BCPs) of the aqueous
mixtures of ETH and TFE in two different concentrations.
Further, we calculated the electron density (p) and Laplacian
(L) at each BCP to understand the nature of the interaction
between two interacting atoms. It is important to mention that
only those BCPs whose p and L are higher than 0.002 and 0.02
au, respectively, have been considered as they confirm the
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Figure 5. Molecular graph obtained from the AIM calculation of the aqueous mixture of ETH and TFE for two different mole fractions, X,, = 0.95
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structures have not been shown for clarity of visualization. Only those BCPs have been shown whose p and Laplacian L values are higher than 0.002
and 0.02 au, respectively as they confirm the existence of the noncovalent interaction.

existence of the noncovalent interactions. In the water-rich
region of the water mixtures of ETH and TFE, clusterization of
water takes place around alcohols. In both cases, the hydrogen
of the OH group of alcohol is hydrogen-bonded to water
(denoted as D), whereas the oxygen of alcohol works as an
acceptor and forms two hydrogen bonds with the hydrogen of
water molecule (denoted as A). However, in the case of TFE, a
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significant number of BCPs have been found between the
fluorine terminals of TFE and water which confirms the
presence of O—H,-Frpp interaction. It can also be seen that
the orientation of water toward the —CF; terminal of TFE has
changed because of the O—H,--Frgg interactions as compared
to the orientation of water around the OH group of TFE and
ETH. Moreover, the O—H, -Frp; interaction causes an
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increase in the population of asymmetric hydrogen-bonded
water molecules. The electron density of the donor hydrogen of
alcohol and oxygen of water (D) is 0.05 au for the ETH case,
whereas its value for TFE is 0.07 au. The increased electron
density for D shows that TFE is a stronger hydrogen bond
donor than ETH in their water mixture and that the strong
donor capability of TFE is correlated with the O—H,-Frgg
interaction which is in line with the experimental as well as MD
simulation results. On increasing the alcohol concentration,
water gets squeezed out mostly from the first hydration shell of
the alcohol, and alcohol prefers to self-clusterize, as shown in
Figure 5. However, the clusterization of TFE is different from
that of ETH as TFE aggregates through the Frppp---Frpg
interaction along with the O—Hrygg:-O1gg hydrogen bonds.
The calculated IR data (for the structures obtained from the
MD simulation within 5.0 A) for the alcohol—water mixtures
show the appearance of complex features because of the large
number of molecules (Figure S9). However, it is clear that the
vibrational feature for the O—H, - Frpp interactions appears
above 3600 cm™', whereas the O—H,/,"~-O,,/q interactions
show the feature appearing below 3600 cm™'. To assert the
frequency data, we calculated the optimized structures and
frequency of the small-sized clusters of ETH and TFE with
water molecules in their aqueous medium. We have found that
a significant number of O—H,,--Fpg interactions are present
for the TFE—water clusters bigger than the dimer along with
the O—Hrgg+-O,, interaction, whereas only the O—Hgry+-O,,
interaction exists for the ETH—water clusters (Figure S10).
The calculated IR data for the ETH—water cluster depict that
the vibrational feature for the OH of water interacting with
alcohol appears around ~3400 cm™’, whereas the alcohol OH
interacting with water shows the feature at ~3450 cm™" (Table
S16). The IR band position of water depends on the cluster
size, and it gets red-shifted with the increase of the cluster size.
The IR frequency calculation of ETH—water clusters asserts
that the enhanced aggregation of water molecules in the ETH—
water mixture causes an increase in the intensity of the IR peak
at ~3200 cm™" in the water-rich region, which is in line with
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the MD simulation results. The O—H stretching for the O—
H,-Frge hydrogen-bonded system of the TFE—water cluster
appears at ~3634 cm™', which is in accordance with the
experimental IR data observed at ~3640 cm™’, assuring the
presence of O—H,---Frpp-interacted species, as predicted from
the experimental as well as MD simulation studies. The
simultaneous increase of the experimental IR peaks at ~3400
cm™" as well as at ~3640 cm™" clearly points that the O—H,--
Frpg cooperates in the formation of strong O—Hppg--O,,
hydrogen bonds in accordance with the MD simulation data.
3.4. Role of —CF; Group in Hydrogen Bond Network.
The C—F stretching and '°F NMR of the CF, group of TFE for
the different compositions of water have been measured (as
shown in Figures 6a and S11) to assert the role of the —CF,
group in the hydrogen bond network of the water mixture of
TFE. It can be found that the C—F stretching frequency gets
red-shifted, and simultaneously a downfield shift of '"F NMR
was observed with the increment of TFE in its water mixture.
The change in the C—F vibration frequency as well as '°F NMR
shows a bimodal nature, where the change is sharp till X, ~ 0.7
and very slow for X, < 0.7. The fluorine group of TFE interacts
with water via the O—H,,---Fpp interaction, whereas in the
alcohol-rich region they interact with the other fluorine via the
Frpp --Frpp interaction, as also shown in the AIM calculation.
Hence, we have calculated the g(r) as well as CN for the Fpp-
Frpg interaction and compared them with the O—H,Frpg
interaction for the different mole fractions of the water mixture
of TFE (Figure 6b,c). It can be seen from the g(r) calculation
that the extent of Frpp-Frgg interaction increases with the
increment of TFE in its water mixture. The CN of the O—H,,
Frgg interaction decreases sharply till X,, & 0.7; after that, the
extent of decrease of the CN is less. In contrast, the CN for the
Frpge--Frpp interaction increases sharply till X, & 0.7, and then
the increase is very less. The CN data suggests that the sharp
change observed in the IR and NMR in the range of X, & 0.7 is
mainly because of the O—H,,-Frp interaction, whereas the flat
change after X, < 0.7 is the cumulative effect of the O—H,,
Frpg and Frpgee-Forpg interactions. The NMR, IR, and CN data
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for fluorine confirm that fluorine makes O—H,,---Frgg hydrogen
bond with water molecules causing a change in the orientation
of water as well as the hydrogen-bonding site, which in turn
increases the hydrogen bond donor capability of the OH group
of TFE as well as decreases the aggregation of water in its
aqueous mixture.

4. CONCLUSION

The deconvolution of the IR lines in the OH-stretching region,
MD simulation, and quantum chemical calculations have been
utilized to decode the hydrogen bond network of the water
mixtures of ETH and TFE. In the water rich region of the
aqueous mixture of ETH, water clustering via O—H,--O,,
interaction dominates over water-ETH hydrogen bonds.
However, with further addition of ETH in their mixture, the
contribution of the O—Hgpy O, hydrogen bonds between
ETH and water outweighs the contribution of water clustering.
In the case of an aqueous mixture of TFE, water changes its
binding site from the hydrophilic OH to the hydrophobic —CF;
terminal and interacts with the —CF; group of TFE via the O—
H,,--Frgg interaction. The O—H,,---Frg interaction causes an
increase in the O—Hrpgg--O,, hydrogen bonds through the
cooperativity effect as well as lessens the clustering of water via
the O—H,,--O,, interaction as compared to the water mixture
of ETH. In the TFE-rich region, the fluorine of TFE interacts
among themselves through fluorous interaction which max-
imizes the O—Hppp-Oqpg interactions. This study describes
that the hydrophobic —CF; group of TFE plays an important
role in the reorganization of the hydrogen bond network of the
aqueous mixture of TFE which probably makes them useful for
the chemical as well as medicinal applications.
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