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Molecular exchange processes in partially filled porous glass as seen with NMR diffusometry

R. R. Valiullin,1 V. D. Skirda,1 S. Stapf,2 and R. Kimmich2,*
1Department of Molecular Physics, Kazan State University, Lenin Street 18, 420008 Kazan, Russia

2Universität Ulm, Sektion Kernresonanzspektroskopie, D-89069 Ulm, Germany
~Received 6 May 1996!

The self-diffusion properties of hexane confined in porous glass with different filling fractions were studied
by means of pulsed field-gradient spin echo diffusometry. The spin echo attenuation curves were analyzed over
a range of 3.5 orders of magnitude. Only for the partially filled sample was the shape of the echo attenuation
curves found to depend on diffusion time. This observation indicates a vapor phase contribution to the total
diffusional displacements and is interpreted by molecular exchange between the liquid and vapor phases. The
distribution of molecular residence times in the liquid phase is evaluated from experimental data. A thorough
analysis of this distribution function yields information about the nature of inhomogeneities of the liquid’s
spatial distribution inside the porous matrix, including typical sizes of the inhomogeneous regions and char-
acteristics of exchange processes at the liquid/vapor interface. The model is further substantiated by additional
computer simulations.@S1063-651X~97!02202-2#

PACS number~s!: 51.20.1d, 76.60.2k, 61.43.Gt, 66.10.Cb
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I. INTRODUCTION

Investigations of the time dependence of the self-diffus
coefficientD(t) for liquids confined in porous media hav
recently become a widely used approach to characterize
structure of porous materials. A favorable method emplo
for this purpose is pulsed field-gradient spin echo~PGSE!
diffusometry@1,2#. It was shown thatD(t) can be related to
certain characteristics of the porous medium such as
surface-to-volume ratio and the tortuosity@3,4#. Taking into
account merely geometrical restrictions of the mediu
D(t) of a diffusing fluid is found to decrease with time an
finally to attain a plateau value. Following a more gene
approach that describes the motion of particles in a rand
force field, as induced by a heterogeneous medium, qua
tively yields the same results@5#. The presence of a restric
ing geometry therefore results in a reduction of the s
diffusion coefficient of the intraporous liquid compared
the bulk value.

However, in some cases self-diffusion coefficients of l
uids in porous materials were found to exceed those of
bulk liquids @6–11#. One possible explanation can be fa
~relative to the NMR time scale! exchange of molecules be
tween the two phases of liquid and saturated vapor. An
tempt to prove experimentally the influence of vapor diff
sion was undertaken in@9#, using sample compression, i.e
the reduction of space available for the vapor phase. For h
compressions, the measured values of the self-diffusion
efficient were bulklike, while for large fractions of vapo
filled volume they were found to exceed the bulk valu
Corresponding effects were observed at increasing the
uid’s molecular mass or decreasing the temperature as
as decreasing the specific surface of the porous medium@11#.
In the latter cases the occurrence of bulklike self-diffus
coefficients in partially filled samples was attributed to slo
exchange. The exchange process itself, on the other h
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could not be detected until now in the samples under inv
tigation, though methodological aspects of the study of m
lecular exchange processes during self-diffusion were
scribed in detail@12,13#.

The aim of the present work is to study the properties
interface molecular exchange in partially saturated por
media for the example of the system hexane/Bioran por
glass employing experimental results for translational dif
sivity.

II. METHOD AND SAMPLES

In a conventional PGSE@14# experiment@see Fig. 1~a!#,
the amplitude of the stimulated echo at time 2t11t2 is ob-
served for different values of the wave numberk5gdg,
where g denotes the gyromagnetic ratio;d and g are the
width and strength of the field-gradient pulses in between
p/2 radio-frequency~rf! pulses.

If the linear Einstein relationship of the mean square d
placement of the spin-bearing particles,

^r 2~ t !&56Dt, ~1!

is fulfilled ~whereD is the isotropic diffusion coefficient o
the liquid!, the intensity of the stimulated echoA(2t11t2)
is related to the initial signal intensityA(0) following the
first rf pulse by

A~k2!

