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Surface nuclear magnetic relaxation and dynamics of water and oil in macroporous media
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Proton nuclear spin-relaxation studies on water- or oil-saturated granular packings and limestone rocks allow
estimating surface molecular dynamical parameters. Measurements were performed at various conditions of
temperature, magnetic field strengths, and pore size. We show by low field NMR relaxation that changing the
amount of surface paramagnetic impurities leads to striking different pore-size dependences of the relaxation
times T1 and T2 of liquids in pores. These dependences are well supported by surface-limited or diffusion-
limited relaxation models. Surface relaxivity parametersr1 andr2 are deduced from the pore-size dependence
in the surface-limited regime. We evidence the frequency and temperature dependence of the surface relaxivity
r1 by field cycling NMR relaxation and relevant theoretical models. The typical frequency dependence found
allows an experimental separation of the surface and bulk microdynamics in porous media. Several surface
dynamical parameters, such as diffusion coefficients, activation energies, time of residence, and coefficient of
surface affinity, were therefore determined. The methods presented here give a powerful analysis of the surface
microdynamics of confined liquids, which can be applied to the study of oil-bearing rocks.

DOI: 10.1103/PhysRevE.64.021605 PACS number~s!: 45.70.2n, 76.60.2k, 68.08.2p
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I. INTRODUCTION

How is it possible to obtain structure and dynamic info
mation on liquids at pore surface by nuclear spin-relaxat
methods? The question is central to understanding tex
and transport properties in high surface-area micropor
materials, chromatographic supports, heterogeneous cata
materials, and cement and natural macroporous mater
such as clays, minerals, or porous rocks. However, prob
directly the molecular surface dynamics by standard nuc
relaxation methods is difficult. For instance, the very lo
fraction of molecules in a surface layer in fast exchange w
the local bulk phase prevents any direct measurement o
surface molecular dynamics. Several attempts have been
posed to probe surface molecular behavior by standard t
niques@1–6#. For example, a progressive saturation of c
ment has permitted the isolation of the surface contribut
to spin-spin relaxation rates@2#. This method, difficult to
realize in practice, has permitted a check of the validity
the biphasic fast exchange model in porous media by
linear dependence of relaxation rates with the saturation
tor @1#. The spin-spin and spin-lattice relaxation rate me
surements for a series of saturated calibrated micropo
silica glasses, with or without surface silanization, has
lowed separation of the surface and bulk contributions@3–5#,
thus leading to information on the surface reorientational
namics@6#. Nonstandard nuclear magnetic relaxation disp
sion experiments~NMRD! @7# were also proposed@8–11#.
For instance, these methods have shown striking differen
between water and aprotic liquids in contact with m
croporous glass surfaces containing trace paramagnetic
purities @10,11#. All these experimental attempts were co
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cerned so far with high surface-area materials. Here
propose to extend their domain of application
macroporous systems with a low surface to volume ra
such as oil-bearing rocks. Previous work in the field w
concerned with fixed low field NMR relaxation, both in labo
ratory measurements and in well logging applications@12–
16#. This approach allows the estimation of fundamen
petrophysical properties, such as porosity, permeability, s
ration, pore size distribution, and surface wettability@12–
16#.

Our aim here is precisely to characterize fundamental s
face dynamical properties, such as water and oil surface
relation times, surface diffusion coefficients, surface re
dence times, and coefficients of surface molecular affin
Moreover, to obtain these parameters from a nuclear s
relaxation study, some questions exist concerning the c
acterization of the nuclear spin processes at the pore sur
These processes depend mainly on the nature of the li
and on its affinity for the pore surface.

