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Measurements have been performed of the nuclear-magnetic-resonance longitudinal and trans-
verse relaxation and the self-diffusion coeScient of deionized water confined in the porous space of
a silica glass. The average pore diameter of the glass is 3.5 nm, and the experiments were conducted
with different degrees of Quid filling. All three physical quantities were found to be linearly depen-
dent on filling provided this was in excess of the amount of water corresponding to one monolayer,
in agreement with theoretical predictions based on geometrical considerations. However, a devia-

tion is observed below one monolayer, which is interpreted as a modification of the liquid-solid in-

terface interaction, which causes the water molecules to become less mobile.

I. INTRODUCTION

Considerable effort has been devoted to the characteri-
zation of various porous materials, to study the physical
properties of fluids inserted in their porous structure, and
to determine the relationship between these two aspects. '

This investigation has both fundamental and technologi-
cal interests. Sample formation, catalytic reactions,
chromatography, hydrocarbon recovery, and super-
fluidity in restricted geometry are a few examples.
Nuclear-magnetic-resonance (NMR) relaxation and
diffusion measurements have played an important role
contributing extensively to the understanding of porous
structures and fluid transport properties in random
geometries. In particular, relaxation measurements on
liquids filling the pore space probe the internal local
surface-to-volume ratio and, therefore, determine pore-
size distributions. ' Pulsed magnetic field gradient
(PFG) NMR self-diffusion measurements provide direct
information about the local mean-square displacement of
molecules over a wide range of time scales, revealing the
presence of inhomogeneity, self-similarity, anisotropy of
samples, and measuring directly the geometrical restric-
tion to transport due to the pore structure.

The dependence of the experimentally observed quanti-
ties on the degree of fluid impregnation in the porous ma-
terials has also been addressed, both theoretically and ex-
perimentally. ' ' ' This procedure examines more exten-
sively the liquid-solid interface interaction, which is re-
sponsible for the enhanced relaxation rate observed in
NMR experiments. It is also essential to the interpreta-
tion of the mechanism for diffusion, since it provides in-
formation about connectivity of the porous space and
about the possible influence of surface transport to the

observed phenomena.
In this paper we report results of NMR relaxation and

diffusion experiments on water filling a well-characterized
porous silica glass (0.35 in porosity, 3.5 nm in pore diam-
eter). We describe the dependence of the relaxation times
and self-diffusion coe5cient on the amount of water im-
bibed into the sample. The range of water content covers
that from saturated conditions down to submonolayer
surface coverage of the wetting liquid. At exactly one
monolayer a change in the trend of the measured parame-
ters as a function of water content is observed. We attri-
bute this to a crossover from bulk to surface transport be-
havior of the water molecules.

II. THEORY OF NMR IN PORUS MATERIALS

A. Relaxation

The suitability of NMR relaxation experiments in
studying porous media is due to an observed enhanced re-
laxation rate of liquids when inserted in the open space of
the material. This feature is attributed to interactions in-
volving the probing molecules at the liquid-solid inter-
face. Although speculations about the origin of this in-
teraction have been made, no conclusion has been
reached and it is possible that different contributions may
be more or less effective, depending on the sample com-
position and the nature of the filling liquid. Typically,
effects such as the presence of paramagnetic impurities
and physisorption are considered to be key aspects of the
phenomenon. In many applications knowledge of the
specific nature of the enhanced relaxation is not required,
provided that some assumptions are made which allow
the definition of phenomenological parameters describing
the character of the interactions. The characterization of
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porous materials via relaxation techniques is a case in

point. If a short-range surface interaction is present and
there is a fast exchange of molecules between the surface
region and the remaining part of the liquid in the sample
during the time of the experiment, then the induced nu-

clear magnetization M(t), normalized to its initial value

M(0), is expected to relax exponentially in time:

M(t) t

M(0) T'

with a relaxation rate given by the weighted average be-
tween the surface and the bulk rates:

1 As 1 As 1

T U Tb U T
(2)

(3)

where the relevant relaxation time T is related to the
measured T' by

1 1

T T'
1

Tb

and the surface relaxation strength p is given by

1
P=A,

S

1

Tb

where Tb and T, refer to bulk and surface relaxation
times, respectively; s and U represent the local surface
area and pore volume, respectively; and A, is a length
representing the extension of the surface interaction re-
sponsible for the enhanced relaxation. Equations (1}and
(2) are valid for both longitudinal (T, ) and transverse
( T2} relaxation decays, and they define the local contribu-
tion to the NMR signal. The term "local" refers to the
confined region visited by each molecule during the
NMR excitation-detection time interval. The size of this
region depends on the diffusion coemcient of the liquid in
the porous structure, and it is typically a few microme-
ters in the case of water. It must be larger than the
characteristic pore size in order to ensure that the condi-
tion for fast molecular exchange holds as mentioned
above. In Eq. (2) the parameter A, is expected to be of the
order of one intermolecular distance since it represents
the nuclear dipole-dipole interaction range. This expec-
tation is confirmed in the experiments reported here.
Consequently, the volume of liquid which experiences
this interaction at each instant is approximately propor-
tional to A,s. A correction is required for geometries
characterized by pore sizes comparable with A..