A~0!
5
1

2
expF2Dk2S D2

d

3D G expS 2
2t1
T2

D
3expS 2

t2
T1

D . ~2!

T1 and T2 are the longitudinal and transverse relaxati
times of the spin system, respectively. For an experim
with all times fixed but only the gradient strengthg varied,
relaxation leads to a constant attenuation factor and need
be taken into account in the analysis. The stimulated e
sequence@Fig. 1~a!# has been modified for our purposes b
2664 © 1997 The American Physical Society
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FIG. 1. Radio-frequency pulse sequences for diffusion experiments.~a! Stimulated echo sequence with gradient pulses of strengthg and
durationd; the intensity of the stimulated echo~st.e.! at time 2t11t2 is determined as a function ofg. ~b! Modification for suppression of
the effects of intrinsic magnetic field gradients.~c! Modification for investigating the presence of relaxation effects on diffusion measu
ments.
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adding a train ofp pulses during the interval between th
second and thirdp/2 pulses@Fig. 1~b!# in order to exclude a
possible influence of internal magnetic field gradients wh
may become essential in highly dispersed systems@15#. In a
second variant, anotherp pulse was applied preceding th
pulse sequence for the investigation of relaxation effects
the diffusional behavior by variation of the evolution interv
tev @Fig. 1~c!#.

All experiments were carried out on a home-built PG
spectrometer with a maximum field gradient of 106 Tm21

operating at a proton resonance frequency of 64 MHz. T
duration of the gradient pulses,d, was chosen between 1
h

n

e

and 30ms, the diffusion timetd5D2d/3 was varied from 3
to 1500 ms, and the intervalt1 between the first and the
secondp/2 rf pulses from 1.4 to 2.4 ms. All measuremen
were carried out at a temperature of (3060.5) °C. As a suit-
able medium, Bioran porous glass was purchased fr
Schott Glaswerke, Mainz, Germany. The material for
spongelike macroparticles of 80–130mm diameter with a
porosity of (7463)% and a specific surface of 120 m2/g.
The pore-size distribution is specified to be narrow with
95% of the pores having diameters of (4064) nm. From
previous investigations we conclude a porous structure w
randomly formed channels of 40 nm diameter and an aver
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2666 55VALIULLIN, SKIRDA, STAPF, AND KIMMICH
radius of the percolation cycle — defining the length sc
on which diffusion obeys a Gaussian propagator — of ab
1 mm @16#.

The glass material was heated to 200 °C under vacu
for 24 h and filled with hexane~Fluka Chemica, Buchs
Switzerland, 99.5% pure! under vacuum by the bulk-to-bul
method. Two samples with ratios of liquid volume to po
volume of 1 and 0.66, respectively, were studied. They w
be denoted asS-1 andS-0.66.

III. EXPERIMENT

The experimental diffusional decays~DDs! for different
diffusion timestd are shown in Figs. 2 and 3. As the data
Fig. 2 imply, the DDs of bulk hexane and of the complete
filled porous sampleS-1 are monoexponential and do n
depend on diffusion time. The self-diffusion coefficients a
evaluated as Dbulk5(4.9060.25)31029 m2 s21 and
DS-15(3.3560.15)31029 m2 s21, respectively. Contrary
to this finding, the DDs of the partially filled sampl

FIG. 2. Diffusional decays~DDs! obtained for bulk hexane an
sampleS-1 for different diffusion timestd . The quantities given on
the abscissa are the gradient pulse intensityg and durationd, the
gyromagnetic ratiog and the diffusion timetd , respectively.

