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Deep inelastic neutron scattering measurements on silica xerogels with different geometries �24 and 82 Å
pore size diameter� were performed on the VESUVIO spectrometer at the ISIS spallation neutron source, in
order to investigate the modification of the ultrashort-time �10−15–10−17 s� dynamics of the protons belonging
to the silanol groups, when precursors are such as to modify the structural morphology. This paper is also
intended to present a complementary experimental technique for the characterization of the microscopic dy-
namical properties of these materials. The mean kinetic energy �Ek� and the momentum distribution n�p� of the
protons of the structural silanol groups in the two different systems are derived and compared at the same
thermodynamic conditions. The results show that �Ek� is different for the two systems, reflecting the differ-
ences in the pore morphology. Indeed, �Ek� is higher for the system with an average pore diameter of 24 Å, as
compared to that of 82 Å.
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I. INTRODUCTION

Silica xerogels are porous materials obtained through a
procedure known as sol-gel that involves the generation of
colloidal suspensions �sols� which are subsequently con-
verted to viscous gels and thence to solid materials. These
materials have a wide range of application fields, such as
insulation,1 catalysis,2 controlled drug release,3 and
bioencapsulation,4 depending on their physical properties
and on the variety of nanostructures available. The low cost
and high hydrophilicity of these systems could make them
useful in proton exchange membrane fuel cells,5 and can
provide much technological fallout in different fields,6 rang-
ing from coating,7,8 water repellents for corrosion
protection,9 and biomedical10 and various electrochemical
processes.11,12

Until now, the majority of experimental investigations
have dealt mostly with structural studies, due to the interest-
ing fractal structure of these amorphous materials13 and the
close correlation between the morphology and physical prop-
erties. Dynamical properties have also been studied employ-
ing infrared techniques as the diffuse reflectance infrared
Fourier transform,14 Raman spectroscopy,15 or inelastic neu-
tron scattering measurements.16–18 Many applications of xe-
rogels rely on their unique surface properties, which are
largely determined by the concentration, distribution, and na-
ture of silanols �OH groups attached to the SiO2 skeleton� on
the surface, which have been characterized by employing
different NMR techniques,19–22 infrared23–25 and
Raman15,26,27 spectroscopic investigations and other analyti-
cal tools.23,28

Neutron-based techniques are very sensitive to both struc-
ture and dynamics of hydrogenous compounds, due to the
large scattering cross section of the proton. Besides structural
and dynamical investigations at low energy and wave vector

transfer, the measurement of the momentum distribution and
mean kinetic energy of the structural protons, i.e., the pro-
tons belonging to the silanols, has not been done before to
our knowledge. The single-proton momentum distribution is
of relevant interest, as this physical quantity is strongly re-
lated to the local particle’s environment, and thus can pro-
vide further information on the complex physicochemical
characteristics of these systems. Furthermore, this could help
in the understanding of the dynamical behavior of water pro-
tons adsorbed on silica surfaces.29

The single-proton momentum distribution can be mea-
sured only through the so-called deep inelastic neutron scat-
tering �DINS�,30 a technique made available since the advent
of pulsed neutron sources. In order to satisfy the kinematical
constraints to access the DINS regime, i.e., high energy ����
and wave vector �q� transfers, epithermal neutrons �E
�500 meV� are indispensable. At high �� and q, the scat-
tering can be considered incoherent and occurring on time
scales much shorter than the time constants characteristic of
the typical collective excitations. This allows the interpreta-
tion of the scattering event within the framework of the im-
pulse approximation �IA�.31

In this paper, we present DINS experiments, carried out
on two silica xerogels with different average pore size diam-
eters �24 and 82 Å� in order to monitor the single-particle
dynamics. The aim is twofold: �1� to investigate the short-
time �10−15–10−17 s� dynamics of the protons belonging to
the silanol groups, in order to point out the possible modifi-
cations of their dynamical response induced by different sol-
gel procedures, characterized by different hydrolysis-
condensation conditions; �2� to present an experimental tool
which can be complementary to the most common character-
ization techniques, and useful for a comprehensive and thor-
ough description of these interesting porous systems.