In the present study, we answer these questions by u
both nuclear relaxation at 2.2 MHz and field cycling NMR
techniques applied to different kinds of water- or o
saturated macroporous media. One kind of sample con
of packing of calibrated SiC grains, with 25% of the surfa
covered by SiO2, leading to a series of porous media varyin
in pore sizes in the range of those of oil-bearing rocks. T
other kind of sample consists of fine-grain limestone ro
cores. Both kinds of samples are homogeneous in pore
We evidence the presence of Fe31 and Mn21 paramagnetic
ions by electron spin resonance~ESR! for grain packing and
limestone, respectively. We show by nuclear relaxation m
surements at 2.2 MHz that changing the amount of surf
paramagnetic impurities, by hydrochloric acid cleanin
leads to striking different pore size dependences of sp
lattice and spin-spin relaxation times~T1 andT2!. These ob-
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servations and an analytical model show that the lead
relaxation process is either surface limited or diffusion li
ited. For the surface-limited process, we deduce the sur
relaxivity parametersr1 and r2 directly from the pore size
dependence ofT1 andT2 We report, by the nuclear magnet
relaxation dispersion technique~field cycling NMRD!, the
frequency and temperature dependence of the surface r
ivity, r1(vpT). We applied this technique to the ‘‘cleaned’’
mm SiC samples and to the Lavoux limestone, saturated
ther with water or oil. This technique and the theoretic
model that we propose permit the separation of the sur
liquid microdynamics from the bulk dynamics. We thus e
timate surface dynamical parameters as correlation tim
surface diffusion coefficients, and surface residence tim
We evidence the differences in water and oil surface affin
and deduce a coefficient of surface affinity. Anomalous te
perature dependence of relaxation times for the silica sur
is also discussed.

II. SAMPLE CHARACTERIZATION

A. Granular porous media

We used model granular porous media made by pack
down calibrated silica carbide grains~SiC! from P. Wolters
Company ~Germany! @17#. The grains were obtained b
grinding and were selected in calibrated size by sedime
tion in air. The mean grain sizes range individually betwe
8 and 150mm, with an accuracy of65%, with a grain den-
sity of 3.2. The grain-specific surface areas measured by
trogen adsorption-desorption range between 0.56 and 0
m2/g for grain sizes between 8 and 150mm, respectively
~Table I!. Individual grains are composed of SiC crystals
size about 0.1mm cemented by an amorphous SiC pha
X-ray photoelectron spectroscopy~XPS! experiments
showed that 25% of the surface is covered by SiO2 @17#,
formed by passive oxidation of amorphous silica either
months at room temperature or during a few hours at 350

This material is convenient to produce model granu
porous media@18# obtained by packing down dry calibrate
grains in cells of 3 cm in diameter and 5 or 10 cm in leng
The cells are composed of a glass tube and two caps al
ing fluid circulation, and bearing pressure up to 5 bars
avoid gas formation at high temperature. The porositiesf of
the various prepared grain packs were obtained both

TABLE I. Sample characteristics.

Grain size
~mm!

Pore sizea

~mm!
Specific surface

~m2/g!
Porosity

~%!
Permeability

~darcy!

150 138 0.026 43.9 15.5
110 100 0.035 42.9 8.4
80 74 0.047 43.8 3.0
50 48 0.078 46.4 1.4
30 27 0.13 44.8 0.4
15 14 0.25 43.4 0.15
8 8.3 0.56 52.6 0.05

aThese numbers come from grain sizes and the use of Eq.~1!.
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NMR and gravimetric methods and are reported in Table
The almost constant value of the porosity~about 45%! for
the various packings show that the main textural proper
are preserved although the grain sizes vary. The grains
nonporous by themselves. The resulting poredpore and grain
dgrain diameters are related, considering the corresponde
between pore volume and solid volume,

dpore5S f

12f D 1/3

dgrain. ~1!

The monodispersity of the pore sizes is evidenced in F
1 by the narrow NMR spin-spin relaxation time (T2) distri-
bution of water in grain packings of 8mm. This distribution
is obtained by a numerical Laplace inversion of the obser
magnetization decay@16#. The inversion involves a regular
ization method that smoothes and broadens the distribut
However, as we used grain packings with narrow pore s
distributions, these problems of data inversion are limit
Therefore, in the paper, we use theT2 value obtained by a
monoexponential fit of the relaxation signal corresponding
the geometric mean of theT2 distribution ~peak value!, in
accordance with the accuracy of the measurement. We h
obtained similar distributions for the other grain sizes. T
quadratic relation,K}dpore

2.0 , that we observed between th
permeabilityK and the pore size~Fig. 2! is consistent with
the Kozeny-Carman relation typically observed in qua
spherical grain packings. Moreover, this figure gives us c
fidence about the reproducibility of the texture of the diffe
ent packings@18,19#.