A more convenient way to express Eq. (2) is

A (t)= f P(T'}exp —,dT',
0 T'

and an analysis may provide the distribution of relaxation
times P(T ). In turn, this gives a pore-size distribution
where size is related to the surface-to-volume ratio by an
assumed pore shape.

When a nonexponential decay of the nuclear magneti-
zation is observed, due either to a distribution of local
surface-to-volume ratios or to slower molecular ex-
change, then a more global relation than Eq. (3) still ap-
plies:

V

SP
(7)

where T,„ is the inverse of the average relaxation rate of
the liquid in the entire sample, S is the total area of the
liquid-solid interface, and V the total volume occupied by
the liquid. The parameter p is considered to be constant
throughout the sample, as a consequence of the supposed
homogeneity of the properties of the surface. T,„can be
extracted from the experimental relaxation recovery and
can be shown to be given by '

1 d——lnA (t)
T~y dt f=0

Clearly, for a single exponential decay, Eqs. (3) and (7)
coincide.

Equation (7) provides a simple relation between the re-
laxation time and the surface-to-volume ratio. If the sur-
face interaction length were comparable with the charac-
teristic pore size, then the dependence of the relaxation
time on the surface area would deviate from that shown
in Eq. (7), but this would not affect its proportionality
with the volume. The expected linearity between relaxa-
tion times and volume of liquid, even for samples with
small pore sizes or rough surfaces, has an application in
coverage studies, in which the amount of the probing
liquid in the sample is progressively varied and the corre-
sponding relaxation time measured. If the liquid is a wet-
ting Quid, a change in filling does not affect the value of
S. Then the observed relaxation time is expected to be
linear with liquid content.

Equation (3) or (7) is valid only at filling corresponding
to multilayer surface coverage, that is, for XS ~ V. When
one monolayer is approached, all the liquid molecules are
interacting with the solid interface and the measured re-
laxation time T' coincides with the surface value T, .
Below one monolayer, T' is identically equal to T„but
the latter value may evolve as the monolayer correlation
times change with concentration o& molecules in the ad-
sorbed monolayer.

which represents a phenomenological physical constant
characteristic of the liquid-solid system. Usually, T and
T' do not differ appreciably, since T, && Tb. In general,
the local relaxation times may vary throughout the sam-
ple, due to different local surface-to-volume ratios. In
that case, multiexponential recovery of the nuclear rnag-
netization is observed:

B. Self-din@sion

No rigorous theory about self-difFusion of Quid mole-
cules in porous media has been developed so far. This
transport property has been commonly related to dc con-
ductivity of saline solutions through the Einstein equa-
tion
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Pion ~ion

D,.„k,T '

which leads to

a D V

&o D' VT
(10)

In the two equations above, p;,„, D;,„, and q;,„are, re-
spectively, the mobility, the self-diffusion coefficient, and
the electrical charge of any ionic species present in the
solution; k~ is the Boltzmann constant, T the tempera-
ture, o and D, respectively, the conductivity of the solu-
tion and self-diffusion of molecules in the liquid within
the porous geometry, Op and D the corresponding bulk
values, and VT the total volume of the sample. Equation
(10) is valid when the ratio between the transport param-
eters of the fluids inside the porous medium and those of
the bulk fluids are the same for all ions or molecules con-
sidered. This is true when geometrical factors alone
affect the transport properties, that is, when the molecu-
lar and ionic interactions associated with the liquid-solid
interface are not appreciable.

Both transport properties are found to be hindered
with respect to their corresponding bulk properties, due
to the increased tortuosity of the transport path. There is
a widely accepted phenomenological relationship between
conductivity and porosity known as Archie's law:

(11)
Vp0'p

D
DP Vo

p —1

(12)

This result takes into account only the geometrical conse-
quences implied by the drying process, and therefore a
deviation from the dependence predicted by Eq. (12)
might be expected for water content approaching one
monolayer if one assumes different transport properties
for adsorbed molecules.

