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Abstract

Ethanol/water mixtures have served as a model to study the hydrophobic
effect and the formation of clathrate and other cage like water formations around the
hydrophobic end of ethanol. We have studied the evolution of FTIR-ATR spectra of
ethanol/water mixtures as a function of the content of water in the mixture. The
experimental spectra show redshift of primarily the H-O-H bending vibration, which
is 18.9 cm™ in total width. It also shows a blueshift of 9.0 cm™ of the asymmetric
stretching vibration of C-H groups of B-CHj;. These infrared spectral shifts are
consistent with the formation of a cyclic H-bonded network between ethanol and H-
bonded water molecules. This hypothesis has been supported by full optimizations of
high-level B3LYP/aug-cc-pVQZ calculations in implicit and explicit water and
ethanol solvents as well as MMFF94s simulations of ethanol in explicit water clusters

with up to 30 water molecules.
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1. Introduction

The study of the solvation of ethanol in water is of fundamental importance in
many fields of science.[1-3] The formation of solvent clusters is important in the
formation of secondary structure of proteins.[4] The excellent variation of the water-
alcohol mixture dielectric constant make it an ideal solvent for many solutes.[3] The
solvation of ethanol has therefore served as a model system to study the formation of
a solvation sphere around a molecule that has a hydrophobic and a hydrophilic
part.[5] Ethanol/water mixtures are non-ideal solutions with unusual physicochemical
and thermodynamic properties such as negative excess entropy[6] and partial molar
volumes[7].

The first study of the water-ethanol system can be found in the doctoral thesis
of Dmitriy Mendeleev with the title 'Discourse on Alcohol and Water Mixing' in
1865[8], where he suggested that water and ethanol forms certain stable clusters (i.e.
clathrate hydrates in current literature). There are number of experimental papers that
support the existence of clathrate like structures in the ethanol/water mixture. In these
clathrate like structures water develops a H-bonded network similar to ice, where each
water molecule in the cage is tetrahedrally coordinated to 4 other water molecules.

Clathrate hydrate formation in water alcohol solutions was observed via light
scattering with a structure of 21 water molecules.[9] Smaller cluster with 5-6 water
molecules were observed through a dielectric relaxation technique (107°~107 Hz) and
differential scanning calorimetry.[10] In a Raman scattering study the existence of
clathrate hydrates was supported by the calculation of the H-bonding strength in
ethanol-water mixtures which were maximum for 20 vol% ethanol.[11] A complex
clustering mechanism of EtOH-water mixtures was observed through photothermal
microfluidic cantilever deflection spectroscopy (PMCDS).[12] A 'H-NMR study
based on multivariate curve resolution came to the conclusion that ethanol-ethanol
clusters exist above a critical concentration of ethanol in ethanol/water mixtures.[13]

The solvation of ethanol in water has also been studied computationally via
Car-Parrinello molecular dynamics simulations which showed that ethanol can easily
be accommodated in the hydrogen-bonded network of water molecules without
altering its structure.[14] These structural features were in good agreement with
neutron diffraction[15] and force field[16] molecular dynamics simulations the later
giving no evidence of clathrate-like cages around the hydrophobic end of the alcohol.

Molecular dynamics simulations of methanol in water have shown that the structure



of water is preserved, rather than enhanced, around hydrophobic groups and that
water hydrogen-bonding to polar solute groups sacrifice solvent—solvent interactions
to some degree.[17] In methanol-water mixtures it was found that the hydroxyl group
mostly affects the structure of water and that water molecules are highly localised
around the hydroxyl group.[18]

The evidence of clathrate structure of ethanol/water mixtures is therefore far
from conclusive as little is known about the exact structure water has in it and
whether it forms H-bonded networks around the hydrophobic part of the ethanol.
Therefore further combined experimental and computational study is necessary. Here
we have studied the experimental FTIR-ATR spectrum of x% v/v ethanol/water
mixtures where x = 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100. The spectral shifts in
these FTIR-ATR spectra where interpreted using high-level hybrid DFT calculations
in implicit and explicit water models. Furthermore, we have supported the existence
of a H-bonded network around the ethanol molecule via molecular mechanics full

optimisations in explicit water clusters with up to 30 water molecules.