The porous media were saturated either with water or
~dodecane! in the cells initially under a vacuum of 2
31022 mbar. For water saturation, cycles of vacuum a
CO2 flooding were made to totally remove oxygen in pore
The pore surface contains paramagnetic impurities that o
nate either from the grinding of the grains or substituted
silica during the production of the SiC material. It is nece
sary to remove the paramagnetic impurities coming fr
grinding to perform reliable surface relaxation experimen

FIG. 1. Example of the1H spin-spin relaxation time distribution
obtained with the cleaned 8mm grain pack saturated with water a
2.2 MHz and 34 °C. The intense and narrow peak at 180 ms sh
the monodispersity of the pore size distribution. The same meas
ment has been made for each sample.
5-2



lu
w

ut
er
ea
-

-

ce
o

o
ur
s

re
-
e
t
t
k

ee
x-
ea-

l of
ti-
m

ect-
kin
of

tion
of

of

m-
pec-

vi-
tion

uc-

-
oes

ity
out
ill

RD
t

e
e

th
-
tic

t

at
-
er

SURFACE NUCLEAR MAGNETIC RELAXATION AND . . . PHYSICAL REVIEW E64 021605
We thus applied a continuous flux of hydrochloric acid so
tion in each porous media at a low flow rate, for a fe
weeks, to clean the surfaces. The acidic solution at the o
of the grain pack was gathered by a fraction collector ev
90 min. Each fraction was analyzed by its spin-spin nucl
relaxation rates 1/T2 , proportional to the paramagnetic im
purity concentration in solution@20#. Figure 3 shows an ex
ample of the variation of 1/T2 as a function of the cleaning
duration as a control of the efficiency of our cleaning pro
dure. The sharp decrease at short times exhibits the rem
of major impurities and iron filings. At longer times, 1/T2
tends to an asymptotic value given by the relaxation rate
the pure acidic solution. Of course, this cleaning proced
does not remove paramagnetic impurities chemically sub
tuted to silicon.

The remaining paramagnetic impurities were monito
by electron spin resonance~ESR! for each sample. The ex
periments were performed on an X-band ESR Bruker sp
trometer at room temperature. For instance, Fig. 4 shows
spectra measured for the 80mm grains. The sharp peak a
g52 is the signature of free electrons. The extended pea

FIG. 2. Variation of the water permeability~K! as a function of
the pore diameter (dpore). K is measured for each sample of a s
of SiC cleaned calibrated grain packs. The curve fit shows the
pected power lawK}dpore

2 .

FIG. 3. The 1H spin-spin relaxation rates (1/T2) of the acidic
solution at 2.2 MHz and 34 °C, collected at the outlet of the 50mm
grain pack as a function of duration of cleaning. At short time,
sharp decrease of 1/T2 exhibits the efficiency of the cleaning pro
cess. At long time 1/T2 tends progressively towards the asympto
1/T2 of the pure HCl solution represented in the figure.
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g;4.5 represents ferric ion (Fe31) impurities. The integra-
tion of this peak, proportional to the amount of Fe31, is
much larger than that of the peak of electrons. We will s
below that ferric ions thus influence the liquid proton rela
ation, appending exclusively at the pore surface. The m
surement was calibrated by adding a very small crysta
CuSO4 of known weight in the sample. This allows an es
mation of the quantity of paramagnetic impurities per gra
of material. We measured the same number of Fe31 ions per
gram over the whole set of cleaned grain sizes after corr
ing the data only for the large grain sizes due to the s
effect. This confirms the homogeneous volume repartition
the paramagnetic ferric ions. We thus deduce the propor
of surface impurities, to which relaxation of fluid protons
the saturated porous media will be sensitive, bySprdd,
whereSp is the specific surface area,rd the grain density,
and d53.6 Å is the silicon interatomic distance@10#. The
proportion of the surface compared to the total amount
impurities is thus about 0.065% for the 8mm grains and the
surface density of impurities issS51.731013 Fe31/cm2.

