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We report the experimental observation of water dangling OH
bonds in the hydration shells around dissolved nonpolar (hydro-
carbon) groups. The results are obtained by combining vibrational
(Raman) spectroscopy and multivariate curve resolution (MCR), to
reveal a high-frequency OH stretch peak arising from the hydration
shell around nonpolar (hydrocarbon) solute groups. The frequency
and width of the observed peak is similar to that of dangling OH
bonds previously detected at macroscopic air-water and oil-water
interfaces. The area of the observed peak is used to quantify the
number of water dangling bonds around hydrocarbon chains of
different length. Molecular dynamics simulation of the vibrational
spectra of water molecules in the hydration shell around neopen-
tane and benzene reveals high-frequency OH features that closely
resemble the experimentally observed dangling OH vibrational
bands around neopentyl alcohol and benzyl alcohol. The red-shift
of ~50 cm~1 induced by aromatic solutes is similar to that previ-
ously observed upon formation of a #-H bond (in low-temperature
benzene-water clusters).

hydrophobic | interface | vibration | Raman

hanges in the structure and dynamics of water induced by

nonpolar groups have long been considered to play a key role
in protein folding, ligand binding, and the formation of biological
cell membranes (1). Early thermodynamic evidence suggested
that water may form an “iceberg” or clathrate-like structure
around nonpolar molecules (2). Although no such rigid struc-
tures are currently thought to form (3), recent experimental (4,
5) and theoretical (6) results indicate that the rotational mobility
of water molecules is reduced around nonpolar solutes (relative
to bulk water). Moreover, fundamental theoretical arguments
(and simulation measurements) imply that the size of a hydro-
phobic group may play a critical role in dictating water structure
(7). This has led to the provocative suggestion that the structure
of water around hydrophobic groups of nanometer (or greater)
size may bear some resemblance to that at a macroscopic
air—water interface (8). Although cohesive interactions between
water and nonpolar groups tend to suppress the formation of an
interfacial vapor layer (8-11), recent experimental (and molec-
ular dynamics) studies indicate that the nonpolar binding cavity
in bovine B-lactoglobulin is completely dehydrated in liquid
water (12). Moreover, both experimental and simulation evi-
dence suggests that water at nonpolar interfaces experiences
significantly larger fluctuations than either bulk water or water
at hydrophilic interfaces (13, 14). Here, we present experimental
evidence that reveals a similarity between the structure of water
around dissolved hydrocarbon groups and that at macroscopic
oil-water interfaces (15-18), in the sense that both interfaces
induce the formation of dangling OH bonds.

We have detected water dangling OH bonds by combining
vibrational Raman spectroscopy with multivariate curve resolution
(MCR). This procedure is used to decompose solution spectra into
bulk water and solute-correlated spectral components—the latter
of which includes hydration-shell vibrational features. Although,
MCR is a well-established method for quantifying mixture com-
positions (by using spectroscopic and/or chromatographic data)
(19), we have recently used this method to measure solvation-shell
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spectra (20), and here, we employ it to uncover dangling OH
vibrational bands arising from the hydration shells around dissolved
nonpolar groups.

The remainder of this article begins by describing the results
of the experiments we performed to confirm our assignment of
the observed peak to water dangling OH bonds. Changes in the
intensity of the dangling OH peak are then used to estimate the
number of water dangling OH bonds around hydrocarbon chains
of different size. The width of the observed dangling OH peak
is used to establish a lower bound on the lifetime of the
associated hydration-shell structure. Observed differences be-
tween the average force along the dangling OH bond induced by
saturated (alkane) and unsaturated (aromatic) hydrocarbon
groups are shown to be consistent with molecular dynamics
simulation predictions and previous experimental studies of m-H
bonding in benzene-water clusters. Experimental and simula-
tion details are provided in Materials and Methods.