FIG. 3. Diffusional decays~DDs! obtained for the sample
S-0.66 for different diffusion timestd . Solid lines are tangents to
the final section of the curves.
e
t

m

ll

S-0.66 are nonexponential, and their shape depends stro
on the diffusion time~Fig. 3!. The initial parts of the DDs are
characterized by a self-diffusion coefficient more than tw
as large as in the bulk liquid and independent of diffusi
time within the experimental errors. Such a DD function m
occur due to either a nonexponential character of the lon
tudinal relaxation or a multiphase structure of the system
which the exchange process takes place@12,17#. In order to
investigate the first possible effect, a stimulated-echo pu
sequence preceded by ap pulse was applied@see Fig. 1~c!#.
For longitudinal relaxation recovery timestev between 10 ms
and 10 s, all obtained DDs were found to coincide. One m
therefore conclude that the observed nonexponentiality of
DDs and their dependence on diffusion time might be c
nected with an exchange process between phases that c
characterized by different translational mobilities. This a
sumption is in agreement with the above-mentioned indep
dence of the initial slope on diffusion time@12#.

IV. INFLUENCE OF EXCHANGE PROCESSES ON NMR
SELF-DIFFUSION EXPERIMENTS

The problem of NMR self-diffusion measurements in t
presence of exchange between phases of different prope
was first discussed by Ka¨rger @13# for the special example o
a two-phase system with an exponential molecular lifeti
distribution function. The solution obtained by the author
essentially a simple transference of conclusions found for
analogous problem of nuclear magnetic relaxation in a m
tiphase system@18# and suggests the evaluation of the se
diffusion coefficient as a function of diffusion time. Thus,
correction for nuclear relaxation during the diffusion peri
cannot be applied. Furthermore, thea priori assumption of
an exponential lifetime distribution makes Ka¨rger’s approach
@13# unsuitable for the study of more complex systems.

A solution for the problem of general lifetime distribu
tions is given in@17#. Here, the spin-echo amplitude is re
corded solely as a function of the strength of the magn
field gradient pulses, while the relevant times can be var
between experiments to account for relaxational effects.

We will restrict ourselves to a system with two phas
A, B with lifetimes tA , tB . In this case, two limiting con-
ditions can be distinguished for which simple solutions ex
If the fast-exchange condition applies (td@tA ,tB), an aver-
age diffusion constantDS is observed which can be ex
pressed by

DS5pADA1pBDB, ~3!

wherepi is the population of phasei with self-diffusion co-
efficient Di . In the opposite limit of slow exchang
(td!tA ,tB), the diffusional decay can be decomposed int
sum of two exponentials:

A~k2!

A~0!
5pAexp@2k2tdDA#1pBexp@2k2tdDB#. ~4!

In cases where these limits do not apply, the diffusional
cay has to be described by a more general expression ac
ing to @17#:
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A~k2!

A~0!
5(

j
Wj~ tA j ,tB j!exp@2k2~DAtA j1DBtB j!#, ~5!

where tA j and tB j are the total lifetimes of a nucleus in th
phases with the self-diffusion coefficientsDA andDB , re-
spectively (td5tA j1tB j). Wj (tA j ,tB j) is the corresponding
probability for a certain pair of lifetimestA j and tB j . Thus,
the diffusional decay can be described formally by a qua
continuous spectrum of apparent self-diffusion coefficie
Dj5(DAtA j1DBtB j) td

21 . If one or both of the limiting val-
ues of this spectrum,DA andDB , can be extracted from th
experimental data or are known beforehand, informat
about the nature of the exchange process taking place an
relevant lifetimes can be obtained by analyzing the distri
tion of the components inA(k2).

It was shown in@17# that the probabilitypi(td) for a par-
ticle of not having left phasei during an intervaltd can be
written as

pi~ td!

pi~0!
512E

0

td
c i~t! dt, ~6!

where pi(0) is the fraction of particles in phasei . c i(t)
represents the normalized lifetime distribution function
phasei ; thus the integral on the right-hand side describes
probability of a particle having left phasei during td . It
should therefore be possible to derive the lifetime distrib
tion functionc i(t) by analyzing the experimentally obtaine
diffusional decay curves. This procedure is simplified
knowing the smallestD value, which will be discussed in th
following section.