B. Limestone

We used cores of fine grain Lavoux limestone of dia
eters and lengths 4 and 3 cm and 0.8 and 1.5 cm, res
tively. The cores were water- or oil-~dodecane! saturated
under vacuum. The narrow pore size distribution was e
denced by the narrow transverse relaxation time distribu
of the water-saturated core~Fig. 5!. Paramagnetic impurities
species of the limestone were analyzed by ESR~Fig. 6!. The
spectrum presents the well-known six-peak hyperfine str
ture corresponding to manganese ions (Mn21) convoluted by
a powder pattern@21#. Though it is possible to make a quan
titative analysis of the ESR spectrum, the value found d
not help us to estimate the surface density of Mn21 paramag-
netic ions. Indeed, this Lavoux limestone is a natural cav
rock where it is not possible to make any hypothesis ab
the volume repartition of these impurities. However, we w
see in Sec. IV that due to the particular shape of the NM
dispersion curve, the value ofsS is not necessary to interpre
the data. No ferric ions have been detected in this rock.

t
x-

e

FIG. 4. Electron spin resonance~ESR! spectrum measured a
room temperature on the dry grains of diameter 80mm. The sharp
peak atg52 corresponds to free electrons and the large peakg
;4.5 corresponds to the ferric ions Fe31. The corresponding inten
sity of Fe31, obtained by the integration of the peak, is much larg
than that of free electrons.
5-3
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C. NMR techniques

Proton spin-latticeT1 and spin-spinT2 relaxation times
were measured at 2.2 MHz on a Resonance Instrum
Maran-2 spectrometer England. This low frequency is c
sen in the range of a NMR logging tool frequency@15#. T1
and T2 were measured using a standard inversion-recov
sequence and a spin-echo CPMG sequence, respect
@20#. Owing to the homogeneity in pore sizes of the samp
studied, we used a simple exponential fit to determine
relaxation times. Variation ofT2 with the temperature wa
measured during the slow decay of the temperature of
cells from 85 to 34 °C@22#.

We measured the variations of the spin-lattice relaxat
rates with the magnetic field and the temperature usin
field cycling instrument of the Redfield design@23# built
partly in collaboration with Brown and Koenig of the IBM
Watson Laboratory@23,24#. This spectrometer switches th
current in a solenoid immersed in liquid nitrogen. Prot
spins are first polarized in a magnetic field corresponding
a Larmor frequency of 25 MHz. The magnetic field is th
switched to the measured value of interest~corresponding to
Larmor frequencies ranging from 0.01 to 25 MHz! for a

FIG. 5. 1H spin-spin relaxation time distribution of water sat
rating a Lavoux limestone at 2.2 MHz and 34 °C. This distributi
shows a relatively narrow pore size distribution, allowing an ex
nential analysis of the magnetization decay.

FIG. 6. Electron spin resonance spectrum measured at r
temperature on a Lavoux limestone. The six-peak hyperfine st
ture is typical of Mn21 ions.
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variable relaxation periodt after which it is switched to 7.25
MHz, at which the magnetization is detected by a Hahn s
echo. The decay curve is obtained by varying the relaxa
period t and T1 is determined by the exponential fit of th
decay curve. The complete dispersion curve is obtained
repeating this procedure for the different measured field v
ues, ranging from 0.01 and 25 MHz. Measurements w
performed at temperatures ranging from 15 to 45 °C, sta
lized by a circulation of perchloro-ethylene. Some expe
ments on water-saturated limestone were repeated on a
field cycling spectrometer from Stelar Company~Italy!.

