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Deep inelastic neutron scattering measurements of water confined in nanoporous xerogel powders,
with average pore diameters of 24 and 82 Å, have been carried out for pore fillings ranging from
76% to nearly full coverage. DINS measurements provide direct information on the momentum
distribution n�p� of protons, probing the local structure of the molecular system. The observed
scattering is interpreted within the framework of the impulse approximation and the longitudinal
momentum distribution determined using a model independent approach. The results show that the
proton momentum distribution is highly non-Gaussian. A bimodal distribution appears in the 24 Å
pore, indicating coherent motion of the proton over distances d of approximately 0.3 Å. The proton
mean kinetic energy �EK�W of the confined water molecule is determined from the second moment
of n�p�. The �EK�W values, higher than in bulk water, are ascribed to changes of the proton dynamics
induced by the interaction between interfacial water and the confining surface. © 2007 American
Institute of Physics. �DOI: 10.1063/1.2789436�

I. INTRODUCTION

Liquid water is a topic which continues to attract intense
interest and motivate a large number of experimental and
theoretical investigations.1–8 Most recently, great attention
has been devoted to the study of water confined in nano-
porous systems of different geometries, in both solid or gel
phases, or in proximity of macromolecules and surfaces, be-
cause of its biological and technological importance.9–20

These studies are very relevant for a deep understanding of a
large variety of processes ranging from catalysis and soil
chemistry to biological processes, such as protein folding or
ionic transport in membranes.9 It is well assessed that micro-
scopic properties of water molecules interacting with the
confining surfaces differ from those in the bulk phase. The

competition between water-water and water-confining me-
dium interactions leads to the appearance of new interesting
physical properties. For instance, crystallization is sup-
pressed at least for the first two layers and confined water
can thus be supercooled easily and freezes forming a glass
below 180 K.10,11 In addition, changes in both structural and
dynamical properties of water occur. These changes are in-
troduced both by the confining geometry and by the en-
hanced surface interaction due to the large surface to volume
ratio of porous materials and/or due to an interruption of the
bulk correlation length. Because water molecules interact
with the wall particles, these changes may depend on
whether the nature of these interactions is hydrophilic or hy-
drophobic. Up to now, however, there is no general theory
predicting the behavior of confined liquids and solids or the
relative importance of surface interaction versus confine-
ment.

Several structural and dynamical studies of water in con-
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fined geometries have been performed using different and
complementary experimental techniques. These include
x-ray12 and neutron diffraction measurements13 and dynami-
cal investigation such as diffusive relaxation and vibrational
properties of water studied by incoherent quasielastic14,15 and
inelastic neutron scattering,17,21–23 NMR,24 optical
spectroscopy,25,26 and viscosity measurements.27,28 These
studies reveal that confinement induces changes in thermo-
dynamics, phase behavior, and dynamics of water, which de-
pend on the nature and morphology of the confining sur-
faces. It appears that the interaction of water molecules with
charged and polar surfaces may induce patch breaking in the
hydrogen bond network, while nonpolar interactions enhance
the formation of short range order.29 NMR and quasielastic
neutron scattering experiments show a slowing down of wa-
ter dynamics near a hydrophilic surface as compared to bulk
water.17,21,30 Several computer simulations have been also
performed on water confined in different nanoporous
materials.31–38 These indicate that the diffusion dynamics of
water, in the picosecond time scale, typically slows down
near a nonattractive rough surface and speeds up near a non-
attractive smooth surface.39 Once confined in Vycor
nanopores,40 for example, water molecules exhibit at least
two distinct regimes: a slow diffusion near the surface and a
fast dynamics far away from the surface.14,31,33,41–45

This paper reports a study of the short-time proton dy-
namics in water confined in silica nanopores �xerogel pow-
der�, via deep inelastic neutron scattering �DINS� measure-
ments, using the VESUVIO spectrometer at the ISIS
spallation neutron source.46 DINS measurements are per-
formed in the attosecond time scale �i.e., 10−15–10−16 s�.
These measurements provide unique information on the pro-
ton momentum distribution n�p� and proton mean kinetic
energy �EK�W of the confined water molecules, physical
quantities which are influenced by the local environment of
the atoms.47 The aim of the present experiments is to study
the effect on proton dynamics due to the confinement in
silica pores with different pore diameters. In previous DINS
studies, performed on H2S and supercritical H2O,5,48 it has
been shown that DINS data can be interpreted with a proton
momentum distribution calculated by performing an orienta-
tional average of an anisotropic Gaussian function, which
reflects the molecular geometry. In the present study, a
slightly different approach has been followed. The experi-
mental response function F�y� has been reproduced using a
model independent non-Gaussian lineshape,47 successfully
employed in previous work on ice, bulk, and confined water.6

In Section II, the DINS theory is reviewed. Section III illus-
trates the experiments and data analysis. In Section IV, re-
sults are presented and discussed. Conclusions are reported
in Sec. V.

