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ABSTRACT: The effects of hydrophobic solutes on the structure of the surrounding ——nCHOHH.0

water have been a topic of debate for almost 70 years. However, a consistent 06 Room Temperature :Z?:;:/:”:;O

description of the physical insight into the causes of the anomalous thermodynamic mole rat: 1/0.2 —— CHOHHO

properties of alcohol—water mixtures is lacking. Here we report experimental results 5|

that combined temperature-dependent linear and femtosecond infrared spectroscopy & Enhanced

measurements to explore the water structural transformation in concentrated % water structure

alcohol—water solutions. Experiments show that the enhancement of water structure £ 04

arises around microhydrophobic interfaces at room temperature in the solutions. As

temperature increases, this ordered water structure disappears and a surface 03 Y

topography-dependent new disordered water structure arises at concentrated S

solutions of large alcohols. The water structural transformation is dependent on D D T T80 1700

not only the length of the alkyl chain but also the clustering of the alcohols. A more- 4

ordered-than-water structure can transform into a less-ordered-than-water structure. e C
H ydrophobic hydration is widely considered to play a key More recently, however, using Raman scattering measure-

role in biological processes ranging from membrane ments Davis et al.'® presented evidence in very dilute alcohol

formation to protein folding and ligand binding."”” The typical aqueous solutions that hydrophobic groups in molecules in fact
model systems of hydrophobic hydration are alcohol/water enhance the ordering of the surrounding hydrogen-bond
mixtures. When a simple alcohol is mixed with water, the network of water, and the enhancement can transform with the
system has a negative excess entropy and a strong increase in increase of temperature. Such results seem to contradict the
heat capacity, compared to an ideal solution of randomly previous neutron scattering data."* Recent MD simulations by
mixed molecules.”* On the basis of these findings, Frank and Galamba'® indicated that the tetrahedral enhancement of
Evans suggested the “iceberg” model for hydrophobic water in the first hydration shell is not associated with the
hydration, in which hydrophobic solute molecules were contraction of the H-bond network. This means even if the
proposed to force surrounding water molecules to create ice- enhanced tetrahedrality of water occurs, the decrease of the
like or clathrate-like structures.” However, recent experimen- O—0 and O—H distances cannot be observed in the neutron
tal®™® and theoretical’™"® studies in concentrated alcohol diffraction experiments. However, the argument was ques-
aqueous solutions have challenged this view. Molecular level tioned by other theorists.”” The physical views suggested by
studies did not find evidence to support that the structure of the two experimental studies puzzled our understanding. Dixit
water surrounding hydrophobic groups would be different et al. claimed no enhancement of the water structure
from the bulk liquid water. For instance, in neutron scattering surrounding methanol in concentrated (7:3 molar fraction
studies by Dixit et al.'* the oxygen—oxygen distances of the for methanol/water) " and dilute solutions (1:19 mole
solvating water molecules were observed to be similar to those
in bulk liquid water. Molecular dynamics (MD) simulations Received: November 20, 2019
also pointed to preservation rather than enhancement of the Accepted: December 3, 2019
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water structure around the hydrophobic groups. Published: December 3, 2019
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fraction).”’ However, Davis et al.'® reported significant
enhancement of the water structure surrounding alcohol in
very dilute solutions (~1:99 molar fraction), but this is hard to
extend to the concentrated solutions because of their
experimental techniques. In fact, an increasing amount of
experimental and theoretical work suggested that the hydro-
phobic headgroups of alcohol molecules in concentrated
solutions cluster together.”” ** It is not clear whether the
different concentrations cause the disagreement between the
two experiments. In this Letter, we report experimental results
that combine temperature-dependent infrared spectroscopy
(TD-FTIR) and ultrafast pump—probe spectroscopy measure-
ments to explore hydrophobic hydration in concentrated
alcohol/water solutions. For the FTIR, we focus on the water
bending region. Although the bend vibration of water is less
sensitive to molecular environment than the stretch, it
nonetheless provides a useful probe of water structure. As
pointed out by Skinner,” there are some advantages for
detecting bending mode: First, there is only one bending mode
in a molecule, which means there is essentially no intra-
molecular vibrational coupling. Second, the bend line shapes
should not be affected too much by intermolecular vibrational
coupling because of a smaller transition dipole moment. Our
data, covering a number of linear alcohols, a very broad
concentration range, and various temperature conditions, show
clear evidence that, opposite to the conclusion from previous
neutron scattering data,"* water structural transformations do
occur at the hydrophobic interfaces in the concentrated
alcohol solutions.