Results

Fig. 1 shows representative examples of raw Raman spectra ob-
tained from a series of aqueous neopentanol (CH3);CCH,OH,
solutions ranging in concentration from 0 to 0.37 M. The broad
OH band peaked at ~3,400 cm™! in all these spectra appears
essentially identical to that of bulk water (Fig. 1, blue), except for
the emergence of the solute’s intramolecular CH stretch bands
(at ~2,900 cm™!) with increasing solute concentration. The
solute-correlated spectrum (Fig. 1, red), which is obtained from
these input spectra by using MCR (as described in Materials and
Methods), clearly reveals several small OH stretch features in the
3,100-cm™~! to 3,700-cm~! frequency range. Our assignment of
the narrower high-frequency peak to a water dangling OH bond
arising from the hydration shell around hydrocarbon groups is
supported by the following observations.

The narrow high-frequency OH peak of interest (see Fig. 1)
has a frequency of ~3,661 = 2 cm ™! and a width of ~33 cm™!
and thus closely resembles dangling OH stretch peaks previously
observed at macroscopic air—water and oil-water interfaces (15,
18). More specifically, the dangling OH peaks at a macroscopic
air-water and oil-water interfaces are centered at 3,705 = 5
cm~!and 3,674 = 3 cm™!, respectively, and have full widths of
~40 cm~! (18). Thus, dispersive (van der Waals) interactions
between a water dangling OH bond and an overlying oil layer
lead to a slight red-shift (relative to an air-water interface) that
is comparable in magnitude to the red-shift of the OH band that
we have observed in aqueous neopentanol solutions.

When water is replaced by D0, the frequency of the narrow
solute-correlated band is decreased by the expected factor of
approximately /2, whereas replacing all of the solute CH groups
by CD (and by using H,O as the solvent) leaves the frequency of
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Fig. 1. The broad OH stretch band of pure water (blue), obtained by using
normal (nonenhanced) Raman scattering, is shown along with the corre-
sponding spectra of aqueous neopentanol solutions of various concentrations
[C]. The input spectra are normalized to unit area and analyzed by using MCR
to produce the (red) solute-correlated Raman spectrum, which reveals a
narrow dangling OH peak at 3,661 = 2 cm~".

the solute-correlated band unchanged. These results confirm
that the observed solute-correlated band results from an OH
stretch vibration (rather than a CH-related combination band).

Our assignment of this OH band to water, rather than the
alcohol OH head group, is supported by our observation of
similar solute-correlated OH bands in aqueous solutions of
linear and cyclic ethers, diethyl ether CH;CH,OCH,CHj3 and
tetrahydrofuran c-(CH,)4O (which reveal narrow OH peaks at
~3,663 cm~! and ~3,664 cm ™!, respectively). Moreover, exper-
iments performed by using a series of linear, branched and cyclic
alcohols indicate that the intensity of the dangling OH band
generally increases with alkane size (as shown in Fig. 2 and
described below). This correlation further supports our conclu-
sion that the dangling OH feature we have observed derives from
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Fig.2. Theintensities of the water dangling OH bands obtained fromvarious
aqueous alcohol (hydroxylated alkane) solutions. The Inset shows the relative
intensities of the experimental (Raman-MCR) dangling OH band obtained
from N-alcohol solutions. The points represent the corresponding dangling
OH concentrations expressed as the probability (dangling OH %) of observing
an OH bond in the hydration shell around the corresponding alkane groups
(see Materials and Methods for further details).
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hydration-shell water molecules, rather than from the alcohol
OH head group.

