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Using the method of quasi-elastic scattering of slow neutrons, the
influence of the contact between distilled water and a hydrophobic
surface (porous silica covered with trimethylsilane [Si(CH3 )3 ]n )
on self-diffusion of water molecules has been studied. It has been
established that after the contact of water with the hydrophobic
surface the self-diffusion constant of water molecules increases due
to the enhancing of the water collective motions, the latter being
a result of water clusterization.

Water is considered nowadays as a three-dimensional
polymeric net of molecules, where the weak
intermolecular hydrogen bonds, in comparison with
chemical ones, are in permanent reconstruction
due to thermal fluctuations [1]. It has been found
experimentally that if water contacts with a solid, the
water molecules become ordered in a near-surface layer,
thus forming quasi-dimensional structures [24].
When investigating the properties of water near
the hydroxylated or trimethylsilanated surface of the
pyrogenic silica (a silicagel) with the help of the
nuclear magnetic resonance method, the authors of the
work [4] revealed that the most perturbation influence
on water occurs when the hydrophobic [Si(CH3 )3 ]n
(trimethylsilane, TMS) coating is available on the SiO2
surface (TMSSiO2 ). Moreover, the nano-sized particles
of the trimethylsilanated silica demonstrate not only
the absence of the phobic behavior at the contact with
water but, on the contrary, stick to its surface and
induce the polarization of water molecules in a layer of
much greater thickness than that at the interaction with
hydroxylated (hydrophilic) silica. It was suggested [5]
that after the contact with a highly developed surface
of the trimethylsilanated silica, the fragments of order
are preserved in water, and the formed clusters do
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not relax for a long time but persist even after the
irradiation of water by ultrasound. For an explanation
of the polarization origin of water molecules at the
interface with a hydrophobic surface of the silica, the
features of the electrostatic potential distribution near
the surface of such disperse objects were elucidated
[6]. A comparison of the corresponding profiles of the
electrostatic potential distribution for the models of
the hydroxylated and trimethylsilanated silica surfaces
discovered an important specificity of this distribution
in the latter case. In particular, the availability of the
trimethylsilanated groups results in a formation on the
surface of the SiO2 nano-particles of the areas with a big
positive electrostatic potential at large enough distances
from the Si atoms [6]. At the same time, the influence
of the solid surface on the molecular dynamics of water,
which contacts with a solid, has not been studied at the
microscopic level to date.
The aim of the work was to study the influence
of a hydrophobic surface on the self-diffusion of the
molecules of water, which is in a contact with this
surface. Researches were carried out by the method of
quasi-elastic scattering of slow neutrons [7] making use
of a neutron spectrometer. A nuclear reactor BBP-M
at the Institute for Nuclear Researches of the NAS of
Ukraine was used as a source of neutrons.
It is of interest an opportunity to obtain such
modified water, which contains clusters of the quasiordered structure, by means of its infiltration through
a porous (granular) silica material made up of TMS
SiO2 nano-particles [5]. In our work, TMSSiO2 in the
form of grinded aerosil gel was used for the preparation
of the specified water.
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In the course of experiment, the energy spectrum
of scattered neutrons was measured. An analysis of
peak broadening in such spectra allows one to define
the variations of the self-diffusion constant of water
molecules in the specimens under investigation.
The block diagram of the experiment for the study of
self-diffusion in water systems is shown in Fig. 1. A nonmonochromatic beam of neutrons from reactor 1, formed
by collimator 2, fell onto a crystal-monochromator 3 (a
single crystal of zinc) at the angle  with the reflection
plane of the crystal. Due to the Bragg reflection at the
angle 2 with respect to the incident neutron beam,
monochromatic neutrons with the energy of 13.2 meV
were generated. With the help of the mechanical chopper
4, the steady beam of neutrons was converted into a
pulsed one, which allowed the neutron spectrometry
with respect to the time of the neutron flight to be
carried out. The pulsed flux of neutrons arrived at a
specimen in container 5. Eventual intensity variations
of the monochromatic beam of neutrons were registered
with the help of monitor 6. The neutrons scattered
at various angles (namely, 9.5, 25.1, 40.5, 55.7, 70.9,
86.1, 101.3, and 116.5Æ) were registered by the system
composed of eight detectors 7. The pulses from the
registered neutrons were amplified by a preliminary
amplifier 8 and through cathode-coupled amplifiers
reached univibrators 9 operating as discriminators. The
generated in such a manner pulses got to the inputs
of corresponding time analyzers 10 (AI-4096), as well
as to a computation block 11, which allowed the total
number of pulses from each detector to be registered.
The memory of the pulse time analyzers was split in
accordance with the number of detectors into eight
groups, each containing 25 time channels. Analyzers
10 were started with the help of differential amplifiers
(DAs) and the magnetic head 12 of the mechanical
chopper at the moment of the slit opening for the pulses
of the neutron flux to pass.
The exposition time for each specimen was 21 h.
at the temperature of 293 K. The intensity I0 and
the width E of the quasi-elastic scattering peak were
determined from the spectra obtained for each angle
of scattering. The main body of information about the
diffusive motions of the water molecules is contained
exactly in the experimental dependence of the energy
broadening E of the quasi-elastic peak on the square
of the transferred momentum q2 (on the scattering
angle) [7]. The analysis of those spectra, namely, the
analysis of the quasi-elastic peak broadening, allows the
self-diffusion constants of the water molecules to be
determined.
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Fig. 1. Block diagram of the experimental setup for the study of
self-diffusion in aqueous systems by the method of the quasi-elastic
scattering of slow neutrons