V. ANALYSIS AND DISCUSSION
OF EXPERIMENTAL RESULTS

In order to find a description of the lifetime distributio
functionc(t), we shall consider the behavior of the smalle
componentDmin and its relative population. Figures 4 and
show the dependence ofDmin and its populationpmin as a
function of diffusion time td for the samplesS-1 and
S-0.66. The value ofDmin is defined by the tangent of th
final part of the DD curves. During the fitting procedure
was made sure that, after subtracting the diffusional de
corresponding to the smallest component, the residual
did not depend on diffusion time. Employing this metho
bothDmin andpmin could be evaluated with reasonable acc
racy in the described range of diffusion times. However
must be pointed out that great care generally has to be ta
for the interpretation of nonexponential or multiexponent
decay curves. In our case, where only the asymptotic va
have been of interest, the analysis was restricted to diffus
times whereDmin could still be defined unambiguously de
spite decreasing signal-to-noise ratios.

A single self-diffusion coefficient was found in the ca
of completely filled pores~sampleS-1!. For the shortest dif-
fusion time in the experiments,td53 ms, the average dis
placement is already on the order of 1025 m, exceeding both
the pore diameter and the radius of the percolation cy
@16#. One therefore expects@4,5# a diffusion coefficient re-
duced compared to the bulk valueDbulk but independent of
diffusion time, as was observed~Fig. 4!. The ratio of the
i-
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self-diffusion coefficients,DS-1 /Dbulk'0.7, is in agreemen
with findings for analogous systems published in a previo
work @19#. The obtained results~Fig. 5! do not indicate,
within experimental errors, the presence of a second com
nent in the whole range of diffusion times. This implies th
according to Eq.~4!, no exchange is observed for samp
S-1 in the range 3 ms<td<1500 ms.

For the partially filled sampleS-0.66, on the other hand
the relative contribution of the smallest componentDmin de-
pends strongly on diffusion time, indicating the presence
an exchange process. In addition to that, the value ofDmin
itself decreases for diffusion times longer than about 20
which can be understood as a consequence of the ons
spatial restriction. The fact that theDmin values for both
samples are very similar for short diffusion times leads to
conclusion that it can be attributed to the liquid phase
S-0.66. We will use the subscriptA for this phase in future,

FIG. 4. Smallest self-diffusion coefficientsDmin[DA obtained
from tangents to the final sections of the diffusional decays. Exp
mental data for the samplesS-1 andS-0.66 ~dashed line and solid
triangles! and effective self-diffusion coefficientsDef f(td) calcu-
lated with Eq.~12! ~circles! and Eq.~13! ~diamonds!, respectively.
Solid lines indicate power-law relations for comparison.

FIG. 5. Experimentally determined populationpmin[pA of the
componentDmin for the samplesS-1 andS-0.66 as a function of
diffusion time td . PhaseA is equivalent to molecules in the liquid
phase.
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thus DA[Dmin . The dependence ofDA indicates that the
liquid phaseA is spatially restricted. This fact is an importa
peculiarity of the studied process of multiphase exchang
the sample under consideration, unlike the notion
@12,13,17#.

The restriction effect is directly connected with the tim
dependence of the mean-square displacement. In analo
the behavior expected for diffusion on percolation cluste
we make the ansatz

^r 2~ td!&}td
12«. ~7!

«50 describes the case of free diffusion, while for«51
completely restricted diffusion is observed@12#. For any
value 0<«<1, an effective self-diffusion coefficient can b
defined which follows the relation

Def f~ td!}td
2«. ~8!

In particular,Def f(td)}td
21 indicates the regime of com

pletely restricted diffusion. In a real physical system, bo
cases might be observed, i.e.,D0}td

0 for short diffusion
times in absence of the restriction effect andDef f(td)}td

2«

for longer td . From the experimental data in Fig. 4, on
D0 for short td can be extracted directly. They do not allo
one to estimateDef f(td) from the asymptotic limit of
D(td) ~see, e.g.,@20#!. To derive the long-time behavior
some simple scaling arguments have to be considered.

Let us assume that the measured valueD(td) is a function
of only two parametersD0 andD

ef f(td), respectively:

D~ td!5 f @D0 ,D
ef f~ td!#. ~9!