The areas of the dangling OH peaks are found to scale
approximately linearly with solute concentration, confirming
that the dangling OH bonds are associated with isolated alkane
chains rather than aggregates consisting of 2 or more solutes.
Our observation of dangling OH bonds around solutes as small
as methanol (see dangling OH spectra in Fig. 2 Inset) clearly
implies that liquid water does not form perfect clathrate—hydrate
structures around small nonpolar groups. The integrated area of
the dangling OH peak obtained from aqueous n-butanol is very
similar to that observed around diethyl ether and tetrahydrofu-
ran (of the same concentration). This implies that dangling OH
bond formation is relatively insensitive to the secondary (con-
formational) structure of short alkane chains, because the latter
3 solutes all have 4 methyl (or methylene) groups. On the other
hands, the number of dangling OH bonds around neopentanol
is approximately half that around N-pentanol (as shown in Fig.
2), which implies that branching of longer-chain alkanes tends to
decrease the dangling OH formation probability. This conclu-
sion is further supported by our observation that cyclohexanol
induces approximately the same number of water dangling OH
bonds as n-pentanol.* Moreover, our results pertaining to a
series of n-alcohols (solid points in Fig. 2) suggest that there is
a sharp increase in the dangling OH formation probability (OH
%) between n-butanol and n-pentanol (whose potential signif-
icance is further discussed below).

Previous studies have suggested that the OH stretch frequency
shifts of water molecules in pure liquid water and aqueous
solutions are primarily dictated by the electric field (Stark shift)
experienced by each OH group (21-23). We have used the
previously determined correlation between electric field
strength and OH vibrational frequency (22) to simulate the OH
stretch spectral features arising from the hydration shell around
alkane and aromatic solutes (see Materials and Methods for
further details). The results shown in Fig. 3 A-C compare the
dangling OH bands obtained from aqueous neopentane (red)
and benzene (green) simulations with the corresponding exper-
imental (Fig. 3D) Raman-MCR results for aqueous neopentanol
(red) and benzyl alcohol (green). Note in particular the remark-
ably close agreement between the frequencies of the simulated
and experimental dangling OH bands in Fig. 3 C and D,
respectively. However, the number of water dangling OH bonds
(per solute) that are obtained from the simulation results are
somewhat larger than the corresponding experimentally derived
values. More specifically, the simulations imply that there are ~2
dangling (7-H bonded) OH bonds around benzene and ~1
dangling OH bond around neopentane (which would correspond
to dangling OH probabilities of OH % =~200% and 100%,
respectively). The experimental dangling OH band intensities,
on the other hand, suggest somewhat lower dangling OH prob-
abilities of OH% ~74% (%£19%) around benzyl alcohol and
~12% (*£4%) around neopentanol (obtained as further de-
scribed in Materials and Methods).

The 30- to 40-cm~! width of the dangling OH peaks that we
have observed (as well as those at air—water and oil-water
interfaces) implies that the corresponding water structure has a
lifetime of at least 0.2 ps. More specifically, the dangling OH
lifetime must be >1/(2mcy), where vy is the full width at half-
maximum of the dynamic (Lorenzian) contribution to the dan-
gling OH band width (where c is the speed of light). In other
words, if the dangling OH bond was significantly shorter-lived

*Although the solubility of n-hexanol is too low (=0.06 M) to allow accurate dangling OH
intensity measurements using the present Raman-MCR method, if we assume the number
of dangling OH bonds around n-hexanol is larger than that around n-pentanol, then our
aqueous cyclohexanol results imply that cyclization suppress dangling OH bond formation.
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Fig.3. Comparison of simulated and experimental dangling OH vibrational
bands. (A and B) Computer simulations of the electric field strengths experi-
enced by water OH groups in aqueous neopentane (CH3)4C (4), and benzene
CgHg (B), solutions are used to predict the corresponding OH vibrational band
shapes (solid black curves). The dashed curves in A and B show the correspond-
ing bulk water (blue) and solute-correlated (red or green) MCR components
obtained at a solute concentration of 0.77 M. (Cand D) The resulting dangling
OH features (C) around neopentane (red) and benzene (green) are compared
with the corresponding experimental (D) dangling OH bands in neopentanol
(red) and benzyl alcohol CgHsCH,OH (green), as further described in Results
and Materials and Methods.