Recently, we have reported an anomalous dependence
of the diffusion coefficient of liquid water as a function of
filling observed for a set of porous silica glasses character-
ized by high porosity (/=0. 85) and relatively large pore
size (of the order of 100 nm). In that case, the observed
increase of diffusion with decreasing water content was
attributed to the indirect contribution of vapor to the

The porosity P is defined as the ratio between the volume

Vp accessible to an external fluid and the total sample
volume VT, the exponents p' and p, which are empirical,
have no rigorous theoretical explanation and usually
range between 1.5 and 2, depending on the set of samples
under examination. We emphasize that the topology of
the liquid contained in a completely filled pore space may
be different from that of the liquid that only partly fills

this space. This is the reason we formally allow a
difference between the exponents p and p'. The phenom-
enological result of Eq. (11) and the theoretical relation
given in Eq. (10) provide the following expression for the
self-diffusion coefficient:

molecular transport in the liquid. To our knowledge, this
is the only reported observation of such behavior. The
mathematical model developed for that case satisfactorily
fitted the experimental data. However, some questions
remain about the generality of this result, since the de-
tails of the contribution of the vapor phase are not well
understood. In the following sections we will also try to
address this problem and determine when the vapor
phase is expected to influence molecular transport.

III. SAMPLE PREPARATION
AND CHARACTERIZATION

The sample used in this experiment is a porous glass
prepared by the method of Tanaka et al. the pore
structure is generated by acid leaching the borate phase
of a phase-separated soda borosilicate glass. This pro-
cedure can generate samples with pore structure having
two characteristic sizes. The heat-treatment conditions
determine the coarse pore size; the presence of fine pores
is due to colloidal silica particles precipitated from the
acid soluble borate phase in the coarser porous skeleton
structure after acid leaching. With low acid-to-glass ra-
tios and short leaching times, only the borate phase is dis-
solved; the colloidal particles are not removed and they
define a homogeneous fine-pore structure. This is the
type of sample we have used. Additional details about
the preparation of these glasses are described in Ref. 10.

The original sample was a rod of 0.4 cm in diameter.
For the purpose of our investigation, it was cut into a
number of cylinders about 1 cm long, using a water-
lubricated diamond saw. After cutting, the sample was
washed in de-ionized water and dried by heating in vacu-
um at 110'C for several hours. Nitrogen sorption mea-
surements were performed after removing the sample
from the furnace. The dry weight of the sample was mea-
sured on a microbalance after further evacuation. Final-
ly, the sample was reimpregnated by placing it in a beak-
er filled with de-ionized water. The fluid imbibed spon-
taneously into the pores by capillary wetting. After re-
moval from the fiuid, the external surface was wiped us-

ing an absorbant tissue. The sample was then promptly
reweighted; the difference with respect to the dry weight
was used to calculate the open pore volume Vp. To ob-
tain measurements under saturated conditions, the sam-
ple was then immediately placed at the bottom of an
NMR tube and sealed after filling the rest of the tube
with a Teflon rod in order to minimize evaporation. For
measurements under unsaturated conditions, the sample
was subsequently exposed to air and allowed to dry par-
tially on the microbalance before reinserting and sealing
it in the NMR tube. For lower filling, when the water
did not evaporate spontaneously, the sample was dried
more extensively in an oven and then placed on the mi-
crobalance so that it could gain water from moisture in
the air. In a11 cases the amplitude of the NMR spin-echo
signal extrapolated to zero time was found to be propor-
tional to the amount of water measured from the record-
ed weight. This result effectively proves that evaporation
from the sample did not take place after sealing the
NMR tube to an accuracy of roughly 2%.
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FIG. 1. Pore-volume distribution as a function of pore size
for the glass sample as obtained from the analysis of the nitro-
gen desorption isotherm at liquid-nitrogen temperature.

R =exp —(yg5) , (r(t)'&
6

(13)

measurements were performed using a (m. t r-r/-2 ~' -n.--~'

echo) inversion recovery sequence. The echo amplitude
was detected as a function of the time variable t, using a
similar signal averaging procedure. The parameter ~' was
kept constant, at a value of a few hundred microseconds.

Self-diffusion measurements were performed at room
temperature using the NMR PFG technique. The PFG
was superimposed on a stimulated echo-pulse sequence,
as described by Tanner. ' This technique is more ap-
propriate when the characteristic longitudinal relaxation
times are much longer than the transverse relaxation
times and when relatively slow molecular diffusion
occurs. The time interval 5 between the two identical
magnetic gradient pulses was varied keeping their time
duration 5 and intensity g constant for each water filling.
In this way the ratio R between the echo amplitude with
and without the presence of the PFG can be expressed
more generally as

