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Inelastic neutron scattering has been employed to probe the vibrational density of states of water confined by
an oxide surface, namely, nanoparticles of the anatase polymorph of TiO2. The heat capacity of confined
water has been measured by adiabatic calorimetry and compared with values derived from the vibrational
density of states. Both inelastic neutron scattering and calorimetry demonstrate restricted mobility and lower
heat capacity and entropy of confined water as compared to the bulk.

Introduction

The confinement effects of porous media, nanotubes, and
solid surfaces on the dynamics and properties of liquids have
attracted much attention due to the large range of new
phenomena observed in confined geometry. Examples include
polymorphic transformations, slowing down or speeding up of
dynamics,1-3 and shifts in glass transition and crystallization
temperature4 induced by confinement. Studies of water confine-
ment are important to fundamental and applied science because
of the widespread occurrence and variety of confinement
phenomena in nature, such as water mobility in cells and
membranes, water and oil transport in rocks, and applications
such as controlled drug release.

Water can be present in molecular and/or dissociated forms
on oxide surfaces, including those of nanoparticles, and therefore
may have a significant effect on the stability and growth of
nanoparticles. We have recently confirmed that water, confined
by a TiO2 surface, cannot be removed completely from
nanoparticles without grain growth, implying, perhaps, that it
plays a major role in stabilizing the nanoparticles.5-7 In this
study, we examine how surface confinement influences water
vibrations and heat capacity, as measured by inelastic neutron
scattering (INS) and adiabatic calorimetry.

On the basis of rather scattered studies of metals,8-15

alloys,16,17 and a few binary oxides,18,19 it was concluded that
the heat capacity of nanoparticles is higher than that of the bulk.
This supports intuition that atoms near the surface are bound
less tightly. We have measured the specific heats of TiO2 anatase
and rutile nanoparticles.7 By successively reducing the water
content without changing the particle size, and measuring the
water content and heat capacity, we could separate effects of

water from those of particle size. In contrast to the prevailing
belief that nanoparticles have higher heat capacities, we observed
that heat capacities of anatase and rutile nanoparticles in the
low temperature range of 15-350 K are not significantly
different from those of the bulk, when proper corrections for
water are made.7 In view of this detailed study of heat capacity,
water confined by the TiO2 surface is an excellent system to
study dynamics and energetics by other complementary meth-
ods.

Our recent study6 has shown that, reflecting a strong
interaction of water with the TiO2 surface, its heat capacity and
entropy appear to be somewhat smaller than that of bulk ice as
evidenced by water adsorption measurements. This might be
surprising if one expects higher heat capacities and entropies
of water due to disordering and/or mobility at the interface.

Because of the large incoherent neutron scattering cross-
section of hydrogen as compared to other elements, the INS
techniques can give substantial insight into the structure,
vibrational density of states (VDOS), and overall dynamics of
water on the surface. Using appropriate models, the heat capacity
of confined water can be calculated from the VDOS. There are
a few neutron scattering studies of water in confined geometry
in nanotubes,3 porous media,20-24 and oxides.1,2,21,25,26To the
best of our knowledge, there are only two papers25,27 that
identified the VDOS of water adsorbed on oxide nanoparticles,
namely, rare-earth modified zirconium oxide. These studies
showed that the VDOS is sensitive to hydrogen bonding and
motion of water molecules.

For this study, we have chosen anatase nanoparticles as a
model system for several reasons. The TiO2 nanoparticles (7
nm in size), recently synthesized and characterized by us,5,6 have
a spherical shape and crystallize in the anatase phase. It has
been shown experimentally that anatase is the stable polymorph
of TiO2 at the nanoscale level.5,6 Thus, these particles are well-
characterized and unlikely to decompose or degrade during
further experimentation at and below room temperature.

The goal of this study is three-fold. First, we measured the
heat capacities of confined and bulk water on the nanoparticle
surfaces utilizing low temperature adiabatic calorimetry. Second,
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we calculated the VDOS based on INS data and computed the
heat capacity for water confined on the surface of TiO2 (anatase)
nanoparticles. Third, we compared the calculated heat capacities
of confined and bulk hexagonal ice (ice Ih) with the measured
specific heats obtained by low temperature adiabatic calorimetry.
The heat capacities of TiO2 nanoparticles have been reported
by us before.7 This is the first report of INS measurements and
comparison and interpretation of both data sets to gain insight
into the dynamics of water confinement on the anatase surface.