III. NUCLEAR RELAXATION WITHIN PORES

A. Experiments

Proton nuclear spin-latticeT1 and spin-spinT2 relaxation
times were measured as a function of the pore size at
MHz and 34 °C for the water-saturated SiC grain packs
scribed above. The accuracy of the measuredT1 andT2 are
around 3% for fluids in pores and in bulk. One finds a qu
dratic relationship@Fig. 7~a!# betweenT1 or T2 and the pore
size when the surface density of paramagnetic impuritie
high ~‘‘uncleaned’’ grain packs!. On the contrary, when the
surface density of paramagnetic impurities is low~‘‘cleaned’’
grain packs!, one finds another pore size dependence ofT1 or
T2 reaching progressively the asymptotic valueT1B5T2B
'0.3 s of the bulk water@Fig. 7~b!#. Moreover, as expected
the absolute values of the relaxation times for the clea
and uncleaned samples vary in opposition with the surf
density of paramagnetic impurities. The next section p
vides a theoretical interpretation of the striking observed d
ferences for cleaned and uncleaned samples.

B. Comparison theory—experiments and discussion

Basically, there are two limiting cases in the theoretic
description of the relaxation of liquids filling pores with su
face relaxation sinks@13,25#. These cases are eithe

-

m
c-

FIG. 7. ~a! The 1H measured water spin-lattice (T1) and spin-
spin (T2) relaxation times as a function of the pore diameterdporeat
2.2 MHz and 34 °C, before cleaning the surface. The quadratic c
tinuous lines represent the best fits obtained with Eq. 4~a!. ~b! The
measured1H water spin-lattice (T1) and spin-spin (T2) relaxation
times as a function ofdpore at 2.2 MHz and 34 °C after cleaning
the surface. The continuous lines represent the theoretical
size dependences calculated with Eq. 4~b!, varying the surface
relaxivity parameterr1,2 from 0.3mm/s to infinity, downwards. The
dashed lines represent the best fits obtained with Eqs.~4b! or ~4c!.
5-4
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diffusion-limited or surface-limited relaxation, providing th
bulk diffusion or surface processes dominate, respectiv
Theoretical expressions of the nuclear relaxation rates h
been proposed in each limited case@25#. In particular, special
interest has been focused on the surface-limited relaxa
corresponding to most of the natural rock data@13,26#. In
order to discuss the pore-size data presented in Fig. 7
describe in Appendix A the general situation when both p
cesses occur. We have considered explicitly the excha
rateW between the surface layer of thickness« and the bulk,
and their respective relaxation timesT1S andT1B . One finds
at long timest and under the condition of fast exchanget
@T1S@1/W, an exponential time decay of the longitudin
magnetization with the spin-lattice relaxation rate

1

T1
5

1

T1B
1

1

a

ar1
1

a2

2aD

5
1

T1B
1

ar1

a

1

11
r1a

2D

. ~2!

In Eq. ~2! a is the characteristic dimension of the model po
anda51, 2, or 3 is the shape factor for planar, cylindric
and spherical pore geometry, respectively. The efficiency
the surface relaxation is qualified byr15«/T1S andD is the
translational self-diffusion coefficient within the pore. Th
expression of the spin-spin relaxation is similar, exchang
the indices 1 and 2. Equation~2! shows clearly the indepen
dence of bulk and confined relaxation rates, while the c
fined rate depends on two relaxation processes in serie
direct comparison of 2D/a and r1,2 shows that the slowes
process limits the relaxation. For instance, whenr1,2a/2D
@1 the relaxation is diffusion limited, and Eq.~2! simplifies

1

T1,2
5

1

T1,2B
1

2aD

a2 . ~3a!

On the other hand, whenr1,2a/2D!1, the relaxation is sur-
face limited, and one has

1

T1,2
5

1

T1,2B
1

ar1,2

a
. ~3b!

These expressions thus relate directly the relaxation timeT1
or T2 to either a2 or a, providing that the conditions o
diffusion-limited or surface-limited relaxation are fulfilled
respectively.