Moreover, f @D0 ,D
ef f(td)# must satisfy the following obvi-

ous limiting conditions:

lim
td→0

f @D0 ,D
ef f~ td!#5D0 ,

lim
td→`

f @D0 ,D
ef f~ td!#5Def f~ td!, ~10!

where the limittd→` has to be understood as only allowin
for displacements not exceeding the sample dimensi
Taking into account Eq.~8!, a suitable expression fulfilling
Eq. ~10! is found to be

f @D0 ,D
ef f~ td!#5

D0D
ef f~ td!

D01Def f~ td!
5D~ td!. ~11!

Hence,

Def f~ td!5
D0D~ td!

D02D~ td!
. ~12!

It should be noted that the behavior of@D02D(td)#
21 is

discussed in@3,5# in order to estimate the factor connect
with the restriction effect. It coincides with Eq.~12! as far as
the factorD0 D(td) is concerned, but its application range
limited due to the obvious violation of the conditions~10!.
Note that relation~12! is essentially a renormalization o
in
n

to
,

s.

D(td) and is always valid for the description of a restrictio
effect, provided that the exponent« in Eq. ~8! is a function
of td .

Equation ~12! can be used to describe the data for t
partially filled sample ~solid triangles in Fig. 4!. If
DS-153.3531029 m2 s21 is taken asD0, we assume tha
the small-scale inhomogeneities given by the porous netw
itself are already averaged out and that restrictions o
larger scale are under investigation. The result is marked
open circles in Fig. 4: For short diffusion times, the values
DA
ef f(td) are consistent with a power lawtd

21/2, as was pre-
dicted by theory@3,5#. For a wide range of diffusion times
10 ms<td<100 ms, a dependenceDA

ef f(td)}td
21 is ob-

served, which corresponds to the case of completely
stricted diffusion. For diffusion times larger than approx
mately 100 ms, a weaker dependence ofDA

ef f(td) on td is
found. We suppose this to be a result of connections wit
spatially restricted regions or a permeability effect which
usually characterized byDp5 limtd→`D

ef f(td).
In order to take into account this effect, the valu

D(td)2Dp has been discussed in@4,5# to describe the
DA
ef f(td) dependence. For a more precise analysis we in

duce the functionw(td)5k@D(td)2Dp#, wherek is defined
by the condition limtd→0w(td)5D0. In conjunction with

limtd→0D(td)5D0, we eventually obtain an expression fo

w(td), characterizing diffusion in a medium with restriction
corrected for permeability effects:

w~ td!5@D~ td!2Dp#
D0

D02Dp . ~13!

By substitutingw(td) instead ofD(td) into Eq. ~12! and
fitting Dp, we find that DA

ef f(td)}td
21 holds for

Dp51.8310210 m2 s21 in the whole range of the studie
diffusion times~open diamonds in Fig. 4!, excluding the re-
gion of small td mentioned above. SinceDef f(td)
5^r 2(td)&/6td by definition, the restriction sizeA^r 2(td)& in
the studied case can be calculated to equal 40mm. The same
result is obtained when the influence ofDp is neglected by
consideringDA

ef f(td) only in the range 10 ms<td<100 ms.
This analysis of the experimental data leads to a first c

clusion concerning the liquid state in the sampleS-0.66:
PhaseA, characterized by the minimal self-diffusion coeffi
cient value from the observed DD curve and represen
hexane molecules in the liquid state, is distributed inside
sample volume in regions with a characteristic dimension
40 mm. These regions are connected by paths that provid
permeability coefficientkp5Dp/DS-1'0.05.

As was already mentioned, the decrease ofpA(td) with
increasingtd indicates exchange of phaseA with another
phaseB, the properties of which can be estimated: Extrap
lation of pA(td) for limtd→0 yields 12pA(0)5pB(0)

<0.01. According to Eq.~3!, the self-diffusion coefficient of
the second phase must then be at le
DB5@DS2pA(0)D (S-1)#/pB(0)>931027 m2 s21. This
rough estimate leads to the conclusion that a fraction of
hexane molecules is in the saturated vapor state. In this s
the bulk diffusivity of the molecules is more than three o
ders of magnitude larger than in the liquid, while the pop
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lation in that phase is approximately proportional to the ra
of the densities of saturated vapor and liquid, resulting i
fraction of about 1023.