than 0.2 ps, then the associated vibrational peak would neces-
sarily be broader than the observed peak. This lower bound is
physically reasonable because it is significantly shorter than the
>2.5-ps rotational reorientation time of a water molecule in the
hydration shell around nonpolar groups, as observed by using
both infrared pump probe (4, 24) and NMR (5) experiments.
Moreover, 0.2 ps is much shorter than the ~200-ps vibrational
relaxation time of dangling OH bonds at nano—bubble interfaces
in liquid water, as measured by using incoherent anti-Stokes
Raman pump-probe spectroscopy (25). More generally, both
experimental and theoretical studies confirm that interfacial
water molecules typically both rotationally and vibrationally
relax more slowly than bulk water (6, 26, 27). Thus, the actual
lifetime of the dangling OH bonds that we have observed may
well be much longer than the 0.2-ps lower bound imposed by the
width of the dangling OH peak.

The frequency of the dangling OH bands that we have
observed in the hydration shells around alkane groups are
invariably ~40 = 5 cm~! red-shifted (lower in frequency) than
those of dangling OH bonds at the air—water interface (18). This
red-shift may be used to obtain an estimate of the force that a
dissolved hydrocarbon group exerts on a water dangling OH
bond. We have estimated this force using a theoretical expression
first derived by David Buckingham (28, 29) (as further described
in Materials and Methods). The results indicate that dispersive
(van der Waals) interactions between the water dangling OH and
the solute alkane group produces an extensional force of ~0.3
nN on the dangling OH group (relative to a dangling OH group
at an air-water interface). The additional 50-cm~! red-shift of
the dangling OH bond around benzyl alcohol (see Fig. 3) implies
that the phenyl group induces a total force of ~0.7 nN on the
associated water OH group. It is also noteworthy that the latter
50-cm™! frequency shift is similar to the 60- to 70-cm™! differ-
ence between free OH and mH-bonded OH groups in low-

12232 | www.pnas.org/cgi/doi/10.1073/pnas.0903675106

temperature benzene—-water clusters (30). Thus, our results may
represent experimental evidence of the formation of a 7-H bond
in liquid water.

Conclusions

Although the discovery of water dangling OH bonds in aqueous
solutions containing hydrocarbon groups is surprising, it is
certainly not physically unreasonable. There is ample reason to
question the traditional view that water forms perfect clathrate—
hydrate structures around small hydrocarbon groups (3). Even if
one allows for some residual resemblance between solid clath-
rate—hydrate structures and the hydration shells around small
nonpolar solutes in liquid water, it is certainly not reasonable to
expect the latter structures to be free of defects. The fact that we
have observed dangling OH bonds in aqueous solutions con-
taining hydrocarbon groups clearly confirms the presence of
such defects. Moreover, we have used the width and frequency
of the observed OH stretch peaks to place a lower bound on the
lifetime of the associated dangling OH structures as well as to
estimate the mean force experienced by the dangling OH groups
(relative to a dangling OH at a macroscopic air-water interface).

Geometric constraints imposed by the low curvature of mac-
roscopic air-water and oil-water interfaces require the forma-
tion of water dangling OH bonds. Our observation of dangling
OH bonds in the hydration shells around dissolved hydrocarbon
groups confirms that dangling OH bonds are also present at such
higher curvature interfaces. However, the probability of forming
a dangling OH bond (per unit interfacial area), is clearly much
smaller in the hydration shells around hydrocarbon solutes than
at macroscopic interfaces. More specifically, at an air-water
interface, ~1 in 4 water molecules contain a dangling OH group
(15). In contrast, our results indicate that only ~1 of 1,000 water
molecules in the hydration shell around a dissolved ethanol
molecule form a dangling OH group.” Thus, although dangling
OH bonds are found at both macroscopic and molecular hydro-
phobic interfaces, the probability of forming a dangling OH
clearly decreases significantly as the curvature of the interface
increases.