Experimental Procedures

Sample Preparation and Characterization. A sol-gel
method as reported previously5 was used to obtain high quality
spherical anatase nanoparticles. Briefly, TiCl4 was added slowly
to ice cooled ethanol with stirring. The sol thus formed was
allowed to remain in air for several hours and then was heated
at 358 K until it became white powder. Powder with extremely
low impurities was achieved by a large number of washings of
the reaction product in a centrifuge at room temperature. The
resulting white powder was dried in an oven at 353 K in air
and used for further analysis. The only impurities found were
carbon and chlorine, but both were only at the part per million
level.

The specific surface area of the material was measured to be
198 m2/g according to the Brunauer-Emmett-Teller (BET)
equation28,29 from N2 adsorption at 77 K in a relative pressure
range p/p° ) 0.05-0.3 (p° ) saturation pressure) using a
Micromeritics ASAP 2020 surface area and porosity analyzer.
Before the BET measurement, the sample was degassed at 373
K for at least 10 h after a stable static vacuum of 3× 10-3

Torr was reached.
The water content of sample was determined by thermo-

gravimetric analyses (TGA) on a 30 mg pellet using a Netzsch
STA 449 system and checked by weighing the pellet before
and after heating at 1273 K for 2 h. The phase purity and particle
size of anatase nanoparticles were checked by X-ray diffraction
(XRD) and transmission electron microscopy (TEM) as reported
elsewhere.5 The particle sizes determined by XRD and TEM
agree with the BET results within 1 nm.

Neutron Scattering Experiments. INS experiments were
conducted on a 6.3 g sample of 7 nm anatase nanoparticles using
the high resolution medium energy chopper spectrometer
(HRMECS) at IPNS. HRMECS is a direct geometry time-of-
flight machine. The incoming neutrons have a fixed energyEi,
selected by a rotating chopper, and the energies of scattered
neutrons are derived from time-of-flight for neutrons arriving
at the detector. Under optimum conditions (largeEi and small
scattering angles), the neutron momentum transfers at high
energy transfers are relatively small, which makes it possible
to measure good quality INS spectra up to the highest excitation
energy of interest. The incident energies, 50, 150, and 600 meV,
were used to measure vibrational spectra at 4 K over the 0-550
meV range with a resolution between 2 and 3% of the incident
neutron beam energy. The momentum transfer range covered
in these measurements was 0.75-8.4 Å-1 depending on the
incident energy, energy transfer, and scattering angle.

To calculate the VDOS for water, INS spectrag(E) were
corrected for multiphonon and sample holder scattering. The
overall effect of multiphonon scattering, calculated in this study
in a harmonic isotropic approximation using an iterative
technique,30 is small because HRMECS provides relatively low
momentum transferQ. Indeed, two-phonon neutron scattering
is proportional toQ4, so the multiphonon contribution in our
case is an order of magnitude smaller than that in bulk ice

experiments of Klug et al.,31 in which the multiphonon correc-
tion is a central issue. Neutron absorption and self-shielding
effects are negligible. We believe that, for water confined on
the anatase surface, the main contribution to uncertainties in
g(E) comes from overlapping translational and librational bands
in the confined water spectrum as discussed next.

Heat Capacity Measurements.The heat capacity measure-
ments from 15 to 350 K with an absolute accuracy of better
than(0.2% from 30 to 350 K and better than(1% below 30
K were performed using a custom-built adiabatic calorimeter
described in detail previously.32 To obtain water heat capacities,
the specific heat of a dry anatase sample with relatively large
crystal grains (bulk sample) was also measured and subtracted
from the data for anatase nanoparticles containing known
amounts of water. The sample used for heat capacity measure-
ments had a coverage of 1.7× 10-5 mol of H2O/m2, similar to
the amount of water on the sample surface in the INS
experiments (1.5× 10-5 mol of H2O/m2).