Let us now consider the principal experimental findin
the time dependence ofpA(td). To a first approximation, the
process of exchange between two phasesA and B can be
described by diffusion inside the volume of phaseA to the
interface@17#. This is similar to the problem of reaching th
surface @21# assuming that the probability of withdrawa
from the liquid phase for a molecule at the interface is clo
to unity. The distribution function of the lifetime in the liqui
phase,cA(t), can then be written for the one-dimension
case@22# as

cA~t!5~2pDt3!21/2H 2Dt

R S 12expF2
R2

2DtG D
1R expF2

R2

2DtG J . ~14!

HereR denotes the linear dimension of the liquid phase a
D is the bulk diffusion coefficient.

For the case discussed in this work, phaseB is saturated
vapor. Consequently, it is not justified to consider the pr
ability of withdrawal from the liquid phase,PLG , to be equal
to 1. From general considerations this probability can be
proximated by the ratio of the densities of the two phas
therefore,PLG'1023.

A successful approach to describe the evolution of
population in phaseA has to take into account the fraction
molecules that fail to withdraw into phaseB. This can be
achieved by rewriting Eq.~6! in the form

pA~ td!512E
0

td
cA~t! dt1~12PLG!ntdE

0

td
cA~t! dt,

~15!

wheren is the frequency of collisions with the interface an
pA(0) was approximated to unity. EmployingPLG!1, Eq.
~15! is simplified to

pA~ td!512~12exp@2nPLGtd# !E
0

td
cA~t! dt. ~16!

Equation~16! implies that the functionpA(td) is determined
by the process of particles diffusing to the interface only
times shorter than an average time for reaching the interf
t̄, while for larger times,pA(td) is dominated by the expo
nential factor (nPLG)

21. Note that the frequency of colli
sions with the phase interface,n5t21, is determined by the
surface-to-volume ratio of the phase. The average time
reaching the surface in a phase with spherical bounda
was shown to be@21#

t̄5
3

5D SVSD 2, ~17!

whereV andS are the volume and the surface area of
phase, respectively. In our case, where the dimension of
liquid phase was estimated to 40mm, an average time o
t̄'8 ms is found. Consequently, under the conditions of
o
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experiment (3 ms<td<1500 ms), the withdrawal of the
molecules from the liquid phase is defined mainly byPLG ,
and according to Eq.~16! one can expect an exponenti
form of pA(td). From the mentioned estimations a time co
stant (nPLG)

21 of the order of 10 s is obtained which i
obviously much too large to coincide with the time depe
dence ofpA ; see Fig. 5. Assuming that the order ofPLG is
correct, a significantly smaller value for (nPLG)

21 can only
be attained by increasing the surface-to-volume ratio wh
the characteristic dimensions of the restrictions must be k
constant. We suggest the following picture that satisfies
these requirements: within a region with a typical size of
mm, A represents a continuous liquid phase where pores
filled completely, connected by narrow channels along
glass surface. Thus, the effective interface area betw
phasesA andB becomes larger. This conclusion is similar
models proposed for nuclear magnetic relaxation studie
comparable samples~see, e.g.,@23#!.

To prove the applicability of this model, a series of com
puter simulations was carried out. First, two limiting cases
liquid-vapor distribution in the sample were compared:~a!
spatial domains of phasesA andB alternating along a chan
nel @Fig. 6~a!#; ~b! the liquid phaseA is spread along the
channel surface@Fig. 6~b!#. This resembles a simplified view
for the cases of nonwetting and wetting fluids, respective
For the calculations, the characteristic sizes and the fill
fraction have been chosen in accordance with the sam
properties and~for the first model! the experimental data fo