Mercury porosimetry revealed a negligible intruded
volume of the nonwetting liquid into the sample, proving
that no substantial portion of the porous structure was
described by geometrical sizes larger than a few nanome-
ters. Therefore, the porous material was characterized by
nitrogen sorption techniques using an Omnisorp 360,
Omicron Technology Co., apparatus. The measured sur-
face area per unit weight of glass, deduced from
Brunauer-Emmett-Teller (BET) analysis of the nitrogen
adsorption isotherm at liquid-nitrogen temperature, was
210 m /g, with an accuracy of 10%. The total pore
volume calculated from nitrogen desorption was 0.25
cm /g. A slightly smaller value was obtained by measur-
ing the weight of water spontaneously imbibing into the
glass, as described above, and is believed to be more accu-
rate. This value is 0.22 cm /g, and it is consistent with
that derived from the geometrical dimensions of the sam-
ple, assuming that the bulk mass density of the glass is
2.1 g/cm . Therefore, in the discussion later, the value
V0=0.22 cm /g will be used. This corresponds to a
porosity /=0. 35. The pore size distribution from the
desorption curve is shown in Fig. 1 and consists of a nar-
row peak centered at a pore diameter d =3.5 nm.

IV. EXPERIMENTAL TECHNIQUES

Pulsed NMR transverse (T2) and longitudinal (T, ) re-
laxation measurements were performed on the sample at
room temperature. For T2 measurements the Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence" m/2-(r-
~-r-echo)~ was used, in order to eliminate signal attenua-
tion due to diffusion in the background inhomogeneous
magnetic field. In this sequence the experimental time
variable is represented by the quantity t =2%~; the value
of ~ chosen depended on the particular filling condition,
and at low coverage was as small as 50 ps. The echo am-
plitude following each of the m. pulses was recorded after
averaging the signal for many subsequent identical pulse
sequences separated by an appropriate waiting time. T&

R =exp[ D(yg5) t]—, (14)

and the experimental verification of this time dependence
constitutes evidence of classical molecular diffusion.

V. RESULTS AND DISCUSSION

Longitudinal and transverse relaxation rneasurernents
at different water contents were performed at 27 and 11
MHz. Some longitudinal relaxation measurements were

performed at 400 MHz. The nuclear magnetization de-
cays were exponential in time at high coverage, but they
exhibited a small deviation as one monolayer was ap-
proached. However, this deviation was so small that a
quantitative analysis in order to distinguish the mul-
ticomponent character of the relaxation was not possible.
For this reason, the physically meaningful quantity which
will be discussed is the average relaxation time, defined in
Eq. (8), which, from now on, will be simply referred to as
T, or T2. According to Eqs. (7) or (3), the relaxation rate
multiplied by the volume of water should be a constant
for a wetting Quid. This is verified by plotting, as a func-
tion of the fraction V/Vo of the total pore volume occu-
pied by water, the relaxation rate times the fraction
V/Vo itself. Figures 2 and 3 show the results of the lon-

where y is the gyromagnetic ratio and (r(t)2) is the
mean-square displacement of a water molecule during the
time t —=b —5/3.

With this technique direct information about the evo-
lution of the mean-square displacement of water rnole-
cules with time is obtained. In particular, it can be deter-
mined if classical diffusion occurs during the range of
time intervals explored by the measurements. If this is
the case, the mean-square displacement is linearly time
dependent, and in three dimensions the relation
(r(t) 1=6Dt holds, which defines the proportionality
constant D referred to as the self-diffusion coelcient.
Equation (13) becomes
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FIG. 2. Longitudinal relaxation rate of the proton nuclear
magnetization multiplied by V/Vo as a function of V/Vo. The
fraction V/Vo represents the ratio between the volume V of wa-

ter and the total open-pore volume Vo of the glass sample.
Different symbols refer to distinct sets of data: (0), (0), 27-
MHz resonance frequency, (+) 11 MHz. The first data set ( ~)

was collected a few months before the others. The horizontal
line represents the best fit of the data above one monolayer to
Eq. (7). The dotted line is the expected behavior if there is no
change in the interaction responsible for relaxation during dry-
ing in the submonolayer region.
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FIG. 3. Transverse relaxation rate of the proton nuclear
magnetization multiplied by V/Vo as a function of V/Vo. The
symbols have a similar meaning to those used in Fig. 2.

gitudinal and transverse relaxation experiments, respec-
tively, for three different sets of data corresponding to
different cycles of drying and reimbibing with water.

The salient features of these plots are the large
difference between T& and Tz values at all water contents,
the constancy of both plots above V/V0=0. 3, and a
different trend below that value. This is more marked in
the plot of the longitudinal relaxation, but it is apparent
also for the transverse relaxation. The value V/Vo =0.30
indicates a geometrical characteristic of this liquid-solid
system. In fact, it corresponds to one adsorbed mono-
layer of water, as obtained from the relation A,S/Vo, us-

ing the surface-area value reported in Sec. III and taking
the thickness of a water layer to be A, =0.3 nm. In this

calculation the area covered by one monolayer of nitro-
gen during the adsorption experiment and the area
covered by the first monolayer of water are assumed to be
the same. To a first approximation a correction to the
volume A,S of a monolayer to account for the curvature of
the surface is not needed since this error is compensated
by a similar error in the value of the surface area S calcu-
lated from the volume of nitrogen adsorbed.