Experimental results show that for the uncleaned por
media presenting a high surface density of paramagnetic
purities@Fig. 7~a!#, T1 andT2 relaxation times of water vary
as the square of the pore diameterdpore52a ~quasispherical
pores!. This dependence agrees with the diffusion-limited
laxation @Eq. 3~a!#, which becomes

1

T1,2
5

1

T1,2B
1

24D

dpore
2 '

24D

dpore
2 . ~4a!

In Eq. ~4a! the measured bulk water relaxation rates, 1/T1B
51/T2B;0.3 s21, can be neglected. Such a relation thus p
vides an estimation of the translational diffusion coefficie
in pores D52.331025 cm2/s at 34 °C from theT1 data.
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This value is slightly lower than the bulk valueD
5331025 cm2/s expected at this temperature. This slig
difference is due to the confinement of the fluid and gives
confidence about the validity of the proposed model. We
tain D54.731025 cm2/s from theT2 data, which is higher
than the first estimation. In this uncleaned material, this d
ference may be due to the presence of non-negligible inte
field gradients, coming from the contrast of susceptibil
between fluid and grain parts of the pore, which affects
CPMG measurements@27,28#. We note that all the grains
were obtained by the same grinding process applied to
same SiC material. Therefore, we expect that the surf
density of paramagnetic impurities before cleaning does
vary very much from one grain size to the other. We ha
performed some ESR measurements, which are very n
and difficult to interpret. However, the Fig. 3 proves the pre
ence of a large amount of surface impurities, before clean
which could create some complex electronic spin sta
However, the exact knowledge of the surface density of pa
magnetic ions is not needed as soon as the condition
diffusion-limited regime (rdpore/4D@1) is reached@see Fig.
7~a!#. In the rest of the paper we were only concerned w
cleaned samples in the surface-limited regime, which is
considerable interest as this regime is encountered in the
jority of natural rocks.

Experimental results show another pore size depende
of T1 andT2 for the cleaned porous media that reaches
ymptotically the bulk relaxation time@Fig. 7~b!#. The uncer-
tainty resulting from the small difference between the rela
ation times of the largest pores and the bulk value require
more conservative and general approach than the immed
use of Eq.~3b!.

We first note that we have obtained the same surface d
sity of paramagnetic ferric impurities for all the samples
various grain sizes by ESR experiments and interpretat
described in Sec. II A. So it is meaningful to study the po
size dependence of the nuclear-spin relaxation rates of w
within this set of cleaned samples.

The general situation that describes the nuclear-spin re
ation of a liquid in confinement is presented in Appendix
where both surface-limited and diffusion-limited process
occur in series. This leads to the spin relaxation rate gi
for a spherical pore by

1

T1,2
5

1

T1,2B
1

1

dpore

6r1,2
1

dpore
2

24D

5
1

T1,2B
1

6r1,2

dpore

1

11
r1,2dpore

4D

.

~4b!

The experimental results forT1 and T2 are displayed in
Fig. 7~b! in comparison with a set of theoretical pore si
dependences calculated with Eq.~4b! varying the surface
relaxivity parametersr1,2(mm/s) from a very small value to
infinity. In Eq. ~4b! we used 1/T1,2B;0.3 s21 and the mea-
sured diffusion coefficientD52.3 1025 cm2/s of water in
pores. These theoretical dependences thus cover the
plete range between the pure surface-limited relaxation p
cess, whenr1,2dpore/4D!1, described by
5-5
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1

T1,2
5

1

T1,2B
1

6r1,2

dpore
~4c!