Results

Heat Capacity. As nanoparticles become smaller, their
specific heat (per gram of sample) increases. Boerio-Goates et
al.7 examined a correlation between the apparent excess heat
capacities of TiO2 nanoparticles and water content and found
that the specific heat of bare, water-free nanoparticles does not
differ from that of bulk. The apparent effect of water on the
specific heat arises from the smaller molecular weight of H2O
than of TiO2, which leads to a larger number of atoms (and
therefore oscillators) per gram of sample. This characterization
of specific heat and water content provides a rationale to probe
water heat capacity on the TiO2 surface. Figure 1a shows the
specific heat of water on 7 nm anatase nanoparticles, obtained
by subtracting the bulk anatase heat capacity from that of
nanoparticles containing water (sample AIII in ref 7). For
comparison the specific heat of ice-Ih from nearly 0 to 300 K
(extrapolated above 273 K) is also plotted in Figure 1a. Below

Figure 1. Heat capacityCp for bulk ice-Ih and water confined on 7
nm anatase obtained by low temperature adiabatic calorimetry.
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200 K, the specific heat curve for TiO2 surface-confined water
lies below that of hexagonal ice, but it rises above the ice curve
at higher temperature. This yields a lower vibrational entropy
S (37.07 J K-1 mol-1 at 298.15 K) for the confined water than
that of ice-Ih (41.54 J K-1 mol-1 at 298.15 K) as shown in
Figure 1b. This is because low temperature heat capacities (T
f 0) contribute heavily to the entropy asS ) ∫0

T Cp(T)/TdT.33

Inelastic Neuron Scattering Experiments.The INS spec-
trum of ice consists of low frequency intermolecular bands
(translational and librational vibrations of water at 0-40 and
55-120 meV, respectively) and high frequency intramolecular
vibrations (H-O-H bending modes at∼200 meV and O-H
stretching modes at∼410 meV).

The amount of water on the surface is relatively low (1.5×
10-5 mol of H2O/m2 per m2 equivalent to 9 water molecules
per nm2), which results in a relatively low intensity and high
noise level for the spectrum obtained at 600 meV (Figure 2a).
Therefore, smoothed data are also shown in Figure 2 and
compared to the spectrum of ice-Ih. It is clear that the typical
features of the hexagonal ice-Ih spectrum are observed for the
surface confined water.

The broad peak in the OH stretching region is centered at
400 meV, which is consistent with ice vibrations (Figure 2a).
There is a narrow band centered at 449 meV (with fwhm) 18
meV) superimposed on the broad peak at 400 meV (fwhm)
75 meV), which extends to lower frequencies (down to 350
meV). The feature at∼450 meV is apparently related to OH
stretching of either isolated hydroxyl group or water molecules
without hydrogen bonds since higher frequencies (energies)
indicate shorter and stronger covalent O-H bonds. From the
fit to the OH stretching vibration band using two Gaussians,
one can obtain the intensity ratio for peaks at 400 and 449 meV
approximately as 1:6. Thus, we can estimate the ratio of the
number of water molecules (H2O) to the number of hydroxyls
on the anatase surface as 3:1.

The low energy shoulder at 350-400 meV shows surprising
softening of the OH stretching mode. This softening implies
the existence of some longer (weaker) O-H covalent bonds
and shorter O‚‚‚O distances (stronger O‚‚‚HsO hydrogen
bonds) presumably between adjacent surface OH groups.
Another possible scenario is that some physically adsorbed water
molecules form two hydrogen bonds with surface oxygens
O‚‚‚HsOsH‚‚‚O, resulting in weaker intramolecular water
O-H bonds. The bending mode at∼200 meV, associated with
molecular water, appears to be unchanged if compared to the
ice-Ih spectrum (Figure 2a).

The part of the spectrum assigned to librational modes is
characterized by a low energy cutoff. The peak observed at 70
meV for ice-Ih is not seen, possibly due to redistribution and
broadening of the peak (Figure 2b). The INS spectrum of ice
in the librational range is sensitive to changes in the tetrahedral
arrangement of water molecules and typically interpreted in
terms of distortions of tetrahedra. Theg(E) spectrum of ice-Ih
has no vibrational modes between 40 and 65 meV, while the
surface water spectrum has a rather intense band between 35
and 65 meV, which might be related to the interaction of water
with TiO2, greatly enhanced by intense TiO2 optical modes at
around these energies. Because of strong interaction between
anatase surface and water molecules or hydroxyl groups close
to the TiO2 surface, the corresponding hydrogen atoms can
participate in vibrations of the TiO2 matrix, so-called riding
modes, and therefore, the eigenvectors of H2O or OH groups
interacting with TiO2 can be significant in the VDOS spectra.