The linearity of the relaxation times as a function of
the volume of water contained in the sample above one
monolayer is similar to our earlier reports ' on other
glass samples. This result, combined with the observa-
tion that the relaxation decay is always exponential in
this region of water filling, allows three important con-
clusions: that the sample dries uniformly, that it wets the
solid surface, and that the conditions for fast molecular
exchange are satisfied. Moreover, the surface interaction
parameter p appears to be a well-defined quantity at least
for coverages down to one monolayer, indicating that
from Eq. (5) the interaction length A, corresponds to one
molecular distance. In other words, all water molecules
not included in the first adsorbed layer and in the absence
of exchange with the surface layer would have a relative-
ly long relaxation time, presumably the same as for bulk
water. Also, this result implies that the physical interac-
tions experienced by the first water layer and responsible
for the enhanced relaxation are not altered when all the
other molecules are removed. Therefore, the surface re-
laxation is not due to interactions between molecules in
different (i.e., first and second) layers. From the fitting of
the linear region shown in Figs. 2 and 3, and using Eq.
(7), we obtain p, =4.6 nm/s and pz=270 nm/s. These
values are calculated from an average over the three data
sets whose relative deviation is a few percent. According
to Eq. (5), with T& =3 s for both longitudinal and trans-
verse relaxation of bulk water, these correspond to sur-
face relaxation times T&, =64 ms and Tz, =1.10 ms. Both
the large difference between the two relaxation rates and
their submonolayer dependence on filling reAect the de-
tails of the surface interaction. This is in contrast to the
region above one monolayer discussed before which has a
purely geometrical origin. Interpretations of the surface
interaction will be addressed later and compared with the
results of the submonolayer self-diffusion measurements.
A systematic difference between one data set (indicated
with solid squares) and the others in Fig. 2 is attributed
to the fact that this one was obtained a few months before
the others, and therefore, a small change in surface con-
ditions may have occurred in the interim. Sensitivity to
chemically modified surface conditions has been noted by
us earlier.

PFG measurements were obtained for different V/Vo
ratios, varying the time interval 5 between magnetic gra-
dient pulses from 3 to 100 ms. The resonance frequency
in this case was 27 MHz. The time evolution duration 5
of each gradient pulse was 0.5 ms and the intensity of the
magnetic field gradient g was a few hundred G/cm, de-
pending on the particular filling condition. In all cases
the time dependence indicated in Eq. (14) was found,
proving that classical diffusion was operative. The self-
diffusion coefficient was calculated and is presented in



42 MOLECULAR DIFFUSION AND NUCLEAR-MAGNETIC-. . . 9815

3
04

2

0

r ~r ~
one monolayer

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 4. Self-difFusion coefficient, obtained from NMR PFG
experiments at room temperature and at 27-MHz resonance fre-

quency, of water confined in the pore structure of the glass sam-

ple as a function of the ratio between the volume V of water and
the total open-pore volume Vo of the sample. The line
represents the fitting using Eq. (12), Archie's law, with p =2, for
water filling above one monolayer.

Fig. 4 as a function of the water content V/Vc.
The data at coverages above one monolayer may be

fitted satisfactorily by a straight line. This is consistent
with Eq. (12), where p =2. An identical exponent was
obtained recently from low-frequency electrical conduc-
tivity on a sol-gel silica glass sample with different pore-
space characteristics (/=0. 85, d=240 nm}, suggesting
that perhaps, for well-defined geometries with narrow
pore-size distributions, this functionality is more than a
phenornenological observation. Of course, the depen-
dence on porosity cannot be checked since denly one value
of P is available. However, assuming that the power law
indicated in Eq. (12) is valid and using for the self-
diffusion coefficient of bulk water at room temperature
(25'C) D =2.3X10 cm /s, we obtain p'=2. 7. The
ratio D/D for the saturated sample is almost twice the
value measured by Fukuda et al. ' on a similar sample.
However, it is similar to the value (0.17) derived from the
ratio of helium gas diffusivity and the corresponding
Knudsen value (which is the dominant gas difFusivity
term in small pores) on Vycor glass, ' ' whose prepara-
tion and porous characteristics are essentially identical to
those of the sample in the present investigation. It was
suggested that this highly hindered transport is due to
the peculiar structure of Vycor glass, which may be
characterized by a collection of pores with a less inter-
connected structure than would be obtained by a random
packing of particles. ' Another important factor hinder-
ing the transport process is the finite size of the diffusing
molecules, not negligible with respect to the pore size. '