FIG. 6. Graphic representation of the models used for comp
simulations using the algorithm described in the text.~a! Spatial
domains of phasesA andB alternating along a channel;~b! liquid
phaseA spread along the channel surface;~c! combination of~a!
and ~b!.
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the size of the liquid phase. The simulation of the diffusi
process was performed employing the following algorithm
random walk in two dimensions was implemented starting
an arbitrary position inside the liquid phaseA which con-
tained a uniform distribution of particles. When reaching t
interface, the particle was permitted to enter the vapor ph
B with the probabilityPLG51023; the step length for the
random walk in phaseB was 1000 times larger than in pha
A, corresponding to the ratio of self-diffusion coefficien
The simulation was averaged for 5000 particles perform
50 000 random steps each. The evaluated quantities wer
fraction of molecules that did not leave phaseA during the
simulation timet and the average self-diffusion coefficien
calculated as the ratio of the mean-square displacemen
t. The results of the simulation forpA(t) are shown in Fig.
7~a!.

It must be noted first that for both models, exponen
forms for the functionpA(td) were found. This implies that
due to the small value ofPLG , diffusion through the liquid
phase towards the interface is not the limiting factor for
exchange process. The difference between the exchange
for the two limiting models, calculated to be 3 s and 20
ms, respectively, is striking. It becomes obvious that this f
ture is a consequence of the two surface-to-volume ra

FIG. 7. Results obtained by two-dimensional computer simu
tion of 5000 particles performing 50 000 random steps each. Cir
represent experimental results~sampleS-0.66! for comparison.~a!
Probability function pA(td); ~b! lifetime distribution function
cA(td).
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that differ by several orders of magnitude. In addition, on
for the first model is restricted diffusion indicated for mo
ecules that never left phaseA, as was observed in the exper
ment. The effect of the phase distribution on the avera
self-diffusion coefficient behavior seems to be essentia
well. The calculated value of the average self-diffusion c
efficient for the second model is up to three times larger th
the bulk value, while for the first model no significant diffe
ence was found, despite the fact that the total gas ph
volume was the same for both models. This interesting
servation can be explained by the fact that the gas ph
regions in the first model are too small to allow a detecta
increased mean-square displacement of the diffusing
ticles. The finding implies an important conclusion: in ord
to observe self-diffusion coefficients exceeding the bulk v
ues significantly, not only the fast-exchange condition at
liquid-vapor interface has to be satisfied but also the doma
of saturated vapor must be spread sufficiently into the p
space.

The simulations show that each of the models~a! and~b!
can only describe part of the experimental results. Theref
a combination of these models was chosen consisting of
mains with dimensions denoted in Fig. 6~c!. The simulation
was in best agreement with the experimental data for
following set of parameters:Rl510 nm, Rg520 nm,
Ll520 mm, Lg520 mm. Figure 7~a! shows the result of
the simulation as a solid line compared to the experiment
determined values; in Fig. 7~b!, the lifetime distribution
function for the liquid phase,cA(t), is calculated from
pA(t). During the simulation procedure,Ll was allowed to
vary according to a Gaussian distribution withs50.1. Thus,
the computer simulations confirm the picture concerning
distribution of the liquid state in partially filled samples th
was made on the basis of experimental observations.

It must be noted that the character of the distribution
not exclusively determined by the morphological peculia
ties of the porous glass. Our additional experiments sho
strong dependence of exchange processes on tempera
filling fraction, and type of liquid. Further investigations wi
thus have to be performed to gain a complete understan
of all relevant processes of fluid behavior in porous glass

In conclusion, it should be mentioned that the comp
cated shape of the experimental dependence ofpA(td) is not
necessarily connected with a three-dimensional characte
the liquid phase’s spatial distribution@22#. Our investigations
of molecular exchange between liquid and vapor pha
show that the small value ofPLG results in an exponentia
form of pA(td) even for rather large dimensions of pha
A. As a result, the polyexponential shape ofpA(td) is due to
a distribution of the domain sizes of this phase and the pr
erties of their connections.

VI. CONCLUSIONS

The properties of translational self-diffusion in a liqu
partially filling the pore space of porous glass particles w
investigated using the NMR pulsed field-gradient meth
The dependence of the diffusional decay shapes on diffu
time can be described by a process of molecular excha
between liquid and vapor phases. The distribution funct
of the molecular lifetimes in the liquid phase was, to o

-
s



t
et
o-
s
th
th
in
io
t i
nc

d

for
re-

55 2671MOLECULAR EXCHANGE PROCESSES IN PARTIALLY . . .
knowledge, derived for the first time from experimental da
and can be characterized by exponential components d
mined by the geometry of the liquid distribution in the p
rous medium and diffusional exchange between both pha
The analysis of the diffusional decays as a function of
diffusion time allows estimating the characteristic size of
liquid phase domains. The properties of the liquid-vapor
terface can account for the observation of restricted-diffus
effects in the liquid phase. The investigations carried ou
this work suggest that an analysis of diffusional decay fu
e
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rd

rd

e

,
o

-
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er-

es.
e
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tions is helpful for the study of exchange in partially fille
porous samples.
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@5# N. F. Fatkullin, Zh. Éksp. Teor. Fiz.98, 2030 ~1990! @Sov.
Phys. JETP71, 1141~1991!#.

@6# F. D’Orazio, S. Bhattacharja, W. P. Halperin, and R. Gerha
Phys. Rev. Lett.63, 43 ~1989!.

@7# F. D’Orazio, S. Bhattacharja, W. P. Halperin, and R. Gerha
Phys. Rev. B42, 6503~1990!.

@8# N. K. Dvojashkin, V. D. Skirda, A. I. Maklakov, M. V. Be-
lousova, and R. R. Valiullin, Appl. Magn. Reson.2, 83 ~1991!.

@9# R. Kimmich, S. Stapf, P. Callaghan, and A. Coy, Magn. R
son. Imag.12, 339 ~1994!.

@10# S. Bahceli, A. R. S. Al-Kaisi, K. Krynicki, and J. H. Strange
in 2nd IUPAC Symposium on Characterization of Porous S
ids ~IUPAC, Alicante, 1990!, p. 127.

@11# A. I. Maklakov, N. K. Dvojashkin, and E. V. Khozina, Kol
loid. Zh. 55, 96 ~1993!.
.

t,

t,

-

l-

@12# A. I. Maklakov, V. D. Skirda, and N. F. Fatkullin, inEncyclo-
pedia of Fluid Mechanics, edited by N. P. Cheremisinof
~Gulf-Publishing Co., Houston, 1990!, Chap. 22, p. 705-7.

@13# J. Kärger, Ann. Phys.~Leipzig! 24, 1 ~1969!.
@14# J. E. Tanner, J. Chem. Phys.52, 2523~1970!.
@15# L. L. Latour, L. Li, and C. H. Sotak, J. Magn. Reson.101, 72

~1993!.
@16# R. R. Valiullin and V. D. Skirda, in3rd International Confer-

ence on Magnetic Resonance Microscopy~Groupement Am-
père, Wurzburg, 1995!, p. 144.

@17# A. I. Maklakov, V. D. Skirda, and N. F. Fatkullin,Self-
Diffusion in Polymer Solutions and Melts~Izd. Kazanskogo
universiteta, Kazan, 1987! ~in Russian!.

@18# J. R. Zimmerman and W. E. Brittin, J. Chem. Phys.35, 41
~1969!.

@19# R. Kimmich, S. Stapf, R.-O. Seitter, P. Callaghan, and
Khozina, Mater. Res. Soc. Symp. Proc.366, 189 ~1995!.

@20# G. Fleischer, V. D. Skirda, and A. Werner, Eur. Biophys. J.19,
1 ~1990!.

@21# S. M. Ritov, Introduction to Statistical Radiophysics~Izd.
Nauka, Moscow, 1976! ~in Russian!.

@22# V. D. Skirda, V. A. Sevrugin, and A. I. Maklakov, Khim. Fis
11, 1499~1983!.

@23# B. P. Hills, Magn. Res. Imag.12, 183 ~1994!.