II. DINS THEORY

In the limit of high wavevector transfer q, the scattering
process of the individual protons in water resembles closely
the scattering of freely moving particles. In this limit, the
dynamical structure factor S�q ,�� can be expressed assum-
ing that a single particle of the system is struck by the scat-

tering probe and that this particle recoils freely from the
collision, with interparticle interaction in the final state being
negligible. The fraction of neutrons scattered into a given
angle with a given energy depends only on the probability
that the proton had a particular momentum p at the time it
was struck by the neutron �i.e., in the initial state�. The the-
oretical basis of DINS is the impulse approximation �IA�.
The validity of this approximation in neutron scattering has
been discussed by many authors in previous papers.49,50 The
IA effectively treats the scattering event as single atom “bil-
liard ball” scattering, with conservation of momentum and
kinetic energy of neutron plus target atom. The dynamic
structure factor for the proton is expressed as

S�q,�� = �� n�p����� − ��r −
p · �q

M
	dp , �2.1�

where M is the hydrogen mass, n�p� the proton momentum
distribution, and ��r the recoil energy:

��r =
�2q2

2M
. �2.2�

It has to be stressed that in a molecular system, when the
energy scales corresponding to intra- and intermolecular mo-
tions are sufficiently well separated, two distinct regimes can
be envisaged for the applicability of IA.51 In the first one, the
energy transfer is large compared to the typical energy for
collective excitations of the system but lower than the mini-
mum internal excitation energy of a single molecule. This
regime, where one can study the rototranslational dynamics
of the molecule as a whole, is accessible through conven-
tional inelastic neutron scattering experiments, in a range of
q where the response is incoherent. A second regime, where
the energy transfer greatly exceeds the energy scale of inter-
nal excitations of the molecules, allows the investigation of
the dynamics of the atoms within the molecule and is acces-
sible via DINS technique. This is the regime of application
of Eq. �2.1�.

Within the IA framework, one assumes an infinite value
for the wavevector �q→�� and introduces a scaling West
variable y, where the variables for energy ���� and momen-
tum ��q� transfers are coupled through the relation

y =
M

�q

� −

�q2

2M
� . �2.3�

In an isotropic system a scaling response function is intro-
duced, J�y�.52 This function can be expressed in terms of the
longitudinal momentum distribution of the single proton
n�p�:

J�y,q̂� =� dpn�p��
y −
p · q̂

�
� . �2.4�

For the atom of mass M, the J�y , q̂� function is formally the
Radon transform of the momentum distribution and repre-
sents the probability distribution of the momentum p along
the direction of q. This is analogous to the Compton profile,
measured in Compton scattering of photons from electrons.
Although the Radon transform of n�p� for a particular y and
q̂ is an average over a plane, no information is lost, and n�p�
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can be reconstructed from J�y , q̂�. In the isotropic case, from
Eq. �2.4� one obtains

n�p� = − � 1

2��3y

d

dy
J�y��

�y=p

, �2.5�

and from Eqs. �2.1� and �2.4� one can also write

S�q,�� =
M

�q
J�y� . �2.6�

The single particle mean kinetic energy �EK� is related to the
second moment of the response function J�y� via

�EK� =
3�2

2M
�

−�

�

y2J�y�dy =
3�2

2M
�2. �2.7�

A non-Gaussian model for J�y� can be considered.49 This
uses a general expansion of the response function in Hermite
polynomials Hn�x�, the Gram-Charlier series.47 In the case of
a liquid, where the average wavevector distribution has no
angular dependence, the general expression can be written in
the form

J�y� =
e−y2/2�2

2��2 �
n

an

22nn!
H2n
 y

2�
� . �2.8�

For finite values of the wavevector, the response func-
tion in Eq. �2.4� retains the q dependence and Eq. �2.6� be-
comes:

S�q,�� =
M

�q
J�y,q� . �2.9�

Deviations from the IA give rise to final state effects.53

These can be properly accounted for in a non-Gaussian
model �Eq. �2.8�� by the addition of further terms propor-
tional to 1/q�H3�y /2��� �see Eq. �4.1��.

III. EXPERIMENT AND DATA ANALYSIS

Two kinds of xerogel powders have been synthesized
with average pore diameters d of 24 and 82 Å, respectively.
The materials were obtained by porous glasses originally
produced via the Sol-Gel method,54,55 formed by mixing liq-
uid alkoxide precursors, tetramethylortho-silicate �TMOS�,
and tetraethoxysilane �TEOS�, with different solvents, water,
and ethanol. Specific catalysts and control chemicals were
added in order to improve the process. Final solutions were
then stirred and stored at room temperature for two months,
in order to complete the polymerization process. The xerogel
powders have been characterized �see Table I� in terms of
both pore size distribution functions and specific surface
area, via Brunauer, Emmett, Teller �BET� method, measuring
adsorption/desorption method, measuring adsorption/
desorption isotherms.56 The powder samples had an approxi-
mate volume of 30 cm3 and were vacuum pumped in situ
before the measurements for 12 h at 70 °C. For each pore
size, water was adsorbed in dry silica xerogel powder �about
15 cm3 in volume� by a hydration protocol in a controlled
environment. The hydration procedure made use of three Pe-
tri dishes filled with dry xerogel powder and a fourth Petri
dish containing a saturated solution of potassium nitrate