Interpretation of the relaxation and diffusion results in
the interval corresponding to V/Vo&0. 3, representing
the submonolayer region, must take into account the pos-
sible evolution of the physical properties of the adsorbed
water molecules upon drying. If no such modifications
were present, then both relaxation times mould remain
constant during the entire interval and be equal to the

1 1 1 1 1 4
+a +L +S VP VL +S

(16)

Equation (15) is obtained after averaging over all the pos-
sible orientations between the preferential rotational axis
and the external magnetic field, which is appropriate for

corresponding surface relaxation times according to the
assumptions of Sec. IIA. This would result in a linear
plot represented in Figs. 2 and 3 as a dotted line through
the origin. On the other hand, if only a part of the first
monolayer molecules experienced the enhanced relaxa-
tion, for example, by assuming some inhomogeneity of
the surface with strong binding sites, then the constancy
of the plots in Figs. 2 and 3 would be maintained below
one monolayer (following the dashed line) until the
strongly bound molecules were also removed from the
surface. From this point on, with further drying, a de-
crease of the curve would be observed. However, a
different behavior is apparent in the experiments. Both
relaxation rates increase with decreased filling below one
monolayer. The longitudinal relaxation curve in Fig. 2
increases substantially above the value at high coverages;
the transverse relaxation curve of Fig. 3 appears to in-
crease before decreasing again at the lowest coverages.
This result suggests that there is a change of the environ-
ment of the water molecules during drying affecting the
relaxation process of the proton magnetization. A quan-
titative description of this phenomenon can be found in-
voking the theory of nuclear dipole-dipole interaction
which is the dominant cause of relaxation for liquids. '

The large T, /T2 ratio and the small frequency depen-
dence observed in our experiments are an indication that
a single relaxation mechanism is not sufficient to describe
the system. ' This conclusion was qualitatively discussed
in our previous work on a series of leached borosilicate
glasses prepared in a similar manner to the one described
here. 2

The simplest assumption is to consider that two dis-
tinct dynamical processes, represented by two correlation
times, are present. The dominant cause of relaxation in
water is the intramolecular magnetic dipolar proton-
proton interaction. This process is regulated by the rota-
tional degree of freedom of the molecule and the hy-
pothesis that two processes are present may result from
an anisotropy of such motion due to the solid surface, as
originally suggested by Odajima, Sohma, and Watanabe
for adsorbed water. ' One simple model is to assume that
each molecule attached to the surface is relatively free to
rotate around an axis perpendicular to the surface itself,
with a characteristic correlation time ~s, and that it is al-
lowed occasionally to reorient around an axis parallel to
the surface with characteristic time ~&. ' '

The relaxation rates for a molecule containing two nu-
clei of spin —,

' is given by

4
1 (3cos 8—1} 3sin Ocos 0+, + . , (15)

4T,'"(co,rr ) T ' (co, 7 ) T,'"(co,~&)

where 0 is the angle between the preferential axis and the
intramolecular proton-proton direction, and ~ and ~& are
found from
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1

4r
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a random medium with arbitrary orientation of the local
solid-pore interface; the index i =1,2 refers to longitudi-
nal and transverse relaxation time, respectively; the
dependence of the relaxation rates on the correlation time
r for isotropic rotation and on the NMR resonance fre-
quency co/2n. is given by

4

CO

3

V

Ct)

~ 4

CO

~ 3

2

0
1 3 y fi 5& 2r

T" 20 r 1+co r 1+4' v
(18)

0.0 0.1 0.2 0.3

In the two equations above, y is the nuclear gyromagnet-
ic ratio, R the reduced Planck constant, and r the in-
trarnolecular proton-proton distance. Equation (15}
holds for transverse relaxation (i =2) only in the limit
that Tz is much larger than ~L. If not, it must be re-
placed by the Kubo and Tomita relation, whose ex-
trerne limit for rL &&Tz is

4
th

ol 3
I

2
0)

~ 2

CO

I

I

T
~ $

2 r 10 1

3 y~g ln2 (3cos~8—1}~

' 1/2

(19)
0.0 0.1 0.2

~ 0
0.3

Equation (15}, applied to longitudinal and transverse
relaxation, constitutes a system of two equations from
which the two correlation times can be calculated, once
the angle 8 is known. Because of our interpretation of
the results shown in Figs. 2 and 3 above one monolayer,
this entire region is characterized by the same constant
surface relaxation time calculated from a best linear fit.
Therefore, the two correlation times do not change in this
interval and depend on coverage only below one mono-
layer. We will analyze our results treating the two most
obvious configurations of the water molecules relative to
the surface: (a) the intermolecular proton-proton direc-
tion is parallel to the surface (8=90'}; (b) one of the
0—H bonds is parallel to the surface and the other is
contained in a plane perpendicular to it (8=52').

Case (a} is consistent with water-surface bonding due
to electric dipolar interaction of the molecules or for wa-
ter hydrogen bonding with surface OH groups. ' In that
situation Eq. (15) reduces to

1 1 1 3 1+—
4 T,'"(a), rL) 4 T' (a) r )

(15')

The values of the two correlation times rz and rL derived
from the experimental relaxation times and from the ex-
pression above are reported in Fig. 5(a). Both correlation
times are observed to increase with decreasing water
filling, showing that the molecules become less mobile as
the sample is dried. The observation that the two corre-
lation times have the same trend suggests that they may
have some common dynamical origin. This point will be
discussed further in the context of the self-diffusion mea-
surements. The values obtained for the two correlation
times are in agreement with the estimate we have given
previously for a set of samples of similar preparation.
However, a slightly multiexponential relaxation behavior

FIG. 5. Long (rL ) and short (r&) correlation times as a func-
tion of the ratio between the volume V of water and the total
open-pore volume Vo of the glass sample, below one monolayer.
The values are calculated interpreting the longitudinal and
transverse relaxation experiments in terms of anisotropic
motion of the water molecules adsorbed on the glass surface: (a)
the intermolecular proton-proton direction is parallel to the sur-
face; (b) one of the 0—H bonds is parallel to the surface and the
other is contained in a plane perpendicular to it. Different sym-
bols refer to different data sets, as indicated in Fig. 2.

1 9 yA
T 8

(20)

1 9 yh'
T& 80 p

6 (21)

In this limit the longitudinal relaxation rate is determined
by the short correlation time alone and the transverse re-
laxation rate by the long correlation time. However, in

was observed in this region of coverage. Consequently,
the present results may be taken to be semiquantitative,
perhaps reflecting a certain degree of inhomogeneity
present on the surface. The almost complete lack of fre-
quency dependence of the measured relaxation times be-
tween 11 and 27 MHz at one monolayer is consistent
with the values of the correlation times obtained from
this calculation and with the finding that the Larmor
period at each resonance frequency is intermediate be-
tween the two correlation times. In fact, in the extreme
limit such that cov&&&1 (&corL, one would get, from Eq.
(15'),
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our case the above inequality is only valid for a relatively
restricted interval of frequencies, since ~& and ~L differ by
only 2 or 3 orders of magnitude. Using the value of the
two correlation times obtained for a monolayer, one
would estimate, for example, that at 400 MHz the values
of the relaxation times would be T, =560 ms and
T2 =3.7 ms for a saturated sample, showing an apprecia-
ble frequency dependence for the longitudinal relaxation
time. This estimate is in agreement with an actual mea-
surement performed using a narrow-band NMR spec-
trometer at 400 MHz; the value obtained in this case was
T, =540220 ms, which validates our interpretation of
the relaxation mechanism as due to multiple correlation
times.

For case (b), Eq. (15) becomes

1 0.0047 + 0.706 + 0.289
T "(co,rl ) T (co, r ) T (co, r&)

This leads to a different solution for the two correlation
times ~L and ~&. In particular, the longer correlation
time is drastically increased as compared to case (a) due
to the suppression of the coefficient of the first term in
Eq. (15"). The result of this calculation is reported in

Fig. 5(b). From Eq. (15") the estimated value of the lon-
gitudinal relaxation time at 400 MHz is T, =480 ms, less
than the actual measurement, but not exceedingly so.
Therefore, from our relaxation investigation, we cannot
uniquely assert which of the two geometries describes the
adsorption of water molecules on the glass surface. How-
ever, the similar trend of both Figs. 5(a) and 5(b) indicates
that the dynamics of the molecules is slower as the sam-
ple undergoes the drying process.

The range of the submonolayer interval investigated
was constrained by poor signal-to-noise ratio considera-
tions which prevented us from performing precise quanti-
tative experiments at very low coverage conditions, and

by the fact that the water content may vary slightly dur-
ing the sealing procedures. However, we observed a
small proton NMR signal at 27 MHz on the sample
sealed in a test tube after evacuation at 150'C. The
transverse relaxation time was of the order of 0.4 ms, i.e.,
comparable to the values at the lowest coverage reported.
On the other hand, the longitudinal relaxation time ap-
peared to be extremely long, perhaps as much as of the
order of 1 s. The observed signal may originate from OH
silanol groups chemically bound to the surface. In that
ease, the transverse relaxation time would be given by the
rigid lattice limit where the value of r in Eqs. (17)—(19)
would be the distance between OH groups. Taking a sur-
face concentration of OH groups for silica to be the typi-
cal value of 4.6 nm, and assuming a hexagonal lattice
structure, the transverse relaxation time should be about
30 times smaller than the one observed and would not be
detected in our spin-echo experiments. It is more likely
that the observed signal comes from a small amount of
surface water.

The evolution of the correlation times below one
monolayer may be compared with the results of PFG
measurements. In this range of coverage the values of
the measured self-diffusion coefficient are smaller than

D =I /6', (22)

where I is the jump distance. If we consider that the sur-
face associated with one water molecule is 10.6 A and
that water is arranged, for simplicity, in a hexagonal
structure, we obtain 1=3.5 A. In Fig. 6 the self-diffusion
coefficient estimated from the short correlation time vz is
compared with the values measured from NMR PFG ex-
periments as a function of water content below one
monolayer. The estimate from both the molecular orien-
tations is displayed in Fig. 6, suggesting that case (b) may
be more representative. Although there is qualitative
correspondence between measured diffusivity and values
from relaxation measurements, it has to be emphasized
that the experimental self-diffusion coefficient is a macro-
scopic quantity appropriate to a region much larger than
that characteristic of the porous structure. Therefore, it
is expected to be an underestimate of the value relative to
short-length scales, which is the one connected to a jump
probability. This simply suggests that the jump rate is
less efFective in reorienting the water molecules or that
there is finite probability for jumps to sites more than one
molecular distance apart.

It is interesting to compare the diffusion experiments
on this sample with those reported earlier on sol-gel silica
glasses. ' In that case a strong contribution to the overall

1.2
q.0

CO

0.8
V

0.6
C)

0.4 D

+

0.2

0.0
0.10 0.15

~ ~ ~ J
~ ~

0.20 0.25 0.30

FIG. 6. Experimental submonolayer diffusion coefficient (0)
is compared with the estimates (~ ),(+) given by Eq. (22), using
two possible models for the short correlation time ~& corre-
sponding to Figs. 5(a) and 5(b). There appears to be qualitative
agreement between measured and estimated diffusion
coefficients for the latter case where one 0—H bond is parallel
to the surface.

that predicted by the linear dependence on water content
suggested by Archie's law. This can only be attributed to
a decrease in translational motion, typical of surface
diffusion. This is consistent with the observed increase of
the correlation times characteristic of the relaxation pro-
cesses described above, suggesting that there may be
some connection between rotational and translational de-
grees of freedom. For example, it may be assumed that
reorientation around an axis perpendicular to the surface
happens every time a molecule jumps from one surface
site to the next. In that case the difFusion coefficient is es-
timated to be
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self-diffusion constant was observed due to the vapor
phase permeating the liquid-solid system under unsa-
turated conditions. Such a contribution is not found in
the present case. It seems reasonable to attribute this to
the different characteristic geometry of the different
media. In fact, the sol-gel glass samples had a larger
porosity (/=0. 85) and, more importantly, larger pore
size (1=95 and 240 nm). The smaller pore size of the
sample in the present experiment leads to a suppression
of vapor-phase diffusion owing to a shorter mean free
path. This effect is described by the Knudsen term in Eq.
(3) of Ref. 4.

VI. CONCLUSIONS

The combination of NMR relaxation (longitudinal and
transverse) and self-diffusion measurements of water in
porous media helps in understanding the dynamics of
Auids in random geometries.

When the amount of liquid present in the porous space
exceeds that corresponding to the first adsorbed mono-
layer, the experiments prove that the Quid-solid system in
the present study is homogeneous, at least over length
scales larger than a few micrometers. The linear depen-
dence between the relaxation times and the fraction of
pore space occupied by the liquid also indicates that the
interaction responsible for the relaxation is confined to
the first monolayer. The coverage dependence of the
self-diffusion coefficient indicates that the only obstacle to
macroscopic transport is due to the geometrical tortuosi-
ty of the diffusion path and can be described by the phe-
nomenological Archie's law.

The difference in the absolute values of the longitudinal
and transverse relaxation times, and their small frequen-
cy dependence in the range 11—400 MHz, require that at

least two elementary processes describe the microscopic
dynamics of the water molecules interacting with the sur-
face.

When the amount of liquid present in the porous space
is less than that corresponding to the first adsorbed
monolayer, the relaxation rates are observed to increase
above the values predicted by assuming no evolution of
the molecular interaction during drying. Considering a
model with two rotational degrees of freedom for the wa-
ter molecules, the longitudinal and transverse relaxation
times provide values for the two correlation times at each
submonolayer coverage, both of which increase upon dry-
ing. This observation is consistent with the hypothesis
that molecules become more bound to the surface when
the water content is decreased below one monolayer.
This is also revealed from the behavior of the self-
diffusion coeScient in the same interval of coverage.
Comparison between the two results leads us to conclude
that rotational and translational degrees of freedom are
strongly interrelated, suggesting that an adsorbed water
molecule is allowed to rotate only during a jump to a
near-neighbor site and that, most likely, one of the 0—H
bonds rotates in the plane of the surface.
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