2. Computational Methods

All density functional theory (DFT) calculations were performed within the
Gaussian 09 suit of programs using the B3LYP[19,20] with an augmented
correlation-consistent valence quadruple-zeta basis set, denoted as aug-cc-pVQZ(5d,
71)[21-25], in implicit solvation using the polarizable continuum model (PCM) using
the integral equation formalism variant (IEFPCM).[26,27] Partial charges on the
atoms were found using the atomic polar tensor (APT) method. This charge
population analysis has the advantage of being invariant with respect to changes to the
coordinate system.[28]

The molecular mechanics (MM) simulations were performed within Avogadro
with Merck's MMFF94s force field, using the steepest descent optimisation
algorithm.[29]

3. Experimental Methods

Fourier transform infrared (FTIR) spectra were recorded on an attenuated total
reflectance (ATR) spectrometer by Perkin Elmer (Spectrum two) with a diamond cell,
with a MIR source (8000-30 cm™), a LiTaO; detector (15700-370 cm™), supplied

with KBr windows. IR spectra were recorded between 600 and 4000 cm™ at a



resolution of lem™. The IR data where not signal averaged and presented without any
further data processing. The sample were liquid ethanol >= 99% and ultrapure water
(18.18 mQ-cm at 25°C) directly placed onto the ATR equipment. Ethanol/water
mixtures where prepared in a 10 mL volumetric flask where they were mixed by
means of a disposable dropper. A volume of 0.5 mL of the mixture was placed onto

the ATR equipment for measurement.

4. Results and Discussion
4.1 Experimental results

In Fig. 1 we present a series of FTIR-ATR spectra that were recorded as a
function of different volume fractions (x% v/v, T = 20 °C) of ethanol in water where x
= 0, 20, 40, 60, 80 and 100. This spectrum was obtained in smaller increments of the
volume fraction of ethanol in water (i.e. x% v/v where x = 0, 10, 20, 30, 40, 50, 60,
70, 80, 90 and 100, this corresponds to mole/mole % = 3.4, 7.7, 13.2, 20.6, 30.9, 46.4,
72.1, 123.7 and 278.2) but for better clarity only every second spectrum is plotted in
Fig.1. The FTIR-ATR spectra represent a gradual transition from the IR absorption
spectrum of ethanol to the absorption spectrum of water in which we attempt to
identify the various shifts of the peaks done in Fig. 2. The spectra were recorded as
soon as the mixtures where prepared by placing about 0.5 mL of the mixture onto the
ATR cell for measurement. The ATR cell was cleaned between measurements by
means of chem wipes and left to dry in air. In this procedure we could not observe
any noticeable condensation of water from the atmosphere, which would affect the
bands corresponding to water. The experimental spectrum contains certain absorption
bands that correspond to ethanol and two broad bands that correspond to water. The
water bands are positioned at about 1641 cm™ and at 3355 cm™, which correspond to
the bending vibration of the H-O-H angle and the stretching vibration of the O-H
group, respectively. The later peak is clearly due to the superposition of at least two
bands, one asymmetric and one symmetric stretching band according to our calculated
vibrational IR frequencies of water. Further spectral components may arise due to
strongly and weakly H-bonded -OH groups and OH groups that are not H-
bonded.[30]
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Fig. 1 FTIR-ATR spectra of ethanol/water mixtures from (a) 4000 to 500 cm™, (b)
3700-2800 cm™ and (c) 1800-800 cm™. The red arrow indicates which peak had a

redshift and blue arrow which peaks had a blueshift as a function of water content.

Between 3000 cm™ and 2900 cm™ ethanol has at least 4 bands in the experimental IR
spectrum as shown in Fig. 1. These vibrational bands correspond to the C-H
asymmetric stretch of B-CHj3;, C-H symmetric stretch of B-CHj; C-H asymmetric
stretch of a-CH, and C-H symmetric stretch of a-CH, starting from the higher
frequency and going to the lower frequency bands. The corresponding peaks can be
found in the calculated IR spectrum of ethanol between 3093 cm™ - 2993 cm’

according to Table 1. In the region of 1400-1300 cm™ there are multiple peaks which



correspond to C-H bend of o-CH, and B-CHj;. These peaks can be found in the
calculated spectrum of ethanol in Table 1 between 1523-1403 cm™. Following these,
two intense peaks appear at 1086 cm” and 1044 cm™ which correspond to O-H
bending coupled to C-O stretching vibrations and O-H bending coupled to C-C
stretching vibrations, respectively. These vibrations are found in the calculated
spectrum between 1086 cm™ and 1027 cm™ in excellent agreement with the
experimental values. The last band that can be observed to belong to ethanol is a band
at 878 cm™', which corresponds C-C stretching vibrations. This band appears very
close in the calculated spectrum in Table 1 at 889 cm™. We therefore, find qualitative

agreement between experimental and calculated IR spectra of ethanol/water mixtures.
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Fig. 2 Spectral shifts of peaks observed in FTIR-ATR spectra of ethanol/water
mixtures of (a) H-O-H bending vibration, (b) C-H asymmetric stretching of B-CHs,
(c) O-H bending and C-O stretching vibration and (d) O-H bending and C-C

stretching vibrations.