The translational modes in the energy range between 15 and
40 meV follow the ice-Ih spectrum profile (Figure 2c). The
absence of an ice-Ih acoustic peak at 7 meV in the spectrum is
striking. This convincingly shows that translational motion of
water molecules is greatly suppressed, meaning that water is
strongly bound to specific sites on the TiO2 surface.

Vibrational Density of States and Heat Capacity Calcula-
tions. According to a study by Klug et al.,31 the heat capacity
of ice-Ih is mostly vibrational and can be accurately estimated
below 100 K from the INS spectra using the harmonic oscillator
model

where Cv is the isochoric molar heat capacity,R is the gas
constant,p is Planck’s constant,ω is the phonon frequency,
andk is Boltzmann’s constant.

The anharmonic part of the specific heat associated with the
thermal expansionCp - Cv ) TVR2/κT (V is the molecular
volume, R is the volume thermal expansion, andκT is the
isothermal compressibility) is estimated to be negligible (0.025

Figure 2. INS spectra of anatase 7 nm nanoparticles as compared to
ice-Ih, obtained atEi ) 600 meV (a),Ei ) 140 meV (b), andEi ) 50
meV (c). The solid thick lines are smoothed spectra. The dashed line
shows multiphonon scattering. The bulk ice-Ih spectrum is from ref 3.

Cv ) R∫0

∞ g(ω)(pω/kT)2 exp(pω/kT)

[exp(pω/kT) - 1]2
dω
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J mol-1 K-1) at 100 K34, and the isobaric heatCp capacity is
virtually indistinguishable from the isochoric specific heatCv.
Above 100 K, the vibrational heat capacity of ice becomes
noticeably anharmonic,31 and deviations of calculated heat
capacity from the experimental values are expected.

To calculate the heat capacity from VDOS, INS spectrag(E)
were normalized to 6 (three degrees of freedom for each group
of translational and librational modes) and approximated at low
energies by the Debye law,g(E) ) ∼E2 (Figure 3). For ice-Ih,
the task of deconvoluting translational and librational bands is
straightforward, while for water on the anatase surface it
becomes nontrivial, contributing to higher calculation uncertain-
ties. An energy of 45 meV was used in this study as a borderline
between translational and librational bands.35

Heat capacities for bulk and confined water, calculated from
VDOS, are compared in Figure 4 with the experimental heat
capacities from low temperature adiabatic calorimetric data
(Figure 1a). The calculated heat capacities for ice-Ih are in good
agreement with experimental values. The difference between
experimental data and calculations for ice-Ih increases from 2.6
to 12% with decreasing temperature (from 100 to 10 K), giving
rise to a mean deviation of 6.5%.

Discussion

The relationships between calculated heat capacities of nano-
and bulk water bear remarkable resemblance to trends observed
for calorimetric heat capacities (Figures 1a and 4a). Indeed, the
heat capacity of water on the anatase surface, calculated from
the VDOS, is lower than that of the bulk water in the low
temperature range, resulting in lower entropy at room temper-
ature for confined water as compared to that of the bulk.

The experimental and calculated values for the confined water
are in satisfactory agreement with each other (Figure 4b), if
the uncertainty associated with assuming zero excess heat
capacity of anhydrous TiO2 nanoparticles is taken into account.
The error bars in Figure 4b for the calculated heat capacity of
confined water include uncertainty arising from the assumption
of zero excess heat capacity for anatase nanoparticles relative
to bulk anatase (of the same order of magnitude as the
uncertainty of the measured heat capacity) and uncertainty in
the number of moles of water.7

The shifts of translational (acoustic) modes of surface water
suggest restricted motion of water molecules near the TiO2

surface. Strong interactions of this inner layer water via
hydrogen bonds with the TiO2 surface, which lead to acoustic
vibrations at higher energies, cause acoustic modes of surface
water to appear at higher frequencies than those of ice-Ih.