This paper is organized as follows. In Sec. II, the theoret-
ical background of DINS is briefly introduced. In Sec. III,
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the DINS measurements are briefly described. In Sec. IV,
data analysis performed on the DINS experimental measure-
ments is briefly explained, while, in Sec. V, the results are
presented and discussed. The conclusions are summarized in
Sec. VI. The Appendix reports some details about the syn-
thesis procedure of the two xerogels and gives a brief dis-
cussion of the general physicochemical properties of these
systems.

II. THEORETICAL FRAMEWORK

In the DINS regime, the inelastic neutron scattering cross
section for unpolarized neutrons is related to the dynamic
structure factor S�q ,�� via32,33

d2��E0,E1,2��
d� dE1

= �−1�E1

E0
��b�2S�q,��

+ ��b2� − �b�2�SI�q,��� , �2.1�

b and SI�q ,��� being the scattering length of the probed
nucleus and the incoherent contribution to the total dynamic
structure factor, respectively. E0, E1, and 2� are the incident
neutron energy, the scattered neutron energy, and the scatter-
ing angle, respectively. At high q values �typically above
20 Å−1�, the scattering is incoherent, meaning that it occurs
from a single particle. The typical values of the energy trans-
fer �� attainable in DINS experiments range from
1 to 100 eV, corresponding to a time scale of the order of
10−15–10−17 s, which is much shorter than the characteristic
times of the high-energy collective modes in condensed mat-
ter �typically well above �	10−15 s�. Under these kinemati-
cal conditions, the nucleus probed by the neutron recoils
freely.30,34 Thus, DINS explores the so-called short-time self-
dynamics, and the incoherent and free recoil scattering �re-
sembling that occurring in the Compton scattering of hard x
rays off electrons� manifests in the well-known impulse ap-
proximation. Within the IA, the inelastic neutron scattering
cross section in Eq. �2.1� is.30,35

d2��E0,E1,2��
d� dE1

= �−1�E1

E0
�b2�SIA�q,�� , �2.2�

while the dynamic structure factor is given by33

SIA�q,�� = �
 n�p�	��� − ��r −
p · �q

M
�dp , �2.3�

n�p� being the single-particle momentum distribution. Equa-
tion �2.3� establishes that scattering occurs between the neu-
tron and a single particle, while also conserving kinetic en-
ergy and momentum of the particle+neutron system. The
term ��r=�2q2 /2M is the recoil energy, i.e., the kinetic en-
ergy the struck particle would have, providing it was station-
ary before the collision and absorbed all the momentum
transferred by the neutron. Within the framework of the IA,
�� and q are explicitly coupled through the West scaling
variable y, defined as32

y =
M

�2q
��� − ��r� . �2.4�

Equation �2.3� can then be reduced to the form

SIA�q,�� =
M

�q
J�y, q̂� , �2.5�

where

J�y, q̂� = �
 n�p��	��y − p� · q̂�dp� �2.6�

is the neutron Compton profile �NCP�, formally defined as
the Radon transform of the momentum distribution. The
quantity q̂ is a unit vector, as J�y , q̂� no longer depends on
the magnitude of q. The function J�y , q̂�dy is the probability
for an atom to have a momentum parallel to q̂ of magnitude
between �y and ��y+dy�.

For an isotropic system, the direction q̂ is immaterial and
Eq. �2.6� becomes30,36

J�y� = 2
�

��y�

�

pn�p�dp . �2.7�

It has to be stressed that, in the IA framework, J�y� is sym-
metric and centered at y=0 and the relation between n�p�
and J�y� is30,36

n�p� =
1

2
�3y
�dJ�y�

dy
�

hy=p
. �2.8�

It is worthwhile mentioning that the IA is strictly valid only
in the asymptotic double limit �q ,���→�, keeping y con-
stant. For finite values of the energy and wave vector trans-
fers, the longitudinal momentum distribution retains an addi-
tional dependence on q which is known as final state effects
�FSEs�. A detailed description of this contribution can be
found in Refs. 37 and 38