and the pure diffusion-limited relaxation process, wh
r1,2dpore/4D@1, described by Eq.~4a!. The change of behav
ior of these theoretical pore size dependences in the
extreme parts of the range of surface relaxivity parame
r1,2 gives a clear information about the leading limiting r
laxation regime. The location of the experimental points
Fig. 7~b!, compared with the theoretical behavior, reveals
intrinsic coherence in our experiments, allowing us to e
close our data in a range of surface relaxivity parameters.
instance, we propose the following ranges: 0.3<r1
<1 mm/s and 3<r2<5 mm/s, with an average value dete
mined by the best fits,r150.6mm/s andr253.7mm/s, ob-
tained with Eq.~4b! and represented by the dashed lines
Fig. 7~b!. The calculations made forr1,2dpore/4D with these
two latter values ofr1,2, even in the worst case ofdpore
5138mm, give the estimationsr1dpore/4D5931023 and
r2dpore/4D50.056. The conditionsr1,2dpore/4D!1 show
that the pore size dependences of these cleaned sample
finally better described by the surface-limited relaxation p
cess rather than by the diffusion-limited relaxation proce
Moreover, the use of Eq.~4c!, corresponding to the surface
limited relaxation regime, gives the same average value
r1 andr2 .

Last, we have measured the internal gradients for all
water-saturated grain packs, from the variation of the m
sured 1/T2 relaxation rates of the CPMG sequence with t
interecho time. We checked that the contribution of the g
dient in relaxation rates, 1/T2 , is negligible for the very shor
interecho times used@22#.

IV. NUCLEAR RELAXATION AT THE PORE SURFACE

It is well known that surface paramagnetic impurities a
strong relaxation sinks for the spin-bearing molecules
pores. As seen above, the access to the pore surface is
erned by molecular diffusion and biphasic fast exchange
tween the surface layer and the bulk. Now, we aim to ch
acterize the dynamical processes at the origin of the sur
relaxivity r1 of liquids, occurring at the pore surface. The
processes depend mainly on the nature of the liquid and
affinity for the pore surface. For instance, the possibility
exchanging protons is determinant in the liquid dynamics
the solid-liquid interface. This will also enhance the value
the relaxation rates, especially in the presence of sur
paramagnetic impurities. However, probing directly the s
face dynamics of proton species in saturated large pore
difficult due to the very low ratio of the surface to bu
amount of molecules. Two conditions will favor the surfa
study. ~i! The biphasic fast exchange condition allows e
ery molecule in the pore to probe temporarily the su
ace. ~ii ! The use of the field cycling technique enhances
dynamical range of information covering all the possible s
face events. We present below the nuclear magnetic re
ation dispersion data~NMRD! of spin-lattice relaxation rate
1/T1 of water- or oil-~dodecane! saturated 8mm grain packs
and limestone cores and their interpretations in terms o
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original theoretical model to follow the frequency~v! and
temperature~T! dependence ofr1(v,T).

A. Field cycling experiments

1. 8 mm grain packs

The cleaned 8mm SiC grain packs were specially pre
pared for the field cycling spectrometer in cells of 0.8 cm
diameter and 1.5 cm in length and filled with water or oil, t
extra liquid on top being removed. The magnetic field var
tions of the measured longitudinal relaxation rates, 1/T1 , for
both water and oil saturation, are displayed in Fig. 8. T
measurements are reported for magnetic fields correspon
to Larmor frequencies ranging between 0.01 and 25 M
from 15 to 45 °C.

Inspection of Fig. 8 leads to the following immediate co
clusions.~i! Water relaxation rates are higher than oil one
These differences are due to the different distances of m
mal approach of these polar and nonpolar liquids near
relaxing sources, namely the paramagnetic impurities, t
revealing the expected difference in the affinity of these t
liquids for the pore surface. However, we mentioned t
25% of the surface is covered by SiO2 and 75% by SiC. This
SiC surface is less hydrophilic than the SiO2 surface, so that
it is more likely that dodecane molecules reach directly t
part of the surface of the grains.~ii ! The frequency depen
dence is different for water and oil. Water dispersion curv
vary logarithmically with the magnetic field, and termina
by a plateau below a specific cutoff value at low field. O
dispersion curves vary logarithmically with the magne
field in the whole field range studied, but with a muc
smaller slope. ~iii ! The temperature dependence of the
laxation rates 1/T1 has the opposite sign for water and o
This is specifically important as it shows the role of the wa
proton exchange with the surface protons@11#, while for the
dodecane molecule the protons are nonexchangeable.