The obtained experimental data concerning the
measurement of the differential cross-section of the
quasi-elastic scattering of slow neutrons in water before
and after the contact with a hydrophobic surface can
be analyzed in the framework of the existing models
of diffusion. For the model of steady diffusion (a nonactivation mechanism) [8]

E = 2~q2D;
and for the model of step-like diffusion (an activation
mechanism) [8]
h
E = 2~0 1

W 1 + q2 D0 

e 2

1

i

;

where q is the momentum transfer of a neutron at the
scattering, D is the diffusion constant of the liquid
(water) molecules, W is the activation energy (the
DebyeWaller factor), 0  10 12  10 10 s is a
characteristic parameter that means the average lifetime
of hydrogen bonds.
Proceeding from the hierarchy of time scales of
the fast one-particle and slow collective motions of
water molecules in the BulavinIvanov model [9], the
broadening of the quasi-elastic peak can be represented
as

E = E op + E col;
(1)
where E op and E col are the one-particle
and collective contributions, respectively, into the
broadening of the quasi-elastic peak. For the model
of diffusion, which includes both the non-activation
collective and activation one-particle modes of the water
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diffusion constant
medium:
Dcol

Dcol

of water molecules in this

= 21~ @@ (qE2) :

(4)

The collective contribution to the diffusion constant is
determined from the variation E when the square
of the transferred wave vector q2 changes from 8 to
12.2 A 2 . Substituting the calculated in such a way
values of Dcol into formula (3), the value for 0 is
obtained.
At small values of q, q ! 0, we obtain from formula
(2)
E q2 = 2~Dq2 :
(5)
From here, we find
D



Fig. 2. Dependences of the quasi-elastic peak broadening E on
the square of the momentum transfer q2 of the neutrons scattered
at the molecules of distilled water before (the dashed curve) and
after (the solid curve) the contact of water with a hydrophobic
surface

molecule diffusion, the broadening of the quasi-elastic
peak can be displayed in the form

E

q

2

= 2~D

col 2

q


2
~
+ 1
0

exp [ 2W ] ;
1 + (D Dcol) q20

(2)
where Dcol is the collective contribution into the selfdiffusion constant of H2 O molecules and Dop = D Dcol
is its one-particle counterpart.
At large values of the momentum transfer, q ! 1,
formula (2) transforms into the following one:
E q2 = 2~Dcolq2 + 2~0 1;
(3)
which can be used for the determination of both the
average lifetime of the hydrogen bond and the selfDiffusion parameters obtained from the analysis of the
experiment

Specimen
Distilled water
Distilled water
after the contact
with a hydrophobic
surface
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D

 10

m2 /c

9,

D col

 10

m2 /ñ

9 , 
0

 10
c

2,

1:13(0:11) 0:67(0:32) 1:91(1:30)
1:25(0:09) 0:86(0:27) 3:03(2:79)

= 21~ @@ (qE2 ) ;

(6)

i.e. the total diffusion coefficient D is determined from
the variation E when q2 changes from 0 to 1.5 
A 2.
Therefore, with the help of relations (4) and (6)
concerning the peak broadening of the quasi-elastic
neutron scattering, it is possible to calculate the diffusion
coefficient of water molecules and the average lifetime of
hydrogen bonds, and, thus, to draw a conclusion about
the dynamics of water molecules before and after their
contact with a hydrophobic surface. The results of such
calculations are quoted in the Table.
In Fig. 2, the dependences of the quasi-elastic peak
broadening E on the square of the momentum transfer
q 2 of the neutrons scattered at the molecules of distilled
water before (the dashed curve) and after (the solid
curve) the contact of the latter with a hydrophobic
surface are depicted.
From the analysis of the experiment, it follows
that the self-diffusion coefficient of water molecules
increases (by about 10 %) after the contact of water
with a hydrophobic surface. This growth of the selfdiffusion coefficient occurs due to the enhancement of
the contribution made by the collective motions of
water molecules, which, in our opinion, is connected
to the clusterization of water after its contact with a
hydrophobic surface.
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Ðåçþìå
Ìåòîäîì êâàçiïðóæíîãî ðîçñiÿííÿ ïîâiëüíèõ íåéòðîíiâ äîñëiäæåíî âïëèâ ãiäðîôîáíî¨ ïîâåðõíi (ïîðèñòèé êðåìíåçåì, ïîêðèòèé òðèìåòèëñèëàíîì [Si(CH3 3 ]n íà ñàìîäèôóçiþ ìîëåêóë äèñòèëüîâàíî¨ âîäè, ùî ïåðåáóâà¹ â
êîíòàêòi ç öi¹þ ïîâåðõíåþ. Âñòàíîâëåíî, ùî ïiñëÿ êîíòàêòó âîäè ç ãiäðîôîáíîþ ïîâåðõíåþ êîåôiöi¹íò ñàìîäèôóçi¨ ìîëåêóë âîäè çáiëüøó¹òüñÿ çà ðàõóíîê çðîñòàííÿ êîëåêòèâíèõ ðóõiâ ìîëåêóë âîäè âíàñëiäîê ¨¨ êëàñòåðiçàöi¨.
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