III. DINS MEASUREMENTS

DINS measurements on the dried xerogel powders have
been carried out at the VESUVIO inverse geometry time-of-
flight spectrometer,39 at the ISIS spallation neutron source
�Chilton, United Kingdom�. On this instrument a white neu-
tron beam, peaked at about 30 meV and with a 1 /E0.9 tail in
the epithermal region, is directed toward the sample position,
located at a distance L0	11 m �incident flight path� from the
295 K water moderator. The spectrometer was equipped with
four banks of 6Li-glass scintillators placed in the angular
range 30° �2��60° and set up in the resonance filter �RF�
configuration.40 In this setup, the energy of the scattered neu-
trons was selected by means of filter analyzers, in the form of
197Au metallic foils, that resonantly captured neutrons over
narrow energy intervals �resonances�. The experimental scat-
tering signal is then reconstructed using the single-difference
technique,41 which accomplishes neutron measurements with
and without the filter analyzers placed between the sample
and the detectors. Figure 1 shows a schematic drawing of the
spectrometer. The experimental signal acquired in the RF
configuration on VESUVIO is a time-of-flight spectrum, and
the standard expression for the number of neutrons detected
in time channel t is given by42
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C�t� = 2�� 2

m
�1/2E0

3/2

L0
I�E0�D�E1�N

d2��E0,E1,2��
d� dE1

d� ,

�3.1�

where I�E0�dE0 is the number of neutrons incident with en-
ergies between E0 and E0+dE0, D�E1� is the probability that
a scattered neutron of energy E1 is detected, N is the number
of atoms in the beam, and d� is the solid angle subtended by
the detector. An assumption made for the IA is that the scat-
tering is incoherent. Hence, if there are different masses
present in the sample, the overall count rate is obtained by
summing the contribution from each atom of different mass.
Therefore, the count rate in Eq. �3.1� can be expressed in
terms of the NCP as �see Eqs. �2.2�–�2.5��

C�t� =
E0I�E0�

�2q


M

AMMJM�yM� , �3.2�

where

AM =
2

L0
D�E1��2E1

m
d� NMbM

2 , �3.3�

JM�yM� being the NCP for mass M, and yM given by Eq.
�2.4�.

The effect of the instrumental resolution can be taken into
account within the convolution approximation, where the
resolution �mass-dependent� function is incorporated as a
single convolution, so that Eq. �3.2� is modified as follows:

C�t� =
E0I�E0�

�2q


M

AMMFM�y� , �3.4�

where FM�y�=JM�y� � RM�y� is the convolution of the NCP
with the resolution function.

Figure 2 shows three time-of-flight spectra acquired by
detectors placed at scattering angles 2�	35°, 50°, and 60°.
The peaks at about 320, 225, and 165 
s are the proton
recoil signals, measured at a final neutron energy around
4.906 eV �the 197Au resonance�, while the one at about
375 
s is the sum of the recoil signals, at the same final

neutron energy, from 16O, 28Si, and 27Al nuclei �each contri-
bution being weighted by the scattering cross section of the
considered nucleus�.

IV. DATA ANALYSIS

The raw time-of-flight spectra have been corrected for
multiple scattering43 and sample container signal, using the
standard data reduction procedures employed on
VESUVIO.44,45 After this, the corrected time-of-flight spec-
tra have then been transformed into the experimental Comp-
ton profiles, F�y� in the y space. The F�y� spectra acquired
by detectors at equal �within 1°� scattering angle have been
summed in order to enhance statistics. Thus, from the whole
set of 32 6Li-glass detectors, a total of 14 spectra have been
obtained and used for the final data analysis. Figure 3 shows
an F�y�, normalized to unit area, corresponding to the
weighted sum of two detectors placed at about 40° scattering
angle �the other contributions different from hydrogen being
subtracted through the standard data reduction procedures�.

The experimental Compton profiles have been fitted,
within the convolution approximation, using a code based on
a FORTRAN 77 routine, employing a MINUIT package46 for �2

minimization. As already pointed out above, the experimen-
tal hydrogen recoil spectrum is given by a convolution of the
NCP, J�y�, and the experimental resolution function R�y�.
The latter is reconstructed, for each detector, by means of
standard calibration procedures.47 The data fitting procedure
envisages the simultaneous fit, in the y domain, of all the
experimental Compton profile spectra, employing a single
J�y� convoluted with N resolution functions �see Eq. �3.4��,
one for each fixed-angle detector. For the present analysis,
J�y� was given by the Gram-Charlier series expansion that
reads48,49