As indicated previously, the librational modes observed from
50 to 130 meV are sensitive to the short-range hydrogen bonding
interactions that restrict the rotation of the water molecules. The
translational modes of ice are not observed above 45 meV,36

and therefore, a broad feature, seen between 50 and 70 in a gap
of the ice spectrum, can be attributed to librations of surface-
confined water. The center of gravity calculated for all librational
modes of surface water (50-120 meV) shifts to lower energies,
whereas the center of modes is not changed if calculated between
70 and 120 meV (the librational range of ice-Ih). This implies
that the overall shift of librational modes to lower energies
mostly results from the presence of the vibrations that are not
observed in ice-Ih. A shift of librational bands to lower energies
reflects softening of intermolecular hydrogen bonding.36 This
softening may be associated with distortions37 in water tetrahedra
and might be analogous to transformations observed in amor-
phous ice under pressure.34,38 As the pressure increases,Cp

decreases at low temperatures, accompanied by an increase in
the frequency of the translational modes and a consequent
decrease in the intensity of VDOS at low energies.

Above 200 K, the experimental confined water specific heat
rises above that of bulk ice-Ih. The calculations based on INS
data show a similar crossover, attributed to the presence of
vibrations between 40 and 60 meV, which are absent in ice-Ih.
Our INS data were collected only at 4 K; thus, we have no
direct evidence for possible changes in VDOS at higher
temperatures. Faraone et al.24 and Mamontov et al.1,2,26suggested
a dynamic (fragile-to-strong liquid) transition in confined water
above its glass transition (180-200 K) in a number of systems
(CeO2, rutile TiO2, SnO2 , MCM-41) at 210-220 K. We note
that our observed crossover in heat capacity of water on the
anatase surface and ice occurs in a similar temperature range.
However, this crossover can be adequately modeled based on
our 4 K VDOS (see Figure 4a) for the lightly hydrated anatase
sample we measured by INS. Water on more highly hydrated
anatase samples (hydration level comparable to that of the rutile
TiO2 sample in Mamontov et al.’s paper26) showed a similar
crossover in the experimental heat capacity relative to ice7 but
with a much larger excess molar heat capacity than that
calculated from the 4 K VDOS for the lightly hydrated sample.

Figure 3. Vibrational density of states for water confined on the anatase
surface and ice-Ih.

Figure 4. (a)Cv for bulk ice and TiO2 surface confined water calculated
from VDOS and (b) experimentalCp data for bulk ice and anatase
confined water, as compared to calculated values from VDOS.
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Thus, it is not clear at this point whether an analogous dynamic
transition plays a role in the energetics of water on anatase.

The softening of intramolecular stretching modes centered
around 400 meV, seen as a shoulder in the spectrum of surface-
confined water, is associated with a shorter hydrogen bond
length OsH‚‚‚O and stronger intermolecular hydrogen bonding,
probably between surface hydroxyls and water molecules near
the surface.

Conclusion

INS experiments, even on a limited amount of a TiO2 sample,
clearly reveal the vibrational density of states of water. Modes
of water molecules and surface hydroxyls have been observed,
confirming our previous studies5,6 that indicated a mixed
character of water adsorption (dissociative and molecular) on
nanophase TiO2. We observed shifts or redistribution of low
energy modes (translational vibrations) to higher energy and
softening of librational modes, indicating very restricted dynam-
ics of surface water and a distorted network of tetrahedra. This
combined INS and calorimetry study supports our previously
proposed finding6 that the heat capacity and entropy of water
molecules in a confined geometry can be lower than those in
bulk due to stronger interactions at the interface.
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lational and librational bands to heat capacities of ice-Ih and
confined water are calculated using VDOS. As one can see,
theCp for ice-Ih, due to only translational modes, is larger than
that for anatase water at all temperatures, while the contributions
from the librational modes are smaller. A gradual increase of
the librational contribution toCp for anatase water (larger than
for ice-Ih) with temperature results in totalCp being larger for
anatase water than for ice-Ih above∼180 K. This material is
available free of charge via the Internet at http://pubs.acs.org.
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