Enhanced Water Structure Revealed by Water Bending Spectra.
Figure 1 displays the infrared spectra of ethanol—water
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Figure 1. Infrared spectra of the water bending mode region of
aqueous ethanol (C,H;OH/H,0) solutions with different ethanol
concentrations. The bending peaks show clear blue shifts from 1643
to 1661 cm™" as the ethanol concentration increases. The inset is the
infrared spectra of the water bending mode of ethanol aqueous
solution with a mole ratio of 1:3 at temperatures of 295 and 220 K.

solutions with different concentrations in the OH bending
region. The peak around 1643 cm™ is purely from the water
OH bending mode. There is no peak in this region in the pure
ethanol liquid. In Figure 1, the water bending peak shifts to a
higher frequency as the ethanol concentration increases. It
shifts from 1643 cm™ in the pure water to 1661 cm™' in the
ethanol/water solution with a molar ratio of 1/0.2. A similar
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phenomenon has also been observed in aqueous methanol, n-
propanol, and t-butanol solutions (see Figures S1—S3 in the
Supporting Information). The blue shift of the water bending
frequency could be caused by stronger hydrogen bond
networks.”® The inset in Figure 1 shows the temperature
dependence of the water bending mode in aqueous ethanol
solutions. The blue shift is also observed as temperature
decreases from room temperature to 220 K, which means the
stronger hydrogen-bond network at low temperature causes
the water bending frequency blue shift.

In the gas phase, the vibrational frequency of water bending
mode is located at ~1594 cm™!, and it shifts to a hi%her
frequency ~1643 cm™! in liquid and ~1670 cm™ in ice.”*®
Such a blue shift of the bending mode is interpreted as being
caused by a stronger hydrogen-bond network between water
molecules, as confirmed by several experimental works.””™>'
The susceptibility of the bending mode to the environment
was reported more than 30 years ago.’” Recently, Kuroda et
al.” reported the correlation between the water bending
frequencies and the number of hydrogen bonds. An increase of
15 cm™ in the average frequency per added hydrogen bond for
the donor has been observed. The MD simulations by Skinner
et al. also concluded that increased hydrogen bonding results
in larger blue shift of the bending mode.”> These previous
experimental and theoretical studies give us confidence that the
blue shift of the water bending frequency observed in Figure 1
should be caused by stronger hydrogen bond networks.

In the concentrated alcohol aqueous solutions, water can
populate around the hydrophobic group of alcohols or the
hydrophilic OH group of alcohols. Even in the most
concentrated solutions used, there are still some water
molecules around the hydrophobic interfaces (the dangling
water OH at hydrophobic interfaces has been observed, as
shown below). The critical question is whether the water
bending blue shift is from the hydrophobic effect or from the
hydrophilic effect. For alcohols, the hydrophilic head is a
hydroxyl group. H-bonded to water and H-bonded to the
alcohol are very similar. Indeed, MD simulations by Laage et
al.**** reported that the hydrophilic head of n-butanol induces
a very limited frequency-shift with respect to the bulk water
even in the high concentrated solutions. Dixit et al.'* also
pointed out that in the 7:3 methanol—water mixture, the total
number of hydrogen bonds per water molecule is about 2.9
(about 1.0 hydrogen bonds to other water molecules and 1.9
hydrogen bonds to methanol molecules), which is 20% less
than in pure water. Thus, the blue shifts we observed in Figure
1 are not due to the water H-bond structures in the vicinity of
the alcohol hydrophilic groups but instead are due to the
hydrophobic effect. This conclusion is also confirmed by
comparing results obtained from solutes with different
numbers of OH head groups (there is barely a frequency
shift between propanol (C;H,0H) and glycerol (C;H;(OH);)
solutions at the same concentration, as shown in Figure S4).
The results mean that stronger hydrogen bond networks
(more tetrahedral and fewer weak hydrogen bonds) than bulk
water arise in the hydration shell with the alcohol
concentration increasing. We found that such an enhancement
is more pronounced with the concentration increasing.