To emphasize water and oil differences, we report on t
Arrhenius plots, the temperature dependence of 1/T1 for
various Larmor frequencies for water@Fig. 9~a!# and oil@Fig.

FIG. 8. Measured water and oil~dodecane! 1H spin-lattice re-
laxation rates, saturating the 8mm grain pack after cleaning the
surface, as a function of the proton Larmor frequency, for differ
temperatures: 45 °C~d!, 35 °C ~l!, 25 °C ~.!, and 15 °C~m! for
water and 15 °C~n!, 25 °C ~,!, and 45 °C~s! for oil. The con-
tinuous lines correspond to the fits obtained with Eq.~9!.
5-6
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SURFACE NUCLEAR MAGNETIC RELAXATION AND . . . PHYSICAL REVIEW E64 021605
9~b!#, respectively. Usually, 1/T1 increases exponentiall
with the inverse of the temperature revealing activated ro
tional or translational molecular diffusive motions. This
observed for oil at all frequencies, and for water at frequ
cies above 10 MHz@Figs. 9~a! and 9~b!#. On the contrary,
below 10 MHz, the water temperature dependence is
versed@Fig. 9~a!#. Such anomalous temperature depende
has been observed previously in nanopores and has req
an interpretation in terms of a specific surface diffusion p
cess@11#.

2. Limestone

The NMRD curves of 1/T1 for both water or oil saturation
in core limestone are reported in Fig. 10 for frequenc
ranging between 0.01 and 25 MHz from 15 to 45 °C. Insp
tion of Fig. 10 leads to the following immediate conclusion
~i! As previously observed, relaxation rates are higher
water than for oil. This is consistent with the expected hig
surface affinity of water compared to dodecane. This is a
consistent with the shorter distances of minimal appro
near the relaxing sources for water than for dodecane
monolayer of water might cover the surface and enhance
minimal distance, even in the presence of dodecane sa

FIG. 9. Arrhenius diagrams of the measured1H relaxation rates,
saturating the 8mm grain size pack after cleaning the surface, a
function of the inverse of temperature for different proton Larm
frequencies~a! for water and~b! for oil.

FIG. 10. Measured water and oil~dodecane! 1H spin-lattice re-
laxation rates, saturating the limestone rock, as a function of
proton Larmor frequency for different temperatures: 15 °C~m!,
23 °C ~.!, and 45 °C~d! for water and 15 °C~n!, 25 °C ~,!, and
45 °C ~s! for oil. The continuous lines correspond to the fits o
tained with Eq.~11!.
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tion. This last monolayer of water at the pore surface is
tremely difficult to remove in such samples.~ii ! Water dis-
persion curves vary logarithmically with the frequency, a
terminate by a plateau below a very low frequency cuto
Oil dispersion curves follow Lorentzian-like frequency d
pendence.~iii ! The spin-lattice relaxation rates for both wat
and oil present a normal temperature dependence for the
ferent Larmor frequencies@Figs. 11~a! and 11~b!#. This de-
pendence reveals activated rotational or translational
lecular diffusive motions. To interpret completely the
different observed frequency and temperature variations
the relaxation rates, an original theoretical model is requir

B. Calculation of NMRD of surface spin-lattice relaxation rate

We consider an ensemble of proton spin-bearing m
ecules (I 5 1

2 ) diffusing within a porous media with a give
surface densitysS of paramagnetic impurities of electroni
spinS~S5 5

2 for Fe31 and Mn21!. Basically, we consider two
phases: a surface-affected liquid phase of spin-lattice re
ation rate 1/T1S and a bulk liquid phase of spin-lattice relax
ation rate 1/T1B , and we suppose that the exchange rateW
between them is much larger than both relaxation rates 1T1S

and 1/T1B . According to this biphasic fast exchange mod
and generalizing Eq.~4c! ~surface-limited relaxation process!
to a porous system of surface to volume ratioSp /Vