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Anomalous surface diffusion of water compared to aprotic liquids in nanopores
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~Received 15 January 1999!

1H nuclear magnetic relaxation dispersion experiments show remarkable differences between water and
acetone in contact with microporous glass surfaces containing trace paramagnetic impurities. Analyzed with
surface relaxation theory on a model porous system, the data obtained for water show that proton surface
diffusion limited by chemical exchange with the bulk phase permits long-range effectively one-dimensional
exploration along the pores. This magnetic-field dependence coupled with the anomalous temperature depen-
dence of the relaxation rates permits a direct interpretation in terms of the proton translational diffusion
coefficient at the surface of the pores. A universal rescaling applied to these data collected for different pore
sizes and on a large variety of frequencies and temperatures, supports this interpretation. The analysis dem-
onstrates that acetone diffuses more slowly, which increases the apparent confinement and results in a two-
dimensional model for the molecular dynamics close to surface relaxation sinks. Surface-enhanced water
proton diffusion, however, permits the proton to explore a greater spatial extent of the pore, which results in an
apparent one-dimensional model for the diffusive motions of the water that dominate nuclear spin relaxation.
@S1063-651X~99!04209-9#

PACS number~s!: 68.45.Kg, 68.35.Fx, 76.60.Es
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I. INTRODUCTION

Liquid dynamics at solid surfaces is central to understa
ing transport properties in heterogeneous systems suc
rocks, catalytic materials, or biological tissues. Character
tion of liquids at surfaces is difficult because the small fra
tion of liquid in a surface layer is generally in rapid exchan
with bulk phases in contact with it. Nuclear magnetic rela
ation dispersion~MRD!, the measurement of nuclear spi
lattice relaxation rates as a function of magnetic fie
strength or nuclear Larmor frequency, provides a powe
approach for characterizing molecular dynamics, includ
surface dynamics, because the relaxation is directly relate
correlation functions for the fluctuating magnetic interactio
that depend on intra and intermolecular dynamics. Th
models for molecular motions may be tested directly@1–4#.

Here we report remarkable differences in the1H MRD
between water and other common aprotic solvents suc
acetone when in contact with high-surface-area calibra
microporous chromatographic glasses that contain tr
paramagnetic impurities located at or close to the pore
face. Moreover the temperature dependences of the1H MRD
of water and aprotic solvents are opposite. Although the c
brated glass does not provide a one-dimensional matrix,
molecular dynamics of water1H spin relaxation is dominated
by long-range correlations that make the dynamics app
one-dimensional. On the other hand, when probed with
larger acetone molecule, the dynamics appears to be
dimensional. In spite of the low paramagnetic concentrat
a common observation is that the spatial confinement
aprotic liquids diffusing in close proximity to a surfac
causes a bilogarithmic dependence of the proton~I! spin-

*Author to whom correspondence should be addressed.
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lattice relaxation rate, 1/T1 , on Larmor frequency@4#. The
10
3 slope ratio that we observed in these bilogarithmic disp
sion curves is an unambiguous signature of a spin relaxa
dominated by paramagnetic relaxation centers~S! @4#. The
diamagnetic contributions are at least an order of magnit
smaller than paramagnetic ones because the nuclear-sp
laxation rate is proportional to the square of the product
the magnetogyric ratios for the electrongS , and protong I ,
with gS5658.21g I @5#. Further, the spin-relaxation rate
enhanced because of the numerous re-encounters betwI
andS spins induced by the confinement@4#.

Water is unique in that it is small, has extensive hydrog
bonding capabilities, and may exchange protons with ot
molecules or surface sites. It may behave as both a Le
acid or base, and generally coordinates to most metal i
The water proton spin-lattice relaxation rate is fundamenta
different from that of other liquids studied on glasses to d
in that it shows a power-law dependence on magnetic fi
strength. We demonstrate that this dependence results
I -S correlations that persist much longer in the surface
gion than in the bulk, thus leading to a significant increase
1/T1 . We also show that the nuclear spin-lattice relaxat
rate at the pore surface is dominated by dynamic proce
that appear to be one-dimensional. An interesting featur
that the temperature dependence is opposite to that us
observed for diffusion-induced relaxation, which is found f
aprotic liquids. We may interpret the anomalous temperat
dependence in terms of a diffusive process at the pore
face, which is interrupted by a chemical exchange with
bulk phase. The fundamental difference between water
other solvents in these glasses is the spatial extent of
surface explored by the diffusing protons of the liquid. T
possibility that water may coordinate directly to parama
netic relaxation centers is shown to be of minor importan
to the observed relaxation dispersion profiles.
3097 © 1999 The American Physical Society
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3098 PRE 60KORB, HODGES, GOBRON, AND BRYANT
II. NUCLEAR MAGNETIC RELAXATION DISPERSION
OF WATER IN CONFINEMENT

A. Samples

Controlled pore chromatographic glasses were obtai
from the Sigma Company with mean pore diameters of
and 159 Å and a specific area ofSp5140 m2/g and 91 m2/g,
respectively. Sample characteristics are listed in Table I.
water used was obtained from a Barnstead nanopure de
izer that included a carbon filter and used deionized wate
a source. Samples were prepared gravimetrically by dep
ing a known mass of glass beads in a 10-mm pyrex g
sample tube, fitted with a screw cap, filled with water, a
shaken vigorously. The glass beads were permitted to s
for several hours, excess water removed by pipet, and
total mass recorded. Sample tubes were finally doubly se
with rubber stoppers and a screw cap.

The iron content of these samples, monitored by chem
analysis and electron-paramagnetic-resonance~EPR! spec-
troscopy, was 45 and 36 ppm for the 75 and 159 Å p
glasses labeled in the following as (S1) and (S2), substitute
for the Si or Al in the glass matrix. Were there iron th
dissolved in the aqueous phase, the1H MRD would be char-
acteristic and fundamentally different from that observ
@6,7#. Let us suppose that our glass sample is composed
closed-packed set of spheres of SiO2. From the specific area
Sp5140 m2/g, densityr52.4 g/cm2, and intersilicon separa
tion Dr 53.6 Å, one may compute that the proportion of
tetraedra at the surface of these small spheresSprDr 50.12
for S1 and 0.08 forS2. The radiir s of these spheres may b
found by comparison of such a proportion to the ratio
volumes (4pr s

2Dr /4pr s
3/3)50.12, givingr s594 Å ~for S1)

and 144 Å~for S2). The iron atoms in the first layer of th
pore surfaces are unique because they may have open
dination positions that may bind the H2O directly. The re-
maining iron atoms are deeper in the glass. The elect
nuclear dipolar interaction depends on 1/r IS

6 wherer IS is the
proton~I!-electron~S! distance, so that the paramagnetic io
buried below the pore surface are much less effective in
laxing mobile protons in the liquid. Assuming a homog
neous spherical distribution of an Fe atom in the glass,

has an average distance,^dFe-H&5^1/r IS
6 &21/6;( 5

3 r IS
5 r S)1/6

55.3 Å for S1 and 5.7 Å forS2, between a given Fe in th
glass and a proton at surface, which is about the distanc
the 2nd layer from the surface. From this distribution, o

TABLE I. Porous glass characteristics.

Measured characteristics SampleS1 SampleS2

Pore radiusR ~Å! 39.5 79.5
Paramagnetic iron content~ppm! 45a 36a

Pore volume: Vp ~cc/g! 0.47 0.81
Specific area: Sp ~m2/g! 140 91
Pore distribution 6% 5.8%
Mass glass: mg ~g! 0.67 0.43
Mass water: mw ~g! 0.92 1.14
Glass density: r ~g/cm3! 2.4 2.4

aMeasured by chemical analysis and electron paramagnetic r
nance spectroscopy.
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has a proportion: $12@(r S2^dFe-H&)/r s#
3%;0.16 for S1

and;0.12 forS2, of Fe atoms located at a distance^dFe-H&
from the surface. The surface densitysS of paramagnetic
centers S is thus 4531026(NAvogadro/55.85)/Sp0.16
55.5331010Fe cm22 for the S1 and 5.131010Fe cm22 for
S2. The average distance between the paramagnetic ce
located at distancêdFe-H& from the pore surface is then o
the order of 1/AsS5432 Å for S1 and 442 Å forS2, i.e.,
much larger than the pore diameters.

B. Experiments

Proton nuclear magnetic relaxation rates were measu
using a field cycling instrument of the Redfield design a
constructed with S. Koenig and R. Brown as described e
where @8–10#. The 1H magnetic relaxation dispersion pro
files for aqueous suspensions inS1 andS2 chromatographic
glass beads are reported in Figs. 1~a! and 1~b! for magnetic
fields corresponding to1H Larmor frequenciesn I from 0.01
to 30 MHz and a range of temperatures from 5 to 45 °
Basically, one observes a strong dependence on mag
field strength at low fields and an asymptotic plateau at la
fields. We will show in the following that such a plateau
characteristic to a relaxation process driven by fast molec
motions. Moreover, the temperature dependence is diffe
at low and at high magnetic field strengths forS1 @Fig. 2~a!#
andS2 @Fig. 2~b!#. At low magnetic fields, the increase in th
proton relaxation rate with increasing temperature is con
tent with a chemical exchange process~Fig. 2!. At large
fields, the decrease in the observed rates with increasing
perature is characteristic of relaxation driven by a bulk d
fusion process~Fig. 2!. In order to isolate the frequency
dependent term of the overall proton relaxation rate, we h
subtracted, for each temperature, the respective high-
asymptotic constant values from the data in Figs. 1~a! and
1~b!. This procedure results in the relaxation dispers
curves shown in Figs. 1~c! and 1~d!. The dependence that w
observe, 1/T1(n I)}1/An I , persists for more than three orde
of magnitude in the magnetic field strength. We will show
the following that this power law and its anomalous tempe
ture dependence, shown in Fig. 2 at low magnetic fields, m
result from enhanced diffusive motion at the pore surfa
that is interrupted by a chemical exchange with the b
phase. The situation is very different for an aprotic solve
such as acetone, which is larger and has no labile or
changeable protons. Here one observes a bilogarithmic
quency dependence for the1H acetone MRD in bothS1 and
S2 @Figs. 3~a! and 3~b!#. An interesting feature is that th
temperature dependence is opposite to that for water.
have shown that these MRD are consistent with a theory
treats the mobile protons from the viewpoint of a tw
dimensional restricted diffusion in close proximity to the r
laxing surface centers@4#. The fundamental difference from
the water case is the size of the effective diffusion const
and the spatial extent of the surface explored by the diffus
protons.

III. THEORY OF HETERONUCLEAR DIPOLAR
RELAXATION BY TRANSLATIONAL DIFFUSION

OF WATER IN NANOPORES

A. Biphasic fast exchange model

We apply the basic principles of spin relaxation in liqui
caused by sparsely distributed electronic spins at the p

o-
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FIG. 1. The water1H spin-
lattice relaxation rates as a func
tion of magnetic field strength
represented as the Larmor fre
quency for packed samples o
calibrated porous glass beads wi
pore diameters 75 Å~a! and 159
Å ~b! at various temperatures. Th
continuous lines correspond to th
best fits to Eqs.~3! and ~18! as
discussed in the text.~c! and ~d!
Logarithmic plots of the disper-
sion curves obtained from Figs
1~a! and 1~b! by subtracting the
corresponding asymptotic high
field values@see Eq.~4!#. The con-
tinuous lines correspond to th
best fits obtained with Eq.~18!.
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surface@11#. Basically, we consider two distinct phases:
surface-affected liquid phase of spin-lattice relaxation ra
1/T1surf, and a bulk liquid phase of spin-lattice relaxatio
rate, 1/T1b , and suppose that the exchange time betw
them,tex, is much smaller than both relaxation timesT1surf
andT1b . According to this biphasic fast exchange model,
overall proton spin-lattice relaxation rate 1/T1(v I) is

1

T1~v I !
5

1

T1b
1

NS

N

1

T1surf~v I !1tex
'

1

T1b
1

NS

N

1

T1surf~v I !
.

~1!
,

n

e

We demonstrated that this biphasic fast exchange model
been successful in the analysis of nuclear relaxation of p
liquids in calibrated nanopores@12#. In Eq. ~1!, NS /N repre-
sents the ratio of the number of water molecules at the p
surface to the total number in the sample. From the sam
characteristics listed in Table I, we show in Table II how w
have estimated the ratioNS /N50.054 for S1 and NS /N
50.020 forS2. The samples studied were a packed susp
sion of glass beads in essentially the form used for chrom
graphic separations. The water may be located in both
glass pores and between the glass beads. Though the lat
z
tic
FIG. 2. Arrhenius plots of the water1H spin-lattice relaxation rates as a function of the inverse of the temperature, 1000/T, for packed
samples of calibrated porous glass beads with pore diameters 75 Å~a! and 159 Å~b! at various frequencies varying from 0.01 to 30 MH
downwards. The continuous lines correspond to the best exponential fits. According to Eq.~18!, the slopes of these fits give, at low magne
fields, the apparent activation energy (Em2Ea8) for the proton mobility in the surface layer.
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FIG. 3. The acetone1H spin-
lattice relaxation rates as a func
tion of magnetic field strength
represented as the Larmor fre
quency for packed samples o
calibrated porous glass beads wi
pore diameters 75 Å~a! and 159
Å ~b! at various temperatures. Th
continuous lines correspond to th
best fits to Eq.~19! of Ref. @4#.
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bulk water that might not mix by diffusion into and out o
the beads, we have observed a single exponential deca
the time of the relaxation measurement. The relaxation
in the bulk or nonsurface phase, 1/T1b , is caused by the fas
molecular reorientations and translations and independen
magnetic field strength or frequency in the low field ran
studied@5#. A formal expression of 1/T1surf is obtained by
mixing the relaxation of the water protons in the first coo
dination sphere of Fe31 with the protons at surface:

1

T1surf~v I !
5

1

T1s~v I !
1

NFe

NS

1

T1Fe1tm~T!
. ~2!

Here we have divided the proton spins belonging to the s
face layer in two groups: those of nuclear relaxation r
1/T1Fe, belonging to the first coordination sphere of the pa
magnetic centers and those of rate 1/T1s(v I), diffusing on
the surface around such centers. The temperature-depe
exchange lifetimetm(T) of water between Fe31 first coordi-
nation sphere and the surface phase water is given bytm
5(h/kT)exp@DH‡/RbT2DS‡/Rb#, where DH‡ and DS‡ are
the enthalpy and entropy of activation for the first-order r
constant for the exchange for water from the cation andRb
52 cal/mol/K is the molar gas constant. The detailed str
ture of the iron sites in the glass are unknown, but we m
approximate the water exchange kinetics using a hex
quoiron~III ! ion as a model for whichDH‡57.4 kcal/mol
and DS‡525.6 cal/mol/K, giving tm5(8310210/
T)exp@7.4 (kcal/mol)/RbT# leading totm;0.67ms at 298 K
@7#. NFe/NS is the ratio of the number of water molecules
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te

of

-

r-
e
-

ent

e

-
y
a-

t

the surface relaxing sites to that at the pore surface. Ass
ing a single water molecule per iron site, we show in Table
that NFe/N51.7031026 for S1 and 0.5231026 for S2.
These values are similar to those reported by Kleinbe
Kenyon, and Mitra in rocks @13#. The rate, 1/T1Fe

5 4
3 (g IgS\)2r IS

26S(S11)T1e , is determined by modulation
of the electron-nuclear dipole-dipole coupling caused
fluctuations of the electron spin of the metallic center ch
acterized by the electronic relaxation timeT1e @14#, which is
frequency-independent in the low field range studied. Tak
r IS52.7 Å, with S5 5

2 and T1e;4.5310211s for Fe, one
finds T1Fe53 ms. Substitution of Eq.~2! into Eq. ~1! yields

1

T1~v I !
5F 1

T1b
1

NFe

N

1

T1Fe1tm~T!G1
NS

N

1

T1s~v I !
, ~3!

where the field dependence is contained inT1s(v I) in this
range of magnetic field strengths studied. Substituting
values ofNFe/N, T1Fe, andtm(T) given above into Eq.~3!,
we find that the frequency-independent term in square bra
ets is of the order of 0.2 to 1 s21. This range is consisten
with the asymptotic limits observed in Figs. 1~a! and 1~b! at
large fields for each temperature. The observed magn
field dependence of the proton relaxation rate at low fie
and the large magnitude of the relaxation rate~20 s21! thus
derives only from the surface diffusion term. This term
isolated by the following subtraction:
us distri-
TABLE II. Parameters derived from porous glass characteristics.

Parameters SampleS1 SampleS2

sS ~Fe/cm2! 5.531010 5.131010

^dFe-H& ~Å! 5.3a 5.7a

Effective pore volume: V5Vpmg ~cm3! 0.315 0.35
Effective pore surface: S5Spmg ~m2! 93.8 39.1
Volume of the surface layer:S^dFe-H& ~cm3! 0.05 0.022
Ns /N5S^dFe-H&/(mw /rwater) ~dimensionless! 0.054 0.020
NFe/N5SsS /(mwNAvogadro/18) ~dimensionless! 1.6831026 b 0.5231026 b

aAverage distance between a surface proton and a ferric atom in the glass, assuming a homogeneo
bution of Fe atom in the glass.
bAssuming a single water molecule per iron site at the pore surface.
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NS

N

1

T1s~v I !exp
5

1

T1~v I !exp
2F 1

T1b
1

NFe

N

1

T1Fe1tm~T!G
asymp

.

~4!

B. Heteronuclear dipolar surface relaxation
in a model porous system

1. Model

The observed dependence of the water proton spin-la
relaxation rate on the magnetic field strength is a power l
while that for several organic solvents that are somew
larger and without labile protons that may exchange che
cally with other molecules or surface sites is bilogarithm
on the same microporous glass preparations. Water is un
among solvents in that it is small, forms extensive hydrog
bond networks, may exchange protons rapidly, binds
metal ions, and may be orientationally ordered by hydrog
bonding at a variety of surfaces@15,16#. We seek a mode
that distinguishes water from the other liquids, accounts
the apparent one-dimensional diffusion process that lead
the field dependence observed, and also accounts for the
usual temperature dependence.

The temperature dependence is unusual in that at
magnetic field strengths, the spin-lattice relaxation rates
crease with increasing temperature@Fig. 2~a!#, which is gen-
erally indicative of a thermally activated chemical exchan
process. At higher magnetic field strengths, the spin-lat
relaxation rates decrease with increasing temperature@Fig.
2~a!#, which is consistent with a diffusive process domin
ing relaxation. Further, the apparent activation parame
for the relaxation rates measured at low magnetic fields
small, smaller than generally observed for chemical
change events.

The first coordination sphere interactions of iron with w
ter are well studied in other contexts. The water proton
change rate may often limit the effectiveness or the iron~III !
ion paramagnetic contribution to the total proton spin-latt
relaxation rate@6,7#. We do not know exactly the nature o
the surface iron sites, but may use the hexaaquoiron~III ! ion
as a model for these sites. The hexaaquoiron~III ! ion has a
mean residence time for the coordinated water proton of
ms, which is orders of magnitude longer than correlat
times for diffusive motion. This lifetime is temperature d
pendent, and decreases with increasing temperature. In
case where the first term of Eq.~3! was dominant, this slow
first-coordination sphere exchange could limit the effect
spin relaxation rate and account for the increase in the re
ation rate with increasing temperature. However, domina
of the first term in Eq.~3! should produce a low field relax
ation dispersion profile that is independent of magnetic fi
strength, which is not observed. Further the relaxation at
magnetic field strengths is too efficient to be dominated
this contribution alone. Thus, while the magnetic relaxat
is clearly involved with paramagnetic effects, firs
coordination sphere exchange of water protons with the
atom fails to account for both the temperature and magn
field dependence observed.

Effectively one-dimensional motion may result when d
fusion is fast enough that a molecule may explore a sign
cant longitudinal extent of the pore. If one conceives o
ce
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surface mobility that is substantially reduced, for which the
is little evidence, a model of surface diffusion facilitated b
exchange to a rapidly diffusing bulk phase may account
many aspects of the present data. However, this type
model does not correctly account for the temperature dep
dence at all magnetic fields studied. On the other hand,
intimate interaction of water with the surface may have s
eral consequences:~a! The formation of extensive hydro
gen bond networks is possible.~b! OH functionality at the
surface may dramatically catalyze proton exchange am
water molecules in the ordered surface environment.~c!
Surface diffusion rates of protons may be accelerated rela
to the bulk phase. These factors are, in a sense, opposi
that of the bulk-mediated diffusion picture, but naturally a
count for both the magnetic field and temperature dep
dence of the proton spin-lattice relaxation rates.

We note that other approaches may yield the power-
magnetic field dependence observed here. For example,
diffusion to paramagnetic relaxation sinks is well known
yield relaxation proportional to the reciprocal of the squa
root of the Larmor frequency. Even though we suppos
surface-ordered phase, which may have many characteri
of a solid, spin diffusion should be unimportant compar
with other contributions for the following reasons.~a! The
presumed hydrogen surface network is imperfect so that
expect that there would be a number of spin diffusion bot
necks that would inhibit extensive or long-range diff
sion. ~b! The relatively high mobility of the surface phas
will reduce the correlation time that enters the effecti
dipole-dipole coupling between surface water spins. As
result, the spin-diffusion constant will be reduced from t
usual values in rigid solids, which are already small.~c! The
small surface spin-diffusion rate that results will be too sm
to contribute to an extensive diffusion of spin along the po
to a remote relaxation center. Thus, we conclude that s
diffusion as distinct from translational diffusion cannot a
count for the present data.

The Kimmich group has investigated related system
which are reported to be free of paramagnetic impurities,
proposed a fundamentally different model involving effe
tively one-dimensional correlation effects based on pur
nuclear spin interactions@1#. Because nuclear-spin relaxatio
in the present case is apparently much more efficient, and
presence of paramagnetic relaxation centers demonstrate
EPR spectroscopy and chemical analysis, we seek an a
native model.

2. Calculation of the proton surface spin-lattice relaxation rate

We consider water in an infinite cylindrical pore of radiu
R with a surface densitysS of paramagnetic centersS as
shown in Fig. 4~a!. The water protons at the surface diffus
over a certain surface region and then suffer a chemical
change to the bulk liquid region of the pore. The prot
relaxation rates are too large to be accounted for by o
nuclear dipolar couplings. Thus, the model is based
electron-nuclear dipolar couplings, which are about five
ders of magnitude more effective in the nuclear spin rel
ation equations@5#. The intermolecular electron-nuclea
dipole-dipole coupling is modulated by the translational d
fusion of the mobileI spins in close proximity to the pore
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3102 PRE 60KORB, HODGES, GOBRON, AND BRYANT
surface and the fixedS spins. Formally, the proton spin
lattice relaxation is given by the general expression@5#:

1

T1I
5

2

3
~g IgS\!2S~S11!@ 1

3 JL
~0!~v I2vS!

1JL
~1!~v I !12JL

~2!~v I1vS!#, ~5!

where the spectral densityJL
(m) in the laboratory frame~L!

associated withB0 @Fig. 4~a!# are the exponential Fourie
transforms,

JL
~m!~v!5E

2`

`

GL
~m!~t !eivt dt, ~6a!

of the stationary pairwise dipolar correlation functio
GL

(m)(t), $mP(22,12)%, given by

GL
~m!~t !5^FL

~2m!~ t !FL
~2m!* ~ t1t!&. ~6b!

FIG. 4. ~a! Schematic diagram of the cylindrical pore mode
The nuclear proton spinI diffuses in the surface layer of thicknes
^dFe-H&;5.3 Å in the dipolar field of a very small quantity of para
magnetic spinsSfixed on the pore surface. The~C! axes are fixed in
the cylindrical frame. The~L! axes are fixed in the laboratory fram
with the constant magnetic fieldB0 at the angleb from the pore
axis z. ~b! Schematic diagram of the pore surface layer in
close vicinity of the ferric ion. d is the distance of minimal ap
proach alongz between the mobile proton and the ferric ion. T
distinction between the correlation timestm for chemical exchange
in the surface layer and,tex between the surface and the bulk
indicated on the diagram. The dashed lines represent the hydr
bonds.
Equation~6b! describes the persistence of the second-or
irreducible spherical spatial dipolar tensor,FL

(m)(t), between
the magnetic moments associated with the spinsI andS and
modulated by the translational diffusion of spinsI relative to
the fixed spinsS during a short time intervalt @5#. The no-
tation ^ & stands for the ensemble average over all the p
tions of the spinsI at times 0 andt for a given surface
densitysS of spinsS. Simplification of Eq.~5! occurs when
vS@v I . As found below, substitution of spectral densiti
that depend on the inverse of the square root of the Lar
frequency into Eq.~5! shows that

1

T1I~v I !
'

2

3
~g IgS\!2S~S11!JL

~1!~v I !. ~7!

According to the dynamical model described in Figs. 4~a!
and 4~b!, it is efficient to calculate the time dependencies
the dipolar correlations in the cylindrical frame~C! of z axis
parallel to the pore axis. We use the well-known propert
of the WignerD functions@17# to expressFL

(1)(t) as it comes
through a rotation: (C)→(L),

FL
~21!~ t !5A6p

5

1

r 83~ t !
(

m8522

2

Y2
~m8!

„V8~ t !…d21,m8
~2!

~b!.

~8!

Herer 8 represents the proton~I!-electron~S! distance at time

t andY2
(m8)

„V8(t)… represent the second-order spherical h
monics where the angles labeled asV8(t) follow the orien-
tation ofr 8 in ~C!. Because of cylindrical symmetry aroundz
we have chosen the Euler angles that rotate the~C! frame
into the ~M! frame asa5g50; thus, the general Wigne
rotation matrix,D21m8

(2) (a50,b,g50) reduces to the tabu

lated Wigner coefficientsd21m8
(2) (b) @17#. After substitution

of Eq. ~8! in GL
(1)(t)5^FL

(21)(t)FL
(21)* (t1t)& and applica-

tion of some symmetry relations, one has for the pairw
dipolar correlation function in the~L! frame:

GL
~21!~t !5

6p

5
(

m8522

12

ud21,m8
~2!

~b!u2GC
~m8!~t !, ~9!

where the componentsGC
(m8)(t) of the pairwise dipolar cor-

relation function in the~C! frame are

GC
~m8!~t !5K Y2

~m8!~V08!

r 08
3

Y2
~m8!* ~V8!

r 83 L . ~10!

Now we make a powder average over the angleb labeled as
^ &b in order to take into account the random orientation
the local cylindrical axisz relative to the constant directio
of the static magnetic fieldB0 ,

^GL
~21!~t !&b5

6p

5
(

m8522

12

^ud21,m8
~2!

~b!u2&bGC
~m8!~t !

5
1

5

6p

5
(

m8522

12

GC
~m8!~t !. ~11!

en
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When considering translational diffusion of theI spin at the
surface of the geometry shown in Figs. 4~a! and 4~b!, the
average present in Eqs.~10! and ~11! will be replaced by
their usual integral average over the normalized conditio
y

.

-
e
o

do

.e
in
o

ich

d
e

la
id

e

tu
al

probability P(r5R,w r ,z,tur05R,w r0 ,z0 ,t50) that the
protonic cylindrical coordinatesr5R,w r in ~x, y! andz(iz)
take their values at timet, given their values r0
5R,w r0 , z0 at timet50,
GC
~m8!~t !5sSE

Cw

R dw r0E
Cz

dz0

Y2
~m8!~V08!

r 08
3

3E
Cw

R dw rE
Cz

dz P~r5R,w r ,z,tur05R,w r0 ,z0 ,t50!
Y2

~m8!* ~V8!

r 83
. ~12!
us,

om

lear
iven
ed
nit

a-

er

en-
Here we have assumed a uniform proton surface densit
equilibrium andCw and Cz correspond to thew r and z do-
mains of integration in theC frame @see Appendix and Fig
4~a!#.

Following previous proton NMR studies for different ice
silica interfaces@16#, we suppose that proton diffusion at th
liquid-solid interface is enhanced by orientational ordering
water molecules in the first layers@Fig. 4~b!#. The probability
of a water molecule participating in the ordered phase
proportional to a Boltzmann factor,n0 exp(Em/RbT), where
n0 is the maximum number of molecules in the ordered
main, Rb is the molar gas constant, andEm is unknown but
expected to be larger than that for motions in bulk water, i
;5 kcal/mol. The effective size of the ordered domain
the surface layer will then vary in proportion t
2dwn0 exp(Em/RbT). Heredw51.9 Å is the effective radius
of a water molecule based on the density of liquid, wh
implies a volume per water molecule of 30 Å3. We may
estimate the rate at which these clusters rearrange base
the properties of bulk water; thus, the rearrangement tim
approximated bytw5dw

2 /$D0 exp(2Ea /RbT)%, where Ea

54.8 kcal/mol is the activation energy for the water trans
tional diffusion. Now, assuming that a proton suffers rap
diffusive motion inside a surface layer, which evolves on
much slower time scaletw , we get an effective two-
dimensional diffusion equation forP as

]

]t
P~r5R,w r ,z,tur05R,w r0 ,z0 ,t50!

5
dw

2

tw
n0eEm /RT

3DSP~r5R,w r ,z,tur05R,w r0 ,z0 ,t50!. ~13!

Inspection of Eq.~13! implies that the effective diffusion
constant of the surface protons in the ordered phaseDeff(T)
5Deff 0 exp@(Em2Ea8)/RbT#, whereDeff 05D08n0, Ea8 is the ac-
tivation energy for the translational motion in the surfac
ordered phase. The fact thatEm.Ea8 leads to a diminution of
the effective diffusion coefficientDeff(T), with increasing
temperature and may account for the low field tempera
dependence of the proton spin-lattice relaxation rate.
at

f

is

-

.,

on
is

-

a

-

re

At times longer than that required to diffuse a pore radi
approximately tR5R2/(2Dw);3.531029 s, where Dw
;2.231025 cm2/s is the bulk water translational diffusion,P
becomes independent of any orientational angular rand
variablesw r and depends only on the cylindrical coordinatez
along the pore axis. In this case, diffusion that affects nuc
spin relaxation has a one-dimensional character and is dr
by diffusion along the pore axis. In the model that we us
here, P represents the probability of reencounters per u
area betweenI andSspins; it is given by the Gaussian prop
gator:

P~z,tuz050,t50!5
1

2pR

1

~4pDefft!1/2expS 2
z2

4Defft
D .

~14!

Successive substitutions of Eq.~14! into Eqs.~11! and ~12!
lead to the following simplification:

^GL
~21!~t !&b5

1

5

6p

5
@GC

~0!~t !12GC
~1!~t !12GC

~2!~t !#

'
1

5

6p

5
GC

~0!~t !. ~15!

After calculations of Eq.~15! detailed in Appendix A, one
finds that at long times (t@tR), the dominant term of the
pairwise dipolar correlation function is given by the pow
law

^GL
~21!~t !&b5

3

10p

sS

Rd2

1

~4pDefft!1/2, ~16!

where d corresponds to the distance, alongz, of minimal
approach of a proton to a Fe31 ion. From the model pre-
sented in Fig. 4~b!, we chosed;0.85 Å, which corresponds
to the known minimal distancer IS52.7 Å, between the pro-
ton and ferric ion. The corresponding averaged spectral d
sity thus becomes

JL
~1!~v!5

3&

20p

sS

Rd2

1

~Deffv!1/2. ~17!
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After substitution of Eq.~17! into Eq. ~7! and multiplication
by the dilution factor (NS /N), one has finally the following
theoretical expression for the surface proton spin-lattice
laxation rate, at low field strengths, for the model consider

NS

N

1

T1s~v I !
5
&

10p

NS

N
~g IgS\!2S~S11!

sS

Rd2

3
1

„Deff~T!v I…
1/2. ~18!

A consequence of Eq.~18! is that the apparent activatio
energy for the low-field relaxation rate is2(Em2Ea8)/2 be-
cause the exponent ofDeff(T) is (Em2Ea8). This result fur-
ther reduces the magnitude of the apparent activation en
for the low-field relaxation processes. From the Arrhen
plots of Fig. 2, one finds that this apparent activation ene
(Em2Ea8) is 2.4 kcal/mol forS1 and 2.8 kcal/mol forS2 at
low fields ~0.01 MHz!. Taking an average value fo
(Em2Ea8)52.6 kcal/mol and assuming thatEa8;Ea

54.8 kcal/mol, one has an estimation ofEm;7.4 kcal/mol
for the activation energy, for the proton mobility in the su
face layer.

IV. COMPARISON WITH EXPERIMENTS

A. Magnetic relaxation dispersion of water in confinement

The best fits obtained with Eqs.~3! and ~18! for
1/T1(v I)exp and with Eq.~18! for (NS /N)1/T1s(v I)exp are
shown as continuous lines, in Figs. 1~a! and 1~c! for S1 and
in Figs. 1~b! and 1~d! for S2. These lines were obtained wit
the apparent activation energy, (Em2Ea8)52.6 kcal/mol, for
the proton mobility in the surface layer. All the other para
eters present in Eq.~18! are given in Table II. The only
adjustable parameter is the prefactorDeff 0. For S1, we find
Deff 050.10631026 cm2/s giving Deff50.8531025 cm2/s at
25 °C. This value, for the proton surface diffusion of t
order of one third of the bulk water translational diffusio
Dw;2.231025 cm2/s, is in very good agreement with re
cent neutron-scattering studies of single-particle dynamic
water molecules contained in 25% hydrated micropores
vycor glass @18#. This value is also in agreement wit
molecular-dynamics simulation of liquid water on silica su
faces@19#. Similarly for the large pore glass (S2), one finds
Deff 050.0331026cm2/s and Deff50.2431025cm2/s at
25 °C. The diminution of theDeff value found forS2 in
comparison with the one forS1 is coherent with the diminu
tion of the effective pore surface and ofNS /N ~Table II!.
This result is also in good agreement with water surface
fusion measurements on silica gels@20#. According to Eq.
~18!, the pore size effect (}1/R) is smaller than the one
(}1/R2) obtained previously for an aprotic solvent@4#. This
is coherent with the results shown in Figs. 1 and 3.

The seemingly paradoxical increase of the water pro
spin-lattice relaxation rate observed at low fields when
temperature increases@Figs. 2~a! and 2~b!# is understood in
terms of a diminution of the effective spatial extension of t
quasiordered clusters of water molecules in the surface l
close to the paramagnetic impurity. The chemical excha
process (tex) between the surface layer and the bulk@Fig.
-
:

gy
s
y

-

of
f

f-

n
e

er
e

4~b!# interrupts the proton surface diffusion and limits th
extent of the surface-enhanced diffusion. When the temp
ture increases, the extent of the ordered domains decre
and surface mobility is reduced, thus causing the low-fi
relaxation rate to increase. The confinement results in
enhancement of the probability ofI -S reencounters, which
maintain the dipolar correlations for a much longer time.

An estimate of the distance explored by the proton bef
the first reencounter with the ferric ion on the surface is
the order of the length of diffusion,@2Deff /nc#

1/2, wherenc is
a characteristic frequency, shown by an arrow in Fig. 1~a!.
Below nc the relaxation rate increases rapidly and the te
perature dependence becomes abnormal. WithDeff
50.8531025 cm2/s at 25 °C andnc;3 MHz @Fig. 1~a!#, one
finds that this distance is about 238 Å forS1 and 126 Å for
S2. Such distances of exploration are sufficiently large
comparison to the pore radiusR to make the dynamics ap
pear one-dimensional and justify the model proposed.

An important consequence of the proposed model
found by introducing into Eq.~18!, the effective correlation
time of surface diffusion,teff(T)5d w

2/@2Deff(T)#, which gives
the following universal power law:

NS

N

1

T1s~v I !

1

B~T!
5

1

Av Iteff~T!
, ~19a!

with

B~T!5
1

5p

NS

N
~g IgS\!2S~S11!

sS

Rd2dw

teff~T!.

~19b!

In Fig. 5, we show that the experimental values of t
surface dispersion (NS /N)1/T1s(v I)exp displayed in Figs.
1~c! and 1~d! could be rescaled as@v Iteff(T)#21/2 over four
orders of magnitude of the dimensionless variablev Iteff(T).

FIG. 5. Logarithmic plot of the rescaled magnetic field depe
dence of the dimensionless surface1H spin-lattice relaxation rates
(NS /N)1/T1s(v I)/B(T) of water in packed samples of calibrate
porous glass beads of pore radii 37.5 and 79.5 Å at various t
peratures as a function of the dimensionless variablev Iteff(T) with
teff(T)5teff 0 exp@2(Em2Ea)/RbT#. The data points are obtained b
rescaling those of Figs. 1~c! and 1~d! according to Eqs.~19a! and
~19b!. The continuous line is the best fit obtained with the relati
1/@v Iteff(T)#1/2.
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This power law is usually encountered in the presence o
one-dimensional translational diffusion relaxation proc
@21#. To calculate the effective correlation time for each te
perature,teff(T)5teff 0 exp@2(Em2Ea8)/RbT#, we use the rela-
tion, teff 05d w

2/(2Deff 0), and the values ofDeff 0 found above.
This approach givesteff 051.731029 s and teff(25 °C)
52.1310211 s for S1 and teff 056.031029 s and
teff(25 °C)57.5310211s for S2. This universal rescaling
obtained for 200 experiments on different samples (S1 and
S2) and on a large variety of frequencies and temperatu
strongly supports the model used here.

B. Magnetic relaxation dispersion of aprotic solvent„acetone…
in confinement

The situation is very different for acetone, which has
exchangeable protons. Acetone is a poor Lewis base c
pared with water, and is a poor ligand for the iron ato
Although one could argue that there will be some equil
rium for binding of the acetone oxygen to the iron, the eq
librium will favor water by many orders of magnitude. Fu
ther, we do not see specific evidence that acetone binds.
did, the contribution would be much smaller than it would
for the water because the protons would be much furt
away from the metal center than in the water case. Thus
contribution to the spin relaxation from first coordinatio
effects should be much smaller than in the water case
consequence it is an excellent approximation that the ace
does not bind significantly to the iron. The observed bilog
rithmic magnetic field dependence of proton 1/T1s , dis-
played in Figs. 3~a! and 3~b!, is consistent with a theory tha
treats the mobile liquid spins from the viewpoint of tw
dimensional restricted diffusion at a proximity of a relaxin
surface center@4#. In this case, a two-dimensional transl
tional diffusion in close proximity to the relaxing sites
needed and the slower diffusion associatedD
;0.1431025 cm2/s) precludes exploration of the distant r
laxation sites in the pore.

V. CONCLUSION

1H MRD experiments of water in contact with m
croporous glass surfaces containing trace paramagnetic
purities is fundamentally different from that found for apr
tic solvents. In all cases the nuclear-spin relaxation rate
low magnetic field strengths are dominated by contributio
from trace paramagnetic impurities in the solid matrix. T
effects of the liquid confinement is that long-time corre
tions are introduced that increase the reencounter probab
at long times or low Larmor frequencies. The comparis
between water and acetone shows that the apparent di
sionality of the diffusive process is a function of the surfa
mobility and the effective concentration of the paramagne
relaxation centers. For the organic solvents studied, the
tial extent explored by the diffusing solvent is relative
small and relaxation is described by a two-dimensional
fusive process that causes a bilograthmic dependence o
relaxation rate on the Larmor frequency. For water we fi
that the effective proton diffusion rate at the surface is fac
tated. We have developed a general model of nuclear-
relaxation caused by a surface-facilitated proton diffus
process. This model naturally leads to a relaxation equa
a
s
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characteristic of a one-dimensional diffusive process a
also accounts for the peculiar temperature dependence o
water-proton relaxation rates at different magnetic fie
strengths. A universal rescaling obtained for these data
different pore sizes and on a large variety of magnetic fi
strengths and temperatures, supports this interpretation.
unique frequency and temperature dependencies of the
ton MRD have allowed a direct assessment of the tran
tional diffusion coefficient of water protons at the surface
the pores. The model employed is fundamentally differ
from previous approaches to similar problems, but appear
have a number of features that will be generally applicable
a number of contexts.
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APPENDIX: CALCULATION OF CORRELATION
FUNCTIONS GC

„0…
„t…, and ŠGL

„1…
„t…‹b

The surface pairwise dipolar correlation functio
GC

(0)(t), remaining at long times in the cylindrical frameC,
is given from Eqs.~12! and ~14!:

GC
~0!~t !5

sS

2pR

1

~4pDefft!1/2

3E
Cw

R dw r0E
Cz

dz0

Y2
~0!* ~V08!

r 08
3 E

Cw

R dw rE
Cz

dz

3expS 2
z2

4Defft
D Y2

~0!* ~V8!

r 83 . ~A1!

Due to the relationr 85r2R and the restrictionr 5(R2

1z2)1/2, where the proton moves at the cylindrical pore s
face @Fig. 4~b!#, one can express the spherical harmonics
the cylindrical frameC as

Y2
0~V8!

r 83 5
1

4
A5

p H 3z2

Fz214R2 sin2S w r2wR

2
D G5/2

2
1

Fz214R2 sin2S w r2wR

2
D G3/2J . ~A2!

Expression ofGC
(0)(t) simplifies after substitution of Eq

~A2! in Eq. ~A1! and using the reasonable assumption that
long times, the diffusion lengthA(2Deff t);0.4mm stays
much larger than any possiblez values~;250 Å!,
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GC
~0!~t !5

5sS

32p2R

1

~4pDeff t!1/2U ECw

Rdw rE
Cz

dz

3H 3z2

Fz214R2 sin2S w r2wR

2 D G5/2

2
1

Fz214R2 sin2S w r2wR

2 D G3/2J U2

. ~A3!

The integration inz in Eq. ~A3! in the domainCz1 where
uzu.d is elementary. Hered corresponds to the distanc
along z, of minimal approach between a proton and a Fe31

ion. From the model presented in Fig. 4~b!, we choosed
;0.85 Å, which corresponds to the known minimal d
tancer IS52.7 Å, between the proton and ferric ion.

E
Cz1

dzH 3z2

Fz214R2 sin2S w r2wR

2 D G5/2

2
1

Fz214R2 sin2S w r2wR

2 D G3/2J
5

2

d2F114
R2

d2 sin2S w r2wR

2 D G3/2. ~A4!
G

ev

m

.

nt
A similar result but with an opposite sign is found in th
domain Cz2 where 2d<z<d. Introducing the variablec
5w r2wR and taking into account the even character of
function on the integration onc, one finds that there are tw
domains forCc . The first domain,Cc15(0<c<p), of
complete cylindrical isotropy is associated withCz1 . The
second domain,Cc25(d/R<c<p), is associated withCz2
and excludes a small domain in the immediate surround
of the Fe31 ion. Straightforward calculations show that th
only remaining integral onc becomes

4R

d2 E
0

d/R

dCF114
R2

d2 sin2S C

2 D G23/2

'
4R

d2 S 1

&

d

R
1OS d2

R2D D '
2&

d
. ~A5!

Substituting Eq.~A5! into Eq. ~A3! leads to the form

GC
~0!~t !5

5sS

4p2Rd2

1

~4pDefft!1/2. ~A6!

Finally, substitution of Eq.~A6! into Eq. ~15! leads to the
surface pairwise dipolar correlation function,^GL

(1)(t)&b , re-
maining at long times in the laboratory frameL:

^GL
~1!~t !&b5

3

10p

sS

Rd2

1

~4pDefft!1/2. ~A7!
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