The peak in the water IR absorption spectrum that shows the greatest redshift with the
increase of the water content is the peak at that corresponds to the bending vibration
of H-O-H. The exact peak position of this band is plotted in Fig. 2(a) and it shows a
redshift of 18.9 cm™. These shifts of the vibrational bands can be attributed to
variations of the H-bonded network formed or could be evidence of a clathrate
hydration of ethanol and water mixtures.[10,11,31] We attempt to explain this redshift
via DFT calculations in the following section. The second band (see Fig. 2b) that
appears to have a blueshift as a function of the water content in the mixture is the
band that corresponds to the asymmetric stretching vibrations of the methyl group.
This band gradually blueshifts from 2974 cm™ to 2983 cm™ as a function of the water
content in the mixture. This could also be a result of clathrate hydration of the methyl
group of ethanol.[10,11,31] The third band (see Fig. 2¢) that has a small redshift as a
function of the water content in the mixture is the combined O-H bend and C-O
stretch mode, which redshifts by 2.54 cm™. The small shifts of this band indicate that
the hydroxyl group of ethanol changes little environment as the content of water
increases. This maybe due to the incorporation of the O-H group in the cyclic H-
bonded network of water molecules as we later show via molecular mechanics
simulations. The same interpretation can be given to the fourth band (see Fig. 2d) of
the FTIR-ATR spectrum which changes by less than 2 cm™. This band corresponds to
a coupled O-H bending vibration and C-C stretching vibration.
4.2 Computational Results

With the B3LYP/aug-cc-pVTQZ method we have fully optimised the
structures of (i) a water molecule with water as the solvent, (ii) a water molecule with
ethanol as a solvent (infinite dilution of water in ethanol), (ii1) an ethanol molecule
with ethanol as the solvent and (iv) an ethanol molecule with water as the solvent and
calculated the IR spectrum of each model. In the simulation of model (iii) the peak at
1086 cm™ appears at 1085.67 cm™ (ethanol as solvent) and is a bending vibration of
the angle of the -OH group in ethanol. This peak redshifts to 1085.18 cm™ when water
is the solvent (model iv). This can explain the redshift of the band in Fig. 2c at
1088.07 cm™ to 1085.51 cm™ which can be entirely attributed to the fact that the O-H
bond in ethanol vibrates in a bending motion at slightly lower wavenumbers when the

relative permittivity of the solvent changes from 24.3 (in ethanol) to 80.2 (in water) at



20 °C.[32] This solvent effect can also be seen in the calculated atomic polar tensor

(APT) charges of ethanol which are depicted in Fig. 3.

(a) dissolved in ethanol (b) dissolved in water

3 4
3 4

Fig. 3 Calculated APT charges of ethanol when (a) dissolved in ethanol and (b)

dissolved in water.

These charges are the same on the -CHj3 carbon atom that is bound to carbon
and all hydrogens bound directly to carbon. But they differ or the C-O-H group,
which defines the angle that vibrates in the simulated IR spectrum of ethanol. The
charges of these atoms become slightly greater when the solvent changes from
ethanol to water. In particular, the charge on the H changes from 0.295 to 0.298, the
charge of O changes from -0.776 to -0.783 and the charge of C changes from 0.646 to
0.652. This clearly suggests that the solvation alters the charges on the atoms of just
the C-O-H group and that these changes are observable in the redshift of the IR
spectrum of the 1086 cm™ peak. The higher charges with water as a solvent indicate
that the force constant for the vibration of this angle will decrease if we just consider
a point charge model for this bond that vibrates in a bending motion. A smaller bond
angle force constant would suggest also smaller vibrational frequency of this bond
when the solvent becomes from ethanol, water.

The calculated values for infrared frequency (vir), infrared intensity (Ijr), bond
length (r) and bond angle (¢) for ethanol using the B3LYP /aug-cc-pVQZ method and
ethanol solvation via the IEFPCM model are tabulated in Table 1. We observe
qualitative agreement with the IR absorption bands observed experimentally that are

shown in Fig. 1. The most drastic difference was the peak for the O-H stretching



vibration, which is significantly overestimated due to the lack of hydrogen bonding

when the vibrational frequency of a plain water molecule is calculated.

Table 1 Calculated values for the infrared frequency (vir), infrared intensity (Iir),
bond length (r) and bond angle (¢) for ethanol using the B3LYP /aug-cc-pVQZ
method and ethanol solvation via the [IEFPCM model.

Vibrational mode Frequency Intensity Bond length Bond angle
(cm™) (10 esu® cm?) (A) ©)
O-H stretch 3818 59 0.961 108.6
C-H asym. stretch of -CHj3 3093 75 1.090 108.5
C-H sym. stretch of p-CHj 3028 31 1.090 108.3
C-H asym. stretch of a-CH; 3019 71 1.094 107.8
C-H sym. stretch of a-CH; 2993 114 1.094 107.8
C-H bend of a-CH; and 3-CHj; 1523-1403 >42 - -
O-H bend 1261 271 0.961 108.6
O-H bend and C-O stretch 1086 125 0.961 108.6
O-H bend and C-C stretch 1027 403 0.961 108.6
C-C stretch 889 114 1.513 108.4
O-C-C bend 418 150 - 108.4
O-H bend and B-CH3; rotation 275-237 1155-1523 - -

The other peak that showed a more pronounced redshift when dissolvation in water
occurs was the peak centered at 1645 cm™, which corresponds to the H-O-H bending
vibration. This peak redshifts by 18.9 cm™ and from our previous analysis for the
1086 cm™ of ethanol this could not be attributed to a simple solvent dielectric effect
that occurs when going from ethanol as the solvent to water as the solvent. The
significant peak redshift of 18.9 cm™ can only be explained by a water/ethanol model
that has also H-bonding networks or the existence of clathrate hydrates.[10,11,31] In
order to understand better this redshift we have performed DFT calculations with the
hybrid B3LYP[19,20] functional using the augmented correlation-consistent
quadruple valence zeta basis set (i.e. aug-cc-pVQZ).[21-25] Initially, we simulated
the IR spectrum of a single water molecule in water as the solvent and in ethanol. The
IR spectrum of water just gave three absorption bands, which are tabulated in Table 2.
The highest in wavenumber bands correspond to the symmetric and asymmetric
stretching vibration of O-H groups which in the experimental spectrum in Fig. 1 is the
broad band centered at 3355 cm™ which is a broad band due to H-bonding. The H-

bonds significantly lower the vibrational frequency of the stretching of O-H as this is



calculated in the isolated molecule. This indicates that water forms a strong H-bonded
network and possibly stable water clusters, the stability of which weakens the O-H
bond strength, resulting in lower experimental vibrational frequencies than the
calculated ones.

From the calculated vibrational frequency of the H-O-H bending mode that are
shown in Table 2, it can be seen that it decreases only by 0.3 cm™ going from ethanol
as a solvent to water. This cannot explain the 18.9 cm™ redshift found experimentally
which may only be explained by considering H-bonded networks or the existence of
clathrate hydrates.[10,11,31] The presence of an enhanced H-bonded network or the
existence of clathrate hydrates could explain the 18.9 cm™ redshift of the vibrational
bending mode of water as the water content increases. The increased water content
will be less disrupted by the presence of ethanol molecules, which means that a denser
H-bonded network or clathrate like structure could be formed. In this structure the
strength of the H-bonds will be greater than the strength of the H-bonds in water
hydrating ethanol. A greater strength of the H-bonding interactions would mean that
the corresponding H-bonded O-H groups will have weaker O-H bonds. Weaker O-H
bonds means that the bending force constant will decrease, observing therefore lower
vibrational frequencies of the O-H bending vibration in water and the observed

redshift of the band observed in Fig. 2a.
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Table 2 Calculated values for the infrared frequency (vir), infrared intensity (Iir),
bond length (r) and bond angle (¢) (i) for water H-bonded to ethanol in implicit
ethanol as the solvent, (ii) for water in an implicit solvent of ethanol, (iii) for water in
in an implicit solvent of water and (iv) for the water dimer in an implicit solvent of
water using the B3LYP /aug-cc-pVQZ method. Values in parenthesis are average

values.

Vibrational mode Frequency Intensity Bond length  Bond angle
(cm™) (10 esu® cm?) (A) ©)

i) in ethanol water H-bonded to ethanol (water-ethanol)

H-O-H bending 1621.10 239 0.96237 105.175
O-H sym. stretch 3788.1 22 - -
O-H asym. stretch 3876.73 133 - -

ii) in ethanol as solvent (implicit)

H-O-H bending 1619.20 248 0.96179 104.646
O-H sym. stretch 3793.51 18 - -
O-H asym. stretch 3882.10 106 - -

iii) in water as solvent (implicit)

H-O-H bending 1618.92 252 0.96186 104.617
O-H sym. stretch 3792.9 19 - -
O-H asym. stretch 3880.85 111 - -

iv) in water water dimer H-bonded (water-water)

H-O-H bending (1628.70) (227) (0.96804) (105.151)
O-H sym. stretch (3739.70) (22) - -
O-H asym. stretch (3873.88) (134) - -

In Table 2 the vibrational frequencies of water have been calculated for
various environments. Namely (i) for water H-bonded to ethanol in ethanol as the
solvent which corresponds to the infinite dilution of water in ethanol (e.g. 99.9% v/v
ethanol/water), (i1) for water in ethanol as the solvent which corresponds to the
infinite dilution of water in ethanol, with water not forming H-bonds (e.g. 99.9% v/v
ethanol/water), (ii1) for water in water as the solvent (omitting the existence of H-

bonds) which corresponds to the infinite dilution of ethanol in water (e.g. 0.1% v/v

11



ethanol/water) and (iv) for water H-bonded to another water molecule in water as the
solvent which corresponds to pure water. Going from (i) to (iv) the water content
increases which blueshifts the bending stretching vibration of water bending vibration
from 1621.10 cm™ to 1628.70 cm™. This computationally determined blueshift
contradicts with the experimentally found redshift from 1654 cm™ to 1637 cm™ shown
in Fig. 2a. This suggests that the redshift determined experimentally for the
vibrational band of water as the water content increases has to be a result of other
ordering phenomena in the ethanol-water mixture, such as the formation of clathrate
hydration clusters and it cannot be entirely attributed to an increase of the H-bonded

network as the content of water increases in the mixture.

4.3 A theoretical model of ethanol/water mixtures

We propose a theoretical model for the spectral shifts observed in
ethanol/water mixtures, which is based on the simplified schematic in Fig. 4. It is
closely related to the existence of a hydrophobic effect in ethanol/water mixtures
which depends on the size and branching of the hydrocarbon chain in the alcohol.[33]
This hydrophobic effect causes the O-H bonds of adjacent water molecules to the
ethanol, to not directly point their O-H bonds towards the B-CHs group of ethanol.
Furthermore, the model considers ethanol molecules that are isolated and do not H-
bond in mixtures that are water rich in agreement with MD simulations of
water/ethanol mixtures.[34] The model does not describe the mixtures with high
ethanol content where some form of aggregation of ethanol has been found via small
angle neutron scattering of D,O-ethanol solutions.[35] It is in agreement with
ethanol/water compressibility studies that reached the conclusion that water is
stabilised in an ordered, less dense and rigid structure around the solute molecule.[36]
It also does not exclude the possibility of the formation of "icebergs" in which solute

molecules form small frozen patches of water.[37]
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Fig. 4 Simplified schematic that shows the formation of the H-bonded network around
each ethanol molecule and the interaction of the methyl group hydrogens with the
surrounding oxygens of water when the water content of the ethanol/water mixture is

high.

As water becomes more in the ethanol/water mixture there is a more complete
formation of a H-bonded network around ethanol molecules. This H-bonded
network[3] reduces the strength of the O-H bond due to H-bonding. This makes the
bending vibration of the O-H bond to become weaker which may explain the redshift
of the 1645 cm™ by 18.9 cm™. Simultaneously, as the H-bonded cluster forms around
the hydrophobic methyl group of ethanol the C-H bonds become stronger as they are
attractively pulled to a smaller extent by the surrounding oxygen atoms of water,
which have a smaller negative partial charge, due to the H-bonded network (and
presumable H-tunneling which can be seen by going from the cyclic H-bonded
network on the left to the H-bonded network to the right in Fig. 4) around each
ethanol molecule. This may explain the blueshift of 9.0 cm™ of the vibrational
stretching frequency of the C-H bond of the B-CHs group. Therefore, both infrared
shifts that we observed in this study are consistent with the formation of a cage-like
cyclic structure of water molecules around each ethanol, which is H-bonded to the
ethanol molecule. This is not the first account of the formation of cage like water
cluster around ethanol molecules in water. In particular, many previous studies have
found that there is an existence of clathrate structures in ethanol/water mixtures,
which was attributed to a hydrophobic effect. A 21 water molecule clathrate hydrate

formation in water alcohol solutions was observed via light scattering.[9] A dielectric
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relaxation technique (10710~ Hz) and differential scanning calorimetry observed
smaller clusters with 5-6 water molecules.[10] In a Raman scattering study the
existence of clathrate hydrates was supported by the calculation of the H-bonding
strength in ethanol-water mixtures which were maximum for 20 vol% ethanol.[11]
Photothermal microfluidic cantilever deflection spectroscopy (PMCDS) found a
complex clustering mechanism in EtOH-water mixtures.[12] In this study we provide
evidence from molecular simulations that a cyclic H-bonded network between ethanol
and about 7 water molecules exists which are H-bonded in a structure that is depicted
in the simplified schematic of Fig. 4.

In the simplified model proposed hydrogen in the H-bonded network can
exhibit H-tunneling which is also supported by recent NMR studies of ethanol/water
mixtures that show that the peaks of the alcohol hydroxyl group and that of water are
indistiguishable unless the temperature is below -10 °C.[38] In addition, the existence
of H-bonded networks in ethanol/water mixtures has been previously observed via
partial molar Raman spectroscopy.[39]

Based on the simplified model depicted in Fig. 4 we have tested whether
stable cyclic structures of water exist around ethanol using the MMFF94s force field
(FF). This FF is particularly efficient in identifying H-bonded networks in water
without significant computational cost. We have performed simulations with as many
as one ethanol molecule surrounded by 30 water molecules that formed a H-bonded
cage around the ethanol molecule (see Fig. 5(a)) which was formed by randomly
placing water molecules around an ethanol molecule. In this cage most water
molecules, especially the ones that lie close to the methyl group are in a square H-
bonded arrangement, which occasionally also had pentagonal H-bonded networks and
very rarely a hexagonal H-bonded network. These cyclic H-bonded networks form
readily around the hydrophobic part of ethanol. We have then removed water
molecules one by one, optimising the structure after each succesive removal of a
water molecule. Our aim was to expose in the water H-bonded cage of the ethanol-
water cluster the H-bonded network that appears in structure similar to what is
depicted in Fig. 4. We were able to isolate and ethanol-(H,O)s cluster which had a
cyclic H-bonded structure shown in Fig. 5(b). We then attempted to see whether this
cyclic structure represent the minimum number of water molecules that can form a
cyclic H-bonded structure around ethanol and found that smaller cyclic structures that

contain 7 and 6 water molecules could also exist, shown in Fig. 5(c) and Fig. 5(d),
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respectively. The simulations performed provide evidence that H-bonded[29] network
around the ethanol molecule exist in these simulations based on molecular mechanics
and that it should be further tested whether H-tunneling can occur in these cyclic H-
bonded networks. It is intriguing that the findings by Nishi et al. who performed mass
spectroscopic studies on ethanol-water mixtures and found evidence of ethanol
monomers that are followed by long water sequences of hydrated species of the form
C,HsOH(H,0), when xg < 0.04 which is in agreement with the ethanol-water

structures suggested here.[40,41]

(b)

Fig. 5 Optimised structures with the MMFF94s force field of the ethanol-water
clusters. The (a) ethanol-(H,O)s , (b) ethanol-(H,O)s, (¢) ethanol-(H,O); and (d)
ethanol-(H,0)s coordinates are given in the supporting information file as S-Fig. 1, S-

Fig. 2, S-Fig. 3 and S-Fig. 4, respectively.
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5. Conclusions

Our experimental FTIR-ATR study of the ethanol/water mixtures, molecular
mechanics and hybrid density functional theory calculations and infrared simulations
are supportive of the existence of a strong structural change in the water/ethanol
mixture as the solvent changes from ethanol to water. These structural changes are
accompanied by a redshift of 18.9 cm™ of the vibrational bending band of the H-O-H
bond angle of water and a blueshift of 9.0 cm™ of the C-H stretching band of the p-
CHj;. DFT calculations with implicit and explicit solvent show that a small red-shift of
2 cm™ could only be expected on the basis of changes in the dielectric constant of the
solvent, in water/ethanol mixtures as the mixture is diluted with water. The spectral
changes of the FTIR-ATR bands are explained through a simplified model that
invokes the presence of a cyclic H-bonded network around each ethanol molecule,
which is confirmed through molecular mechanics simulations with ethanol dissolved

in explicit water clusters.
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