One of the most intriguing aspects of our results is the
nonlinear increase in the dangling OH probability shown in Fig.
2, and particularly the sharp increase between n-butanol and
n-pentanol. Because the excluded surface area of n-alkane
groups is nominally a linear function of solute chain length,* the
clearly nonlinear chain length dependence of the n-alcohol
results in Fig. 2 thus indicates that dangling OH formation is not
simply proportional to water-accessible surface area. Moreover,
our results indicate that branching (or cyclization) has the effect
of suppressing dangling OH bond formation. Interestingly, the
largest experimentally observed cavities formed in solid hydro-
carbon-water clathrate-hydrates approximately correspond with
the size of neopentane (31). Moreover, this size is also approx-
imately the same as that at which dewetting around idealized
hydrophobic particles begins to occur (7, 32, 33). Thus, our
observation of a sharp increase in the formation of dangling OH
bonds around n-pentanol may indicate the onset of the collective
breaking of water hydrogen bonds around large hydrocarbon
groups.

On the other hand, our simulated dangling OH spectra do not
reproduce the experimentally observed nonlinear chain length
dependence (and marked influence of branching), but rather are

TThis estimate is obtained from our observation that ~2% of the dissolved ethanol
molecules give rise to a single water dangling OH bond, combined with the fact there are
~20 water molecules in the first hydration-shell around ethanol’s CH-3CH-2- group.

*The water excluded surface area would be strictly a linear function of chain length for rigid
(all-trans) chains, but would be expected to have a slightly negative, sub-linear, curvature
for flexible chains.

Perera et al.
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consistent with an approximately linear surface area correlation
of the dangling OH bond formation. However, given the repro-
ducibility of our experimental results, we are inclined to attribute
the discrepancies between our experimental and simulated
dangling OH formation probabilities to limitations of the TIP4P
water model and/or the electric field correlation strategy used to
predict water OH spectra. It will clearly be interesting to extend
the above studies to other aqueous solutions and more accurate
vibrational frequency simulations, as well as variable tempera-
ture (and pressure) studies.

Materials and Methods

Experiments. Raman spectra of aqueous solutions ranging in concentration
from 0 to 5 wt % (or 0-1 M) are decomposed into bulk water and solute-
correlated components by using MCR (19, 20). The resulting solute-correlated
spectra contain features arising both from the solute itself and from water
molecules whose vibrational spectra are significantly perturbed by the solute,
including the well-resolved high-frequency OH features that are the focus of
the present work.

Because the OH feature of interest is ~100-1,000 times weaker than the
overlying broad OH stretch band of bulk water, as shown in Fig. 1, observing
the dangling OH band requires collecting input Raman spectra with a signal-
to-noise ratio of the order of 1,000:1 and little or no background (e.g.,
fluorescence) interference. Thus, we employ solutes (and water) of the highest
available grade of purity and distill these as needed to further reduce any
residual fluorescence background. Raman spectra were obtained by using an
Ar-ion excitation laser (of 514.5-nm wavelength with ~50-mW power at the
sample) and a home-built microRaman system (34). Each Raman spectrum was
integrated for a total of 400 s. Pairs of identically collected spectra were
compared in order to identify and remove cosmic spike artifacts (35) before
MCR analysis.

Dangling OH probabilities are obtained by first determining the Raman
area of the OH band of pure water (divided by twice the concentration of
water) and that of the CH band of the solute dissolved in water (divided by the
solute concentration). The ratio of these areas represents the ratio of the
effective Raman cross-sections of water, per OH group, to that of the solute CH
band. This Raman cross-section ratio, combined with the relative areas of the
CH and dangling OH bands in each solute-correlated spectrum is used to
estimate the number water dangling OH bonds associated with each solute
molecule. This estimate implicitly assumes that the Raman cross-section of a
water OH group is constant (and equal to that in bulk water), which is
undoubtedly not exactly correct. However, our comparisons of OH band areas
in other systems (as described below) suggest that the resulting dangling OH
probabilities are accurate to within a factor of 2 (and may readily be refined
by using future theoretical or experimental determinations of the Raman
cross-section of water dangling OH bonds).

The Raman intensity of an OH group is approximately half that of a water
molecule, as determined by comparing the Raman band areas of 1 M HOD in
D,0 with that of pure H,O divided by 111 M (which is the molarity of the OH
groups in water at ambient pressure and temperature). More specifically, the
difference between the resulting OH band areas (after dividing by the OH
concentration) suggest that the Raman cross-section of a localized OH vibra-
tion in HOD (dissolved in D,0) may be slightly smaller (by less than ~15%) than
that of a resonantly coupled OH in H,O (dissolved in H,0). Moreover, Raman
measurements of small amounts (5-10 wt %) of water dissolved in either THF
or pyridine suggest that the Raman cross-section of water surrounded by these
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organic solvents is again somewhat smaller than that of bulk water (by
between 30% and 50%). These results suggest that the Raman cross-section of
a dangling OH bond in the hydration shell around a dissolved hydrocarbon
group may be as much as a factor of 2 smaller than that of an OH bond in bulk
water. Thus, our estimated dangling OH percentage values plotted in Fig. 2 may
underestimate the true dangling OH concentrations by up to a factor of 2.

Simulations. Molecular dynamics simulations at constant temperature and
pressure were performed on systems containing a single hydrocarbon solute
molecule and 500 TIP4P water molecules (at a temperature of 300 K and a
pressure of 0.1 MPa with a step size of 1 fs and a duration of 10 ns after a total
of 65 ps equilibration). Electric field distributions were obtained by determin-
ing the electric field strength at each water H atom (directed along the OH
bond) in 10° solution configurations, sampled every 100 fs (and sorted into
electric field strength bins of 2 X 108 V/m width). These electric field distribu-
tions were converted to vibrational frequency predictions by using the same
expression used by Smith, Saykally, and Geissler (22) to predict water OH
Raman band shapes in aqueous alkali halide salt solutions. In particular, the
simulated electric field strengths (E) were converted to OH vibrational (Raman
shift) band frequencies by using w (cm~') = 3,745 — 16.0514 X 10~ %E(V/m).

Simulation results pertaining to solutions of various concentrations were
approximated by considering water molecules contained within spheres of
different radii around the solute (ranging from 6 to 10 A from the center of
each solute). The corresponding solute concentration is obtained by dividing
the number of solutes (one) by the volume of each sphere, to yield solute
concentrations ranging from 0.4 M to 1.8 M (as the sphere radius ranges from
10 A down to 6 A). The resulting simulated OH stretch spectra were analyzed
by using the same MCR procedure that is used to analyze the experimental
Raman spectra.

The black curves in Fig. 3 A and B show the OH stretch band obtained from
water electric field distributions, and the dashed curves show the correspond-
ing MCR bulk water (blue) and solute-correlated (colored) components. The
narrow high-frequency OH (solid colored) bands shown in Fig. 3 A-D are
obtained after subtracting the lower frequency contributions to the corre-
sponding solute-correlated OH spectra. The latter subtractions are performed
by using either a shifted and scaled copy of the pure water MCR component
(in the case of the electric field derived spectra) or a Gaussian fit to the
lower-frequency OH band in the solute-correlated MCR spectrum (in the case
of the experimental spectra).

Intermolecular Force Measurements. The force along a dangling OH bond was
estimated by using the following expression for the solvent mean force along
a pseudodiatomic bond (28, 29, 36, 37): F ~ [—2%/(39)](Aw/w). The ratio Aw/w
represents the frequency shift of the dangling OH relative to that at the
air-water interface, whereas f ~ 918 nN/nm and g ~ — 19,600 nN/nm? are the
harmonic and anharmonic force constants, respectively, of a localized (iso-
lated) OH stretching vibration. More specifically, the latter force constants
were obtained from MP2/6-311+ +G(d,p) quantum calculations of the change
in the ground-state energy of an isolated water molecule when one of its OH
bonds is stretched about the potential minimum, and fit to a cubic polynomial,
u(r) = %7‘(Ar)2 + %g(Ar)3 (where Ar = r — rpin).
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