Figure S5 shows bending spectra obtained from dilute H,O
in HOD/D,0 (~15% mole ratio). Such measurements serve
to suppress intermolecular vibrational coupling. The difference
between the bending band from ethanol—water (1:0.2) and
that from dilute H,O thus confirms that hydrophobic
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Figure 2. (A) Anisotropy decays of the SCN™ vibrational signal of KSCN in aqueous ethanol-d, solution with different ethanol-d, concentrations
(the concentration of KSCN is always 0.2 M relative to D,0, which means the mole ratio of KSCN/D,O is about 1/250 in the ethanol—water
solutions). (B) Concentration-dependent rotational diffusion time constants of SCN~ anions of KSCN in aqueous ethanol solutions. The

molecular rotation slows down as the ethanol concentration increases.
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Figure 3. Effect of alcohol linear chain length on water structural transformation. Infrared spectra (bend mode region (A) and OH stretch region
(B)) of aqueous alcohol solutions at room temperature with the alcohol/water molar ratio of 1/0.2.

hydration leads to an increase of the strongest hydrogen bond
(highest bending frequency) population. We obtain the
fraction of water molecules whose bending vibrations are
perturbed by the hydrophobic interface, and hence differ from
bulk water, by fitting the bending spectra (see Tables S1 and
S2 in the Supporting Information). The results show the
fraction increase of high-frequency components as the ethanol
concentration increases (Figure S6).

To further explore the water structure enhancement
observed in Figure 1, molecular rotational dynamics were
measured. In previous studies, the dynamics of water molecules
surrounding hydrophobic groups were observed to be different
from those of bulk liquid water. From nuclear magnetic
resonance (NMR),***” dielectric relaxation,*** and femto-
second mid-infrared spectroscopy measurements, "% it was
observed that solvating water molecules show slower
reorientation dynamics than the molecules in bulk liquid
water. However, because of the complicated water dynamics,
like energy transfer, chemical exchange, and jump reorienta-
tion, a consistent picture of the effect of hydrophobic groups
on the structural dynamics of water is yet to be agreed upon by
these experiments. In this work, we chose the KSCN molecule
as a probe. Molecular KSCN is weakly hydrated and has a long
lifetime (~20 ps) in D,O solutions. When a small amount of
KSCN is dissolved in ethanol-d,/D,0 solutions (the mole
ratio of KSCN/D,O is always about 1/250), the rotation of
SCN™ ion can be affected only by the surrounding environ-
ment, i.e., water structures. Figure 2 shows anisotropy decays
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of the SCN™ vibration of KSCN in aqueous ethanol-d, solution
with different ethanol-d; concentrations. Because of the huge
difference of KSCN solubility in water and ethanol (the
solubility of KSCN in water is several tens of times larger than
that in ethanol), most of the KSCN is dissolved in water even
in a solution with the ethanol/water mole ratio of 1/0.8 (80/
20 volume ratio). The SCN~ ion rotation clearly slows down
from 3.6 ps in pure water to ~10 ps in concentrated ethanol
solutions as the ethanol concentration increases. In these
liquids, the viscosity change is moderate (1.0 for pure water,
and 1.95 for the solution with an ethanol/water mole ratio of
1/0.8.). This means the water structure solvating SCN™ must
change as the concentration of ethanol increases. It becomes
more rigid and less mobile, compared to that of the pure water.
The same phenomenon has also been observed in n-propanol
and n-butanol water solutions (see Figure S7). The results are
consistent with the conclusion from the bending spectra in
Figure 1 that the water structure becomes more ordered (more
tetrahedral hydrogen bonds) and less mobile with the increase
of ethanol concentration.

Figure 3A displays a comparison of the water bending
spectra in solutions with alcohols of different hydrophobic
linear chain length at room temperature. The solutions have
the same concentration of 1/0.2 (alcohol/water) molar ratio.
Opposite to the intuition that with the linear hydrophobic
chain length increasing the hydrophobic effect should increase
and the enhancement of water structure should be more
pronounced and the frequency shift of the bending mode
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should be larger, the experimental results are surprising. In fact,
the frequency shift is larger with a smaller alcohol, ie.,
methanol > ethanol > n-propanol > n-butanol. The fitting
results also show the fraction of high-frequency components
decreases as the chain length increases (Figure S6). This
observation is consistent with the fact that hydrophobic groups
can aggregate to “hide” from water in concentrated solutions,
which means a larger cluster due to aggregation has a smaller
total hydrophobic surface area and fewer water molecules can
populate around the hydrophobic surface to enhance the water
structure (for example, in concentrated solutions alcohols
presumably form micelle-like structure*>** and hydrophobic
groups hide from the water phase). Such aggregations are more
severe in aqueous solutions with larger alcohols.”*® Actually,
solvation of small molecules is dominated by excluded volume,
and thus entropic, while solvation of large molecules or near
extended interfaces is dominated by deformation of those
interfaces and thus enthalpic.6 Thus, for short chain alcohols,
aggregation is minimal and longer alcohol aggregation does
occur.