VLAD bank

forward scattering

detectors

Backscattering

detectors

FIG. 1. Schematic drawing of the VESUVIO spectrometer:
dashed arrows indicate the incident and the transmitted neutron
beams; the continuous arrows represent neutrons scattered toward
the 6Li-glass detectors. The very low angle detector �VLAD� bank
is shown in the very right-hand side of the drawing.
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FIG. 2. �Color online� Time-of-flight spectra from the 24 Å pore
xerogel, acquired by detector placed at 2�	35° �open dots�, 50°
�open triangles�, and 60° �open diamonds�. The arrow indicates the
recoil signal from 28Si+ 16O+ 27Al nuclei.
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J�y� =
e−y2/2�2

�2
�
�1 + 


n=2
C2nH2n� y

�2�
�� , �4.1�

where H2n�y /�2�� are Hermite polynomials, and C2n and �
fitting parameters, respectively. The FSEs can be accounted
for in Eq. �4.1�, by inserting H3�y /�2��, H4�y /�2��, and
H6�y /�2�� polynomials with proper q-dependent
coefficients.50,51

As can be seen, the expansions �4.1� starts with n=4: if
the second-order polynomial is included in the series, it is
overdetermined.52 In any case we checked, having obtained a
fit with this term missing, that including it does not improve
the fit significantly.

In the fitting procedure, the entire expression given by Eq.
�4.1� plus the additive correction accounting for the FSEs, is
convoluted with the instrumental resolution function �one for
each detector� and fitted to the data to determine the coeffi-
cients in the expansion of the asymptotic J�y� �i.e., Eq.
�4.1��. This procedure �i.e., the convolution approximation�
is standard on VESUVIO for data analysis on DINS mea-
surements. The errors in the measured J�y� are determined
by the uncertainty in the measured coefficients, through their
correlation matrix, which is calculated by the fitting pro-
gram. The uncertainty in the measurement of J�y� at some
point y is thus due to the uncertainty in the determined co-
efficients.

The single-particle mean kinetic energy �EK� is related to
the second moment of J�y� and it can be shown that, follow-
ing Eq. �4.1�, it is given by:30,52

�EK� =
3�2

2M



−�

�

y2J�y�dy =
3�2

2M
�2. �4.2�

The aim of data analysis was to obtain the asymptotic J�y�
expressed as a Gaussian function multiplied by a series of
Hermite polynomials representing anharmonic contributions,
which can provide important experimental details about the
environment of the silanol protons.

V. RESULTS AND DISCUSSION

The simultaneous fit over the whole set of spectra consid-
ered in the present analysis provided the values �
=6.90±0.05 and 6.60±0.08 Å−1 for the xerogels with 24 and
82 Å pore size diameter, respectively. In Table I, the results
provided by this analysis are listed. The effect of the resolu-
tion tails can be considered almost completely negligible
above 10 Å−1 �see Fig. 3�, as for small masses like proton
and deuterium the recoil profile is almost completely domi-
nated by the n�p�. It has to be stressed that other systematic
effects that could contribute a spurious intensity enhance-
ment, such as the tails of recoil profiles of 27Al+ 28Si+ 16O
and the multiple scattering, have been corrected by employ-
ing the standard data reduction routines available on the VE-
SUVIO instrument. Thus the net effect on the observed in-
tensity of the tails is physically significant.

As a matter of fact, although the convolution approxima-
tion has been subjected to different criticisms,53–55 it has to
be stressed that it does not produce any observable net effect
on the line shape of the n�p�. Indeed, the energy component
of the resolution function �i.e., the filter’s transfer function�
is broadened by the other geometrical components �due to
the uncertainties in the flight paths, scattering angles, and
time of flight�.56 Indeed, in both the cases where simulations
based on Monte Carlo codes, where no convolution is em-
ployed �see Refs. 43 and 50�, are used to compare simulated
and experimental DINS data, and where reference samples
are used to reconstruct the resolution functions to be convo-
luted with the neutron Compton profiles �the standard proce-
dure on VESUVIO�, the asymmetric contribution of the Au
filter transfer function was found to be not appreciable within
the experimental uncertainties. Indeed, the overall spectrom-
eter resolution function at each scattering angle is well re-
produced by symmetric functions.42,47 Other possible effects
on the line shape of the proton recoil profile, such as those
due to electronic excitations �the so-called non-Born-
Oppenheimer �BO� effects�, are not appreciable. Indeed, al-
though the existence of sizable non-BO effects in DINS mea-
surements is still highly hypothetical,57 since their
calculation is rather difficult, preliminary attempts on simple
systems gave a magnitude of the cross-section deficit far too
low to be experimentally detected �see, for example, Ref.
58�. In the present analysis, the only anharmonic term in the
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FIG. 3. Experimental Compton profile F�y� �normalized to have
unit area� given by the weighted sum of spectra acquired by two
detectors at an equal �within 1°� scattering angle of about 40°. The
corresponding fit �continuous line� and the resolution function
�dashed line� are also shown.

TABLE I. Summary of the values of � and �EK� obtained from
fitting data on the basis of Eq. �4.1�

� �Å� � �Å−1� �EK� �meV�

24 6.90±0.05 296±5

82 6.60±0.08 271±7
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Gram-Charlier expansion �Eq. �4.1�� that is significant in the
fitting procedure is that corresponding to the coefficient C4,
whose values are C4=0.612±0.0177 and C4=0.588±0.0227
for the xerogel 24 Å and the xerogel 82 Å, respectively.

Figure 4 shows the proton NCPs for both xerogels and
their relative difference. The two line shapes are different,
within the errors, in almost the whole y range.

The departure from the Gaussian line shape is appreciable
and, as a quantitative description, it has to be noted that the
excess of kurtosis, defined as

	 =

4 − 3
2

2


2
2 , �5.1�

where 
4 and 
2 are, respectively, the fourth and the second
moment of J�y�, is about 	24 Å=1.85 and 	82 Å=1.76. For a
visual and qualitative description, Fig. 5 shows the J�y�’s
obtained through data fitting and the corresponding Gaussian
component graphs.

The area within the full width at half maximum region of
the Gauss-Hermite J�y�’s is A24 Å	0.713, while it is A24 Å

	0.287 out of this region, while for the other sample the
values are A82 Å	0.718 and thus A82 Å	0.282. The same
calculation made on the corresponding Gaussian graphs
gives A24 Å	0.760 and A24 Å	0.240, while for the other
system A82 Å	0.756 and A82 Å	0.244. This indicates that,
with respect to the Gaussian case, in the real one there is an
enhanced population of high-y states, which provides a fur-
ther signature of a coherent delocalization effect, as is al-
ready pointed out in recent experimental work on DINS mea-
surements from a biological system by Senesi and
co-workers.48

Figure 6 shows the reconstructed momentum distributions
n�p� of the protons in the two xerogels, calculated through
Eq. �2.8�, while the proton radial momentum distribution

4
p2n�p� �shown as an inset in the figure� highlights the
high-p tails in the two cases. The population of the high-p
tail is higher, as indicated by the difference in the areas out
of the peak maximum, as can be seen in the inset of Fig. 6,
where the p value of the shoulder is about 22 Å−1 for the
24 Å xerogel, and about 20 Å−1 for the 82 Å one.

The momentum distribution n�p� is an exhaustive descrip-
tion of the short-time self-proton-dynamics, subject of the
present study. The features shown by the momentum distri-
bution �e.g., anharmonicities� can assess, at least on qualita-
tive grounds, the effects of the local environment on the
single-particle subfemtosecond dynamical properties. It has
to be stressed that the J�y� �and thus the derived n�p�� mea-
sured by a DINS experiment on an isotropic sample, such as
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FIG. 4. �Color online� Neutron Compton profiles J�y� and cor-
responding error bands, relative to protons of the SiOH groups in
the 24 Å �continuous lines� and 82 Å �dashed lines� pores. The
inset is a blowup of the difference of the two J�y�’s, in order to
show the differences within the error band.
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the xerogel powders investigated in the present work, is a
spherically averaged quantity. As already pointed out by
Ceperley,59 J�y� can be related to the single-particle �or one-
body� density matrix through the relation

J�y� =
1






0

�

dr cos�ry�n�r� . �5.2�

In other experimental work, the single-particle effective po-
tential and the ground state wave function have been ex-
tracted by employing proper dynamical models.29,30,52 In the
present case, we derived, without employing any model, a
spherically averaged �radial� potential V�r� and the corre-
sponding ground state wave function ��r�. This procedure is
presently standard in data analysis on VESUVIO, and the
reader is referred to Refs. 30 and 60–62 for a thorough de-
scription and for some application examples. Figure 7 shows
V�r� and ��r� derived for both systems. As can be seen, both
potentials strongly depart from a harmonic function, showing
an absolute minimum at r=0 Å and two symmetric relative
minima at r= ±0.55 Å. The two potentials together with their
difference are shown in Fig. 8. The effective potential for the
xerogel 24 Å is deeper by about 20 meV and characterized
by a first derivative which is, in the whole r region, higher as
compared to the 82 Å xerogel. This reflects the difference
found between the two �Ek� values. Indeed, the proton is
more localized in the 24 Å pore, thus showing a higher �Ek�.

Although less informative than the potential along a given
direction, only achievable by a model-dependent approach as
already shown for isotropic liquid samples,29,52 the main fea-
tures shown by a spherically averaged potential may provide
a qualitative description tool for the results obtained. As a
final remark, it has to be said that from the properties of the
Fourier transform of the Gauss-Hermite functions,63 it fol-
lows that the errors on the potential function V�r� are deter-
mined by the errors on the expansion coefficients of J�y�
which, as shown in the inset of Fig. 4, differ within the error
band.

The close correlation between structural �morphology�
and physical �e.g., dynamical� properties, pointed out in nu-
merous works, can provide an interpretation key for the re-
sults found for �Ek� and n�p� in the two samples. As already
assessed in other experimental works �see, for example, Ref.
18�, the enhanced surface-to-volume ratio in porous materi-
als can account for the intense interaction at the sample-
xerogel interface.18 The surface-to-volume ratios � are cal-
culated to be �24 Å=2.1�109 cm−1 and �82 Å=4.5
�108 cm−1, thus indicating an enhanced interface interaction
for the silanols belonging to the smaller-pore xerogel. The
surface-to-volume ratio can account for the larger silanol-
interface interaction and thus for the higher mean kinetic
energy. The origin of the anharmonicities could be related to
the coupling of the silanols with the substrate atoms. Such a
conclusion is corroborated by other works comparing theo-
retical and experimental investigations �see Refs. 64 and 65
and references therein� on systems adsorbed on different sub-
strates, where the appreciable coupling of the atoms of the
substrate to the adsorbed molecules on the surface was inter-
preted in terms of anharmonicities of the interatomic bonds
of the substrate �nearest-neighbor interactions� affecting the
vibrational modes �as well as the other molecular normal
modes� of the adsorbed molecules. In the study undertaken
in this experimental work, this kind of coupling may be en-
hanced, as the silanols have to be regarded as a structural
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component of the SiO2 matrix rather than considered in the
same way as adsorbed molecules. Moreover, the pore topol-
ogy �e.g., curvature radius and pore size diameter� may en-
hance the interactions between silanols in such a way that the
smaller the pore, the larger the interactions. This may affect
the complex coupling and interaction network within the ma-
trix, and in turn can induce appreciable effects on the mo-
mentum distribution of the silanol protons, thus giving rise to
strongly non-Gaussian n�p�.

VI. CONCLUSIONS

Deep inelastic neutron scattering measurements have been
performed on two different porous systems, namely, a 24 Å
and an 82 Å pore size diameter silica xerogel, obtained from
two different sol-gel procedures. The experiment has been
carried out at the VESUVIO inverse geometry time-of-flight
spectrometer at the ISIS pulsed neutron source, and the mea-
surements allowed us to extract information on the micro-
scopic short-time �10−15–10−17 s� dynamics of the protons
belonging to the silanol groups of the systems, i.e., proton
momentum distribution n�p� and mean kinetic energy �Ek�.
This experiment represents a complementary investigation
tool for the direct measurement of microscopic dynamical
properties of structural protons within the xerogel skeleton.

Data analysis has been performed within the framework
of the impulse approximation, employing an approach rely-
ing upon the use of a proton neutron Compton profile given
by a Gram-Charlier expansion, where the contribution of an-
harmonicities can be directly taken into account. It was
found that the proton mean kinetic energy is higher for the

protons belonging to the silanols of the 24 Å pore size diam-
eter sample as compared to that of the protons in the 82 Å
pore size diameter silica xerogel. In both cases, n�p� appre-
ciably departs from a Gaussian distribution.

From the experimental data it was possible to extract the
spherically averaged single-particle potential and the corre-
sponding ground state proton wave function. As ��r� and
V�r� are determined by the proton environment, an explana-
tion of the experimental findings is proposed in terms of a
coupling between the silanol normal modes and the anhar-
monicities of the chemical bonds of the substrate, also cor-
related with the interactions among the silanols, mostly de-
termined by the pore topology.

This conclusion represents a straightforward extension of
the results obtained in the investigations undertaken in dif-
ferent theoretical as well as experimental works. In our opin-
ion, it suggests a possible heuristic explanation and stimu-
lates further discussion, by showing the great potentiality of
the DINS technique for a thorough and fine characterization
of these interesting porous systems.
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APPENDIX: SAMPLE PREPARATION

Two xerogel samples were synthesized by a sol-gel pro-
cedure, respectively using tetramethoxysilane �TMOS� and
tetraethoxysilane �TEOS� as precursors, deionized water, a
cosolvent, and an acid catalyst at room temperature.66 The
molar ratios of the solvents and precursor for the first one,
named xerogel 24 Å, were TEOS:H2O:ethanol=1:10:4.
Nitric acid was added as catalyst to promote hydrolysis of
the TEOS precursor. For the second one, labeled xerogel
82 Å, the molar ratios of the components were
TMOS:H2O:ethanol:HCONH2=1:10:4 :2. In this case a
few drops of polyethylene glycol tetra-octylphenyl ether
were also added to the starting solution as surfactant, to
avoid cracking and fracturing of large monoliths and im-
prove the quality of the final product. Nitric acid was also
added as catalyst. The solutions of the two samples were
stirred at room temperature for 30 min and after were poured
into Petri dishes covered with aluminum foil. The samples
were stored at room conditions and after three months they
were dried in the oven at 110 °C for 72 h, in order to elimi-
nate all the residual water. At the end of the synthesis proce-
dure, the samples were carefully ground to a fine powder for
the structural characterization and for the neutron scattering
measurements. First, the microstructural properties of the xe-
rogel powders were investigated by means of N2 sorption
analysis.67 N2 sorption experiments were carried out at 77 K
on an ASAP 2010 Micromeritics instrument, and the xerogel
samples were degassed below 1.3 Pa. From nitrogen adsorp-
tion isotherms, the specific surface area was calculated by the
Brunauer-Emmett-Teller equation68 in the interval 0.05
� p / p0�0.33 with a least squares fit of 0.998. The single-
point total pore volume was calculated at p / p0=0.995 and
the pore size distribution was obtained using the Barret-
Joyner-Halenda model.69 Figures 9 and 10 show the adsorp-
tion isotherms and the pore distribution functions for the two
powders, respectively. The main physical characteristics for
both samples are reported in Table II. The xerogel 24 Å

shows the isotherm curve typical of microporous solids �type
I�, whereas xerogel 82 Å presents a type IV isotherm.67 The
samples were prepared in the following way for the DINS
measurements: they were dried in two different desiccators,
at room temperature and under vacuum, employing a P2O5
powder. After drying with P2O5, the xerogels were inserted
into a drying oven at 70 °C for two days, raising the tem-
perature at a gradient of 5 °C /h to avoid structural changes
in the skeleton. From the structural and chemical point of
view, it has to be considered that the concentration of OH
groups at the surface is about 4–5 OH /nm2 and this quantity
can be considered as a physicochemical constant, as it is
almost independent of the synthesis conditions.70 The hydro-
gen bond interactions of the OH groups at the surface are
determined by the Si-O-Si ring size and its opening degree,
the number of hydroxyls per silicon site, and the surface
curvature.6 In particular, a small negative curvature radius
reduces the distance between neighbor hydroxyls and en-
hances the hydrogen-bond interaction with respect to a flat
surface. Indeed, the interaction among silanols increases as
the pore diameter decrease. Porous silica surfaces synthe-
sized through sol-gel procedures are naturally terminated
with a variety of surface silanols �isolated, vicinal, and gemi-
nal� which are preferential adsorption sites for water mol-
ecules. The silanol group is found to dominate the surface
chemistry and physics of a variety of adsorbent
materials,71–73 while compounds containing silanol groups,
are involved in many industrial processes and synthesis,
ranging from formation of silicone polymers to the fabrica-
tion of inorganic material through sol-gel processes.74–77 Si-
lanols are also important for protease inhibition78 and in the
degradation pathway of volatile organosilicon compounds in
the atmosphere, that are expected to react with hydroxyl
�OH� radicals.79 Thus, silanols are important in many cases,
and the knowledge of their structural and dynamical proper-
ties could provide insight into the interpretation of the results
of the various processes.
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