�KNO3� and water; all dishes were introduced in desiccators
to ensure an insulated environment during all the hydration
process time. The sample was maintained in this controlled
environment for about 96 h. The level of hydration was de-
termined by weight measurements. Once the equilibrium be-
tween the xerogel and the solution was reached, the xerogel
with pore sizes of 24 and 82 Å were hydrated at water con-
tents of 26.4% and 108% of the dry weight, respectively.
Due to the hygroscopic properties of both samples, one can
assume that water is completely adsorbed in the pores of the
material and calculate the corresponding pore filling values:
76% and 98% for the xerogel powders with average pore
sizes of 24 and 82 Å, respectively �see Table I�. These values
have been derived assuming the water molecule to be a
sphere with diameter of 3.16 Å.

The experiments have been performed at the ISIS spal-
lation neutron source �Rutherford Appleton Laboratory, Chil-
ton, Didcot, UK� using the inverse geometry spectrometer
VESUVIO.46 The incident neutron energy range,
10−3–104 eV, makes VESUVIO a unique instrument for
DINS.57 The spectrometer is equipped with forward and
backscattering detector banks, specifically designed for mea-
surements of single particle proton dynamics in the wavevec-
tor and energy transfer ranges 20 Å−1�q�250 Å−1 and
1 eV����20 eV, respectively.47 Scattered neutrons were
recorded by 6Li glass scintillators, located at a distance of
about 0.5 m from the sample position, in the angular range
30° �2��70°. The kinematics of the scattering events is
reconstructed via the standard time of flight �tof� technique.46

For each scattering angle the final energy of the scattered
neutrons, E1, is selected using the resonance filter
configuration,58,59 using a thin �about 10 	m thickness� filter
of gold, 197Au, which absorbs neutrons in a narrow range of
energies. For each fixed angle detector �denoted by the index
n�, the main component of the instrumental resolution func-
tion, Rn�y ,q�, is determined from the absorption lineshape of
the filter.60 This function is approximately described by the
convolution of a Lorentzian shape, originating in the Breit-
Wigner form for the nuclear resonance, and a Gaussian shape
due to the Doppler broadening associated with atomic vibra-
tions in the filter material.58 In the case of gold filters the
intrinsic Breit-Wigner component of the resonance domi-
nates the Gaussian component, with a final energy
E1=4908 meV with half width at half maximum �HWHM�

E1�140 meV. Uncertainties in the geometrical instrument
parameters, such as flight paths, angles, etc.,60 contribute to

TABLE I. Physical parameters of the two xerogel samples used in the ex-
periments, as derived from BET analysis �Ref. 56�. The hydration level is
defined as the ratio between water and dry xerogel weights.

Average
pore
size
�Å�

Total
pore

volume
�cm3/g�

Specific
surface

area
�m2/g�

Hydration
level
�%�

Pore
filling
�%�

TEOS-
Si�OC2H5�4

24 0.348 727 26.4 76

TMOS-
Si�OCH3�4

82 1.10 500 108 98
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the angular dependent resolution function lineshapes produc-
ing a further Gaussian broadening. In the present experiment,
the Lorentzian and the Gaussian components of the resolu-
tion functions are reported in Table II.59,61,62 It can be appre-
ciated that both Gaussian and Lorentzian contributions to the
Rn�y ,q� function decrease as q increases, i.e., scattering
angle increases.

DINS measurements have been performed on hydrated
and dry xerogel samples, for both pore sizes, 24 and 82 Å, at
T=293 K. All samples were contained in square flat alumi-
num cell 6 cm width, 6 cm height, and 0.1 cm internal thick-
ness. Experimental DINS data have been analyzed using the
standard VESUVIO routines.63 Examples of normalized tof
spectra are shown in Fig. 1, for three selected values of the
scattering angle. At each angle, two distinct peaks are vis-
ible: the first one, at smaller tof, is the DINS recoil peak
associated with hydrogen atoms in the sample: hydrogen at-
oms in water molecules—within the pore and close to the
pore surface—and hydrogen atoms within the xerogel matri-
ces, due to the presence of silanol �SiOH� groups.64 In order
to derive a reliable lineshape for the response function of the
proton in water, contributions from different hydrogen com-
ponents need to be evaluated �see Sec. IV�. The second peak
in Fig. 1, centered at about 370 	s, is associated with the
scattering of all other atoms with higher masses in the
sample �silicon, oxygen, and aluminum�. It is also evident
from this figure that the two peaks tend to be closer at
smaller scattering angles. The small sample thickness guar-
antees a small contribution from multiple scattering signal.
The latter was evaluated by a Monte Carlo simulation62 and
then subtracted from all the spectra. Results of this simula-
tion are shown in the inset of Fig. 1. In order to obtain a
signal with better statistics, data from the 24 Å pore size

xerogel, recorded at scattering angles within 2°, have been
summed together. A further step of the data reduction con-
sists in transforming tof spectra in y space. Within the con-
volution approximation47 the experimental response function
for individual detectors, Fn

exp�y ,2��, can be expressed as a
convolution of the proton response function, J�y ,2��, and the
resolution function, Rn�y ,2��:

Fn
exp�y,2�� = J�y,2�� � Rn�y,2�� . �3.1�

TABLE II. Values of some of the scattering angles used in the DINS measurements of water confined in xerogel
powders and of wavevector transfer q̄ �in Å−1� corresponding, for each angle, to the maximum of the recoil peak
in Fn

exp�y ,2�� function �see Fig. 2�. Parameters describing the resolution function Rn�y ,2�� on VESUVIO, for
mass M =1.0079 a.m.u. and 197Au resonance foil, as a function of different scattering angles are also reported:
�G indicates the standard deviation of the whole Gaussian component �energy plus geometrical contributions�;
�E /2 is the half width at half maximum �HWHM� of the Lorentzian energy contribution.

Xerogel, 24 Å pore size Xerogel, 82 Å pore size

2�
�deg�

q̄
�Å−1�

�G

�Å−1�
�E /2
�Å−1�

2�
�deg�

q̄
�Å−1�

�G

�Å−1�
�E /2
�Å−1�

32.1 30.6 0.71 1.24 32.5 31.2 0.67 0.74
34.5 33.5 0.70 1.14 34.4 33.4 0.67 0.69
36.6 36.3 0.69 1.06 36.4 36.0 0.68 0.64
38.7 39.1 0.70 1.00 38.2 38.7 0.67 0.60
40.7 42.0 0.68 0.92 40.4 41.9 0.66 0.56
43.0 45.4 0.68 0.86 42.5 45.0 0.66 0.52
45.0 48.8 0.67 0.80 44.7 48.4 0.66 0.49
47.2 52.7 0.67 0.74 46.7 52.2 0.65 0.45
51.5 61.4 0.66 0.64 51.2 61.6 0.65 0.39
52.9 64.7 0.66 0.61 53.4 66.5 0.66 0.36
54.7 69.1 0.66 0.57 55.3 71.9 0.66 0.34
56.8 74.6 0.66 0.53 57.5 77.5 0.66 0.31
59.2 81.9 0.65 0.49 59.6 84.3 0.66 0.29
61.2 89.1 0.65 0.45 61.6 91.9 0.66 0.27
63.3 97.5 0.64 0.42 63.8 100.4 0.65 0.25
65.6 108.1 0.64 0.38 65.7 110.1 0.65 0.23

FIG. 1. �Color online� Time-of-flight DINS spectra from water confined in a
xerogel powder with average pore size of 24 Å for three scattering angles:
34.5° �circles�, 52.9° �squares�, and 65.6° �stars�. By increasing scattering
angle, peak associated with recoil from all hydrogen atoms �at higher tof�
moves apart from recoil peak, associated with all the other elements �Si, O,
Al�. In the inset, the results of the Monte Carlo simulation are shown to-
gether with the experimental spectrum for the scattering angle 34.5° �black
circles�: the green line is the simulated total scattering, and the violet line is
the multiple scattering contribution.
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Examples of Fn
exp�y ,2�� spectra, as a function of y, at

different scattering angles, are shown in Fig. 2, together with
the corresponding resolution functions. From this figure one
can notice that, by increasing scattering angle �from top to
bottom�, the peak in Fn

exp�y ,2�� moves toward a value cen-
tered at y=0, as expected within the impulse
approximation.47

In order to interpret data in terms of the dynamical struc-
ture factor and neutron Compton profile of Eq. �2.9� where q
is fixed, it is useful to express experimental spectra also in
terms of constant wavevector transfer q. This goal has been
achieved by converting constant angle spectra to constant
wavevector ones through the following procedure. The ex-
perimental tof spectra, neutron counts versus time of flight,
have been transformed to neutron counts versus energy trans-
fer at constant scattering angle, S�2� ,��, using standard
routines47 which take into account, e.g., the incident neutron
spectrum, the energy-dependent monitor efficiency, and
energy-time Jacobian; in this conversion, for each time of
flight bin, the corresponding values of wavevector and en-
ergy transfer are calculated. In order to convert these data in
S�q ,��, a procedure has been implemented to perform a re-
binning of data taken at constant scattering angle in the
�q ,�� plane onto a rectangular �q ,�� grid. The constant q
width onto which the data have to be rebinned is chosen to
have a width in q which is larger than the q uncertainty for
each detector. A typical q uncertainty for the present mea-
surements is of the order of 1.5 Å−1.65 Further details of this
procedure and a comparison with other methods for obtain-
ing equivalent constant-q scans with fixed-angle spectra66

will be matter of a separate paper. The constant angle to
constant q conversion is therefore unique and depends on the
width chosen for the q bins, and involves the application of
the Jacobian factor:67

S�q,�� = S�2�,��� ��2��
�q

� . �3.2�

The final step consisted in obtaining the experimental Comp-
ton profiles at constant q, applying Eq. �2.9� and obtaining
the data sets Fexp�y ,q�. In particular, a set of Fexp�y ,q� spec-
tra in y space has been obtained for the following values �and
q width� of wavevector transfer: 38±2, 45±2, 53±3,
70±5 Å−1. The constant q data sets have then been rebinned
into y bins, weighted by their errors.68 For these constant
wavevector transfer data, the corresponding constant q reso-
lutions have been obtained through an identical procedure
applied to the tof resolution functions evaluated by a Monte
Carlo simulation,62,69,70 Rn�tof,2��. Examples of Fexp�y ,q�
spectra at constant q are shown in Fig. 3 together with the
corresponding resolutions, R�y ,q�.

Within the incoherent approximation, one can express
the experimental response function for the individual detec-
tor as a sum of contributions of the different kinds of hydro-
gen atoms in the sample:

Fn
exp�y,2�� = ��1JH1

�y,2�� + �2JH2
�y,2�� + ¯ �

� Rn�y,2�� , �3.3�

where �1 and �2 are the relative fractions associated with
different hydrogen atoms.

TABLE III. Results obtained from individual fits of Fn
exp�y ,2�� data sets for the hydrated xerogel samples with

average pore sizes of 24 and 82 Å, at three selected scattering angles. The suffix H refers to hydrated xerogel
sample: �H and �EK�H represent standard deviation and mean kinetic energy of the whole �silanol and water�
hydrogen atoms. The c4H is the non-Gaussian coefficient resulting from the fits.

XerogelH, 24 Å XerogelH, 82 Å

2�
�deg�

�H

�Å−1�
c4H

�10−2�
�EK�H

�meV�
2�

�deg�
�H

�Å−1�
c4H

�10−2�
�EK�H

�meV�

38.2 6.0±0.1 2.5±0.2 225±7 37.5 5.4±0.1 1.6±0.2 186±6
59.2 6.0±0.1 2.7±0.1 225±7 58.9 5.5±0.2 1.7±0.3 188±11
64.5 5.9±0.1 2.7±0.2 215±6 64.9 5.7±0.2 1.9±0.4 190±14

FIG. 2. �Color online� Experimental response functions Fn
exp�y ,2�� �with

error bars� for water confined in xerogel and corresponding resolution func-
tions �dashed lines�; �a� xerogel pore size 24 Å for two scattering angles:
38.4° �top panel� and 52.4° �bottom panel�; �b� xerogel pore size 82 Å for
two scattering angles: 38.2° �top panel� and 52.7° �bottom panel�.

FIG. 3. �Color online� Experimental response functions Fexp�y ,q� �with er-
ror bars� and corresponding resolution functions �dashed lines� for water
confined in xerogel with average pore diameters d �a� 24 Å and �b� 82 Å at
constant momentum transfers q=53±3 Å−1 and q=50±3 Å−1, respectively.
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IV. RESULTS AND DISCUSSION

In order to derive the proton momentum distribution and
mean kinetic energy of water, a three step analysis has been
performed. At first, the contribution due to silanol-hydrogen
atoms have been evaluated using dry xerogel data sets �here-
after indicated with suffix D�. The second step consisted in
calculating the contributions from both water-hydrogen at-
oms and silanol-hydrogen atoms using the hydrated xerogel
data sets �hereafter indicated with suffix H�. The percentage
of silanol-hydrogen atoms with respect to the total number of
hydrogen atoms has then been estimated as explained in the
following. The individual spectra for dry and hydrated xero-
gel data sets, at both constant q �Fexp�y ,q�� and angle
�Fn

exp�y ,2���, have been fitted using Eq. �2.8�, already suc-
cessfully employed for liquid H2O �Refs. 6 and 47� and for
ice.6 Indeed previous DINS experiments on water5,48,71 have
shown that a simple Gaussian model is not adequate for a
satisfactory description of the single particle proton dynam-
ics. The model distribution function, both for the constant
angle and the constant q spectra, can be regarded as a non-
Gaussian function, expressed by a Gaussian lineshape multi-
plied by a truncated series of even Hermite polynomials:

Fexp�y,�� =
�

2��2
e−u2�1 + c4

2

3
H4�u�

+ . . . c3
1

q
H3�u� + . . . 	 � Rn�y,�� , �4.1�

with � being 2� or q, and u= �y−y0� /2�2. The cn are re-
lated to an coefficients of Eq. �2.8� and, in particular,
c4=3/64 a2. The fitting parameters are � �a normalization
factor�, y0, �, c4, and c3, the latter being the fourth and the
third Hermite polynomials coefficients. It has to be stressed
that for a truncated expansion of Eq. �4.1� up to the H4�u�
term it turns out that the first non-Gaussian coefficient, c4, is

c4 = 1
64� , �4.2�

where � is the kurtosis of the single particle momentum dis-
tribution, given by �=	4−3��2�2 / ��2�2, 	4 being the fourth
moment of the momentum distribution.72 This expression has
been used for all the analysis performed: both at constant q
and constant angle and for both pores. Moreover, for each
sample, two distinct set of fits have been performed using the
same lineshape of Eq. �4.1�: individual and simultaneous fits
on the whole set of Fexp�y ,q� and Fn

exp�y ,2�� spectra. Table
III reports results obtained from the fit on the individual
Fn

exp�y ,2�� spectra, for hydrated xerogel samples, at three
selected scattering angles, for both pore sizes. A simulta-
neous fit of the whole individual spectra has also been per-
formed, using a unique non-Gaussian model function �Eq.
�4.1�� convoluted with the resolution functions correspond-
ing to each scattering angle. Results for dry and hydrated
samples, obtained from simultaneous fits on Fn

exp�y ,2�� and
Fexp�y ,q�, are shown in Tables IV and V, respectively. From
the three tables one can note that the values of the physical
quantities �, �EK�, and c4 are in good agreement within the
statistical uncertainties. This feature demonstrates the inter-
nal consistency of the individual and simultaneous fitting
procedures. In addition, the simultaneous fits reduce the un-
certainties in the whole set of physical quantities, allowing a
reliable lineshape analysis of the response function and mo-
mentum distribution, with special regard to non-Gaussian
components, represented by the Hermite polynomial coeffi-
cients. The non-Gaussian coefficient c4 is the only term
which needs to be included in the whole fitting procedure in
order to reproduce the experimental data with good statistical
accuracy. This can be immediately appreciated from Fig. 4,
where the Fn

exp�y ,2�� function and the fitting results from
corresponding simple Gaussian and non-Gaussian models
are reported. For all samples, values of the c3 parameter were

TABLE IV. Results obtained from simultaneous fit of Fn
exp�y ,2�� data for both dry xerogel and hydrated xerogel

samples, for pore sizes of 24 and 82 Å. The suffixes D and H refer to dry and hydrated xerogel samples: �D, �H

and �EK�D, �EK�H represent standard deviations and mean kinetic energies of dry and hydrated samples. The c4D

and c4H are the non-Gaussian coefficients, resulting from the fits.

d
�Å�

XerogelD XerogelH

�D

�Å−1�
c4D

�10−2�
�EK�D

�meV�
�H

�Å−1�
c4H

�10−2�
�EK�H

�meV�

24 6.90±0.05 2.87±0.08 296±5 5.95±0.03 2.81±0.05 221±2
82 6.60±0.08 2.76±0.13 271±7 5.47±0.02 1.56±0.07 186±1

TABLE V. Results obtained from simultaneous fit of Fexp�y ,q� data for both dry xerogel and hydrated xerogel
samples, for pore sizes of 24 and 82 Å. The suffixes D and H refer to dry and hydrated xerogel samples: �D, �H

and �EK�D, �EK�H represent standard deviations and mean kinetic energies of dry and hydrated samples. The c4D

and c4H are the non-Gaussian coefficients, resulting from the fits.

d
�Å�

XerogelD XerogelH

�D

�Å−1�
c4D

�10−2�
�EK�D

�meV�
�H

�Å−1�
c4H

�10−2�
�EK�H

�meV�

24 6.73±0.07 2.98±0.12 282±5 5.81±0.03 2.90±0.06 210±2
82 6.51±0.27 2.63±0.47 264±10 5.49±0.10 1.53±0.21 187±6
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zero within uncertainty; therefore it is suggested that final
state effects affect mainly the recoil peak position at low
scattering angles �see Fig. 2� and do not modify appreciably
the lineshape; these effects are fully accounted for by the
fitting parameter y0.

The �EK�H and c4H values for 24 Å pore size are larger
than for 82 Å pore size. In the former case, a higher c4H

value is an indication of a more pronounced non-Gaussian
character, with higher kurtosis, of the momentum distribu-
tion.

As a final step, results from the lineshape analysis of
hydrated and dry sample data sets have been combined, with
the aim of deriving the response function associated with
water protons only. One has to note that in DINS measure-
ments, recoil peaks from different kinds of hydrogen appear
at the same time of flight and y range. Thus, within the
incoherent approximation, one can express the response
functions for hydrated samples in terms of hydrogen atoms
belonging to water and to silanol groups. From Eq. �3.3� the
response function, for each individual detector, may be ex-
pressed as a weighted sum of these two components,
FW

exp�y ,2�� and FD
exp�y ,2��, respectively:

FH
exp�y,2�� = cFD

exp�y,2�� + �1 − c�FW
exp�y,2�� , �4.3�

which corresponds to �see Eq. �3.3��:

JH�y,2�� = cJD�y,2�� + �1 − c�JW�y,2�� , �4.4�

where the total proton momentum response function,
JH�y ,2��, has a second moment given by

�H
2 = c�D

2 + �1 − c��W
2 . �4.5�

Subscripts W and D label hydrogen contributions associated
with water and silanol groups; subscript H refers to all hy-
drogen atoms �water and silanol groups�. The coefficient c
represents the fraction of silanol/total hydrogen atoms in the
samples. For both hydrated xerogel samples, individual
FH

exp�y ,2�� functions have been fitted keeping FD
exp�y ,2��

lineshapes fixed �see Table IV� and with c, �W, and c4W, for
FW

exp�y ,2��, as free parameters. This procedure allowed to
effectively fit the hydrated sample with larger pore diameter
�82 Å� and to derive its momentum distribution lineshape.
The values for �W and �EK�W resulting from this fit are re-
ported in Table VI �left panel�. Values for bulk water are also
listed for comparison. In the case of the hydrated sample
with smaller pores �24 Å�, the fitting procedure did not allow
to fit all parameters with sufficient accuracy. In this case, c
has been determined by combining information from the ad-
sorbed water content and spectra intensities: �a� by compari-
son of theoretical densities of the samples and experimental
weight/volume ratio and �b� from the relative intensities of
the hydrogen recoil peak with respect to Si, Al, and O
peaks. This approach provides values of c=31% and
�W=5.48 Å−1 for pore sizes of 24 Å and c=26% and
�W=5.01 Å−1 for pore size of 82 Å �see Table VI, right
panel�. It has to be noted that for higher pore diameter, val-
ues of c and �W agree with those derived from the fitting
procedure. A plot of �EK�W values as a function of pore di-
ameter is reported in Fig. 5, together with value obtained
from previous experiments on bulk water.6,47,71

From Table VI and Fig. 5 one observes that the �EK�W

values of water confined in xerogel pores are always higher
than in bulk water. The �EK�W value is about 40 meV higher
than the bulk for the smaller pore diameter. It is also higher
than the value for an isolated water molecule,47 which pre-
sumably has the strongest covalent bond and hence the
broadest momentum distribution in the bond direction. It is
possible that the additional kinetic energy is largely due to
the molecules near the surface being strongly bonded to the
pore surface. In the smaller pores the fraction of water mol-
ecules interacting closely with the confining matrix surface is
larger. One can estimate about 12% and 35% of water mol-
ecules “on the first adsorption layer” in pore diameters of 82
and 24 Å, respectively. Moreover kinetic energies, �EK�D,

FIG. 4. �Color online� Experimental spectrum �circles� for water confined in
xerogel with average pore diameter d=24 Å at scattering angle of 44.7°.
The corresponding results of the fits using a Gaussian response function
�dashed line� and a non-Gaussian response function �continuous line� are
also shown.

TABLE VI. Values of �W and �EK�W relative to protons from confined water molecules, obtained from Eq. �4.5�
�right panel� and by a two lineshape fit as in Eq. �4.3� �left panel�. Last row reports values obtained from
previous DINS measurements in bulk water47.

d
�Å�

From fit �see Eq. �4.3�� From Eq. �4.5�

c
�%�

�W

�Å−1�
�EK�W

�meV�
c

�%�
�W

�Å−1�
�EK�W

�meV�

24 ¯ ¯ ¯ 31±3 5.48±0.06 187±4
82 29±2 4.94±0.04 152±3 26±3 5.01±0.04 156±3

bulk ¯ 4.87±0.05 147±3 ¯ 4.87±0.05 147±3
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and momentum distributions ��D, c4D parameters� of the dry
samples are different for the two pore sizes, indicating a
microscopic hydroxyl dynamics changing from 24 to 82 Å
diameter pores. Thus, the water proton dynamics of mol-
ecules close to the pore surface is modified by both geo-
metrical effects of confinement and proximity to hydroxyl
species of different microscopic dynamics. It is also possible
that the increase in kinetic energy is due to the transverse
motion of the protons in the bonds being confined more in
the small pores than in bulk water.

It has to be noted that if c, FD
exp�y ,2��, FH

exp�y ,2�� are
determined independently �see above�, FW

exp�y ,2�� can be re-
constructed by inverting Eq. �4.3�:

FW
exp�y,2�� =

FH
exp�y,2�� − cFD

exp�y,2��
1 − c

. �4.6�

FW
exp�y ,2�� has been thus determined using values of Table

IV and c values from Table VI, for both pore sizes.
Exploiting the relation between the response function

and the momentum distribution �Eq. �2.5��, one can calculate
the n�p� for the protons in water confined in xerogel matri-
ces. The resulting plots of spherical averages of the proton
momentum distributions, 4�p2n�p�, are shown in Fig. 6. Un-
certainties in n�p� functions, ��n�p�2� are expressed by the
following expression;47

��n�p�2� = �
i,j

�n�p�
��i

�n�p�
�� j

���i�� j� , �4.7�

where �i and � j stand for fit parameters, �n�p� /��i is the
partial derivative of the momentum distribution relative to
the ith parameter, and ���i�� j� is the element of the covari-
ance matrix relative to ith and jth parameters.

From Fig. 6 it can be noted that 4�p2n�p� of confined
water differs substantially from that of bulk liquid. In par-
ticular, it can be observed that lineshapes narrow in the range
10–15 Å−1 and develop a second structure in the range
15–20 Å−1. This behavior is more evident for the xerogel
with 24 Å pore diameter, with a minimum for p=12 Å−1,
and a second maximum for p=18 Å−1. In this case the bimo-

dal distribution suggests that changes in the local structure
around protons occur, such as distortions of the hydrogen
bond network. These are related to the local proton potential.
We will infer the shape of this effective potential by fitting
the momentum distribution with a model describing the mo-
tion along the bond by a wavefunction that corresponds in
real space to two Gaussians separated by a distance d.6 When
d�0 one has an anisotropic momentum distribution given
by

n�px,py,pz� =
2 cos2�pzd/2��

1 + e−d2�z
2/2�2 �

i

e−pi
2/2�i

2

�2��i�1/2 . �4.8�

This lineshape is spherically averaged and fitted using as fit
parameters �z, d and, for the transverse direction, �x=�y.

6

Figure 7 shows that a good fit of momentum distribution is
obtained with values of fitting parameters given by �z

=8.67 Å−1, �x=4.12 Å−1, and d=0.304 Å. The effective po-
tential along the bond that gives rise to this momentum dis-
tribution and the ground state wavefunction itself are shown
in Fig. 8, demonstrating clearly the bimodal nature of the
ground state wavefunction that leads to the oscillation seen
in Fig. 6.

The n�p� for the water molecules in the smaller pores
xerogel has been analyzed as if the molecules throughout the
pore were in the same state. It is likely that the hydrogen
bond network near the surface is more severely distorted
than that in the interior. The success of the fit would seem to
indicate that the molecules in the small pore are indeed in a
very different state from that of bulk water and are strongly
affected by confinement. In the larger pore, it would seem
that a smaller fraction of strongly distorted molecules is
present, consistent with the idea of a distorted surface layer.
Further experiments with lower coverage of the pore surface

FIG. 5. Kinetic energies for protons in water confined in xerogel matrices,
�EK�W, as a function of the pore diameter. The dashed line represents value
from previous experiments on bulk water �Ref. 47�.

FIG. 6. �Color online� Spherical averages 4�p2n�p� and relative uncertain-
ties 4�p2��n�p�2� �upper and lower lines� of the proton momentum distri-
bution for water confined in xerogel matrices for pore diameters of 24 Å
�continuous line� and 82 Å �dashed line�, and for bulk water �dotted line�
�from Ref. 47�.
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would be needed to explore the nature of this surface layer. It
is evident from Fig. 8 that this layer bears very little resem-
blance to bulk water. We note that coherence in another con-
fined water system has been seen in water in carbon nano-
tubes at low temperatures73 and at the surface of proteins.74

V. CONCLUSIONS

In this paper, we have presented a DINS study on water
adsorbed in silica xerogel matrices of different average pore
sizes. These measurements allowed to determine the proton
momentum distributions of adsorbed water molecules and
the proton mean kinetic energy. A comparison with the value
for bulk liquid water at ambient conditions is also possible.
Results obtained for both fixed angle and constant q spectra
are in very good agreement with each other, for both the
samples. The longitudinal momentum distribution is well de-
scribed by a non-Gaussian lineshape, reflecting the anhar-

monic short-scale structure surrounding the protons. The
non-Gaussian character of the momentum distribution is
more pronounced for the smaller pores. The proton mean
kinetic energy of water confined in xerogel is higher than the
bulk water value. For the powder with average pore size of
82 Å, �EK�W is only few meV higher than for the bulk water
while this value results sensibly higher for pore diameter of
24 Å. The layers of water near the surface of the pores are
strongly perturbed, with the proton appearing to move coher-
ently between two sites separated by 0.3 Å. The perturbation
penetrates the entire pore in the smaller pore sample but is
confined to a surface layer in the large pores. The changes of
the water dynamics clearly depend on the interaction of wa-
ter with the hydrophilic substrate. The nature of this interac-
tion is not clear. The momentum distributions of the dry
samples are different and yield different kinetic energies for
the two pores, showing that the microscopic hydroxyl group
dynamics are different in the two cases. The hydroxyl groups
may play a role in the interaction, as might the morphology
of the substrate. We want to mention also that molecular
dynamics simulations of water confined in porous
silica18,41,42 have shown that both structure and dynamics
reveal that water layers closest to the interface behave as
they were at a lower temperature compared to that calculated
from the simulation and are already approaching the glass
transition at ambient conditions. Moreover the density profile
throughout the pore diameter is not flat and shows a peak due
to the strong hydrophilic character of the substrate surface at
short distances from the confining wall, followed by a mini-
mum. This modulation of the density may be responsible for
the enhancement of the mean kinetic energy; at the same
time evidence for quantum effects of the kind discussed in
this paper may signal the vicinity to the glass transition.
Whatever the origin of the interaction, the state of the water
near the surfaces is qualitatively different form that of bulk
water, and unlike any other form of water observed so far.
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