Temperature-Dependent Water Structural Transformation. The
enhanced water structure around hydrophobic groups should
dissociate as the temperature increases. Figure 4 shows the
water bending spectra in alcohol aqueous solutions as the
solution temperature increases toward 100 °C. The solutions
have the same concentration of 1/0.2 (alcohol/water). The
water bending peak clearly red shifts from ~1660 cm™ to
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Figure 4. Temperature-dependent infrared spectra of aqueous alcohol
solutions and pure water. The mole ratio of alcohol/water is 1/0.2.
The spectra reveal clear red shifts when the temperature increases,
which can be regarded as the ordered water structures surrounding
hydrophobic groups “melting” upon an increase in temperature.
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~1640 cm™ or below in the alcohol aqueous solutions from
room temperature to 100 °C. Such a red shift is much larger
than the disorder induced by temperature increase in pure
water (only 4 cm™" red shift). This reveals the water structural
transformation from ordered structure (more tetrahedral
hydrogen bonds) to disordered structure (less tetrahedral
hydrogen bonds) around hydrophobic groups, similar to the
melting process. It is interesting that in the methanol—water
solution, the peak is still a little higher than that in pure water
at 100 °C, which means the water in the hydrophobic shell
does not melt thoroughly in the methanol—water solution. The
peak in the ethanol—water solution is similar to that in the
pure water at 100 °C. However, for larger alcohols, like n-
propanol, n-butanol, and n-pentanol, the peaks red shift to
~1630 cm™! at 100 °C, more than 10 cm™ on the red side of
the pure water peak. The results indicate that a more
disordered structure with weaker hydrogen bonds than bulk
water (at the same temperature) emerges.

A comparison of the water bending spectra at 100 °C of the
concentrated alcohol solutions (molar ratio 1/0.2) with
different chain lengths is displayed in Figure 5. A sudden
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Figure S. Effect of alcohol chain length on water structural
transformation. Infrared spectra of aqueous alcohol solutions at
temperature 100 °C with the alcohol/water molar ratio of 1/0.2. The
less ordered water structure at high temperature arises in large alcohol
solutions.

jump arises, in which the new high-temperature structure
(more disordered structure with the peak at about 1630 cm™")
occurs only in the alcohol solutions with the alcohol bigger
than ethanol. In the concentrated solutions used in this work,
propanol and larger alcohol molecules form aggregations and
can produce larger hydrophobic domains than short-chain
alcohols.”** Similar to previous theoretical studies*” on protein
surfaces, water can swing from ordered to disordered structures
on large or flat hydrophobic surfaces in these concentrated
alcohol solutions. On smaller hydrophobic domains, such a
transformation does not exist.*”

Dangling OH at Hydrophobic Interfaces. The enhancement of
water structure and temperature-dependent water structural
transformation imply that a micro phase separation must exist
in the alcohol—water solutions. There must be microscopic
molecular hydrophobic interfaces arising from the hydration
shells. With the solute concentration increasing, the surface
topography of molecular hydrophobic interfaces would change.
From theoretical studies, Cheng et al.”’ reported that the
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Figure 6. (A) Infrared spectra of the water OH stretching mode region of aqueous n-propanol (n-C3H,OH/H,0) solution with different propanol

concentrations. The small peak at 3683 cm™

can be attributed to dangling OH from water. (B) The dangling OH peak decreases as the

temperature increases, and the other small peak gradually increases at 3635 cm™, which can be assigned to dangling OH from propanol. (C) The
dangling OH from water decreases with the temperature decrease. (D) The dangling OH from propanol also can be seen at high temperature in the

pure propanol.

strong influence of surface topography on the structure and
free energy of hydrophobic hydration is likely to hold in
general and will be particularly important in various biological,
geological, and environmental processes. The dangling OH
arising at hydrophobic interfaces is used to further investigate
the topography-dependent water structural transformation.
Figure 6A shows infrared spectra of the free OH stretching
mode region of aqueous n-propanol (n-C;H,OH/H,0)
solutions with different propanol concentrations. A small OH
stretch peak around 3683 cm™' arises with the increase of
solute concentration and disappears in the pure n-propanol
solution. This small peak is the dangling OH from water. The
dangling alcohol OH is at about 3635 cm™" (Figures S12 and
6D). The dangling water OH stretch peak is also observed in
the concentrated ethanol solutions and n-butanol solutions
(Figure 3B) but is not observed in the concentrated methanol
solutions (Figures S10 and S11). Figure 3B shows the intensity
of the dangling OH band generally increases with increasing
alkyl size in solutions of the same concentration (1/0.2).
The dangling OH peak has a frequency of 3683 cm™" and a
width of ~16 cm™'. The results are different from that
observed by Ben-Amotz and co-workers, in which the dangling
OH peak has a frequency of 3661 cm™" and a width of 33 cm™
in a dilute solution,"™** but similar to the dangling OH stretch
peaks previously observed at macroscopic water—monolayer
interfaces, in which the dangling OH peaks are centered at
~3680 cm™! with a bandwidth of 17 cm™'*° In the
concentrated alcohol solutions, the hydrophobic groups
aggregate to form large clusters and produce large hydrophobic
surfaces. Longer-chain alcohols are likely to produce larger
hydrophobic domains than short-chain alcohols. This is why
the dangling OH peak is more pronounced in a solution with
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large alcohols (Figure 3B). However, in the dilute alcohol
solutions, the dangling OH bonds are associated with single
hydrophobic groups rather than aggregates. This means that
the hydrophobic surface is convex, like a ball. Thus, the
dangling OH in dilute solutions has a different feature (peak at
3661 cm™" and a width of 33 cm™!, as observed by Ben-Amotz
and co-workers).**** The results also suggest that the size and
curvature of the exposed hydrophobic surface can influence the
water’s propensity to form dangling OH.

With the increase of temperature, the water dangling OH
peaks become broader, as shown in Figure 6B (the feature is
clearer in Figure S13). The water dangling OH has a width of
about 30 cm™" at 100 °C. This is because the water molecules
on interfaces change from an ordered structure to disordered
structures with the temperature increase, as revealed by the
bending spectra in Figure 4. The inhomogeneous distribution
of disordered structures widens the peak of water dangling
OH.

With temperature decreasing from room temperature to 150
K, the intensity of water dangling OH decreases (Figure 6C).
This is different from that observed in the ice—monolayer or
ice—solid interfaces, in which the peaks of dangling OH
become sharper as the temperature decreases.”’ With temper-
ature decreasing, some water molecules begin to freeze and
form ice. Alcohol molecules are squeezed to form bigger
clusters, resulting in a smaller total area of hydrophobic
interface (water—monolayer-like interface). This leads to the
decrease of the total amount of dangling OH. It is interesting
that there is hardly a shift of dangling OH peak position,
compared with the pronounced blue shifts of water bend
spectra (Figure S14) as temperature decreases. The difference
is because the two observations deliver different information.
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The bending spectra reflect the overall water structural change,
but the dangling OH represents only the change on interface.
Water structure becomes ordered (more tetrahedral and
stronger hydrogen bonds) at low temperature, and accordingly
we observe blue shifts in the bending spectra. However, water
in the hydrophobic shell is already very ordered at room
temperature because of the hydrophobic effect. Thus, lowering
the temperature cannot order the water on the interface as
much, so that the dangling OH at hydrophobic interfaces has a
very limited frequency shift.

In summary, the water structural transformation in
concentrated alcohol—water solutions is studied in this work,
and the water structure on the hydrophobic surface is observed
to be enhanced at room temperature in alcohol—water liquids.
Theoretical studies*” suggested that water structure toward the
hydrophobic surface depends strongly on the surface top-
ography: clathrate-like structures dominate the convex hydro-
phobic surface, whereas the hydration shell near the flat surface
fluctuates between clathrate-like and less-ordered or inverted
structures. In the methanol solutions, the hydrophobic
interface is convex because it is difficult for methanol to
form large clusters, whereas the hydrophobic interface is nearly
flat in solutions of large alcohols (like n-propanol or n-butanol)
because of severe clustering. Thus, the transformation from a
more ordered to a less ordered water structure was observed
only in the large alcohol solutions. The probability of forming a
dangling OH increases as the hydrophobic chain length
increases and concentration increases, also confirming the
curvature of the interface plays important roles in the water
structural transformation. Our experimental results show that
the length of the alkyl chain is important in determining the
properties of the hydrophobic surface. Clustering is also
critical, because in the concentrated n-propanol solutions water
can swing from clathrate-like to inverted structure (Figure 4),
but only the clathrate-like structure was observed on the
surface of a single n-propanol chain in the dilute solution.'®
Though our spectroscopic observations suggest the enhance-
ment of water structure in the hydrophobic shell at room
temperature, the enhanced hydrogen-bond structure cannot be
truly ice-like. The dangling OH feature in the solutions is very
different from that in the ice—air or ice—monolayer interface,”’
and the OH bend spectra are much broader in ice than what
we observed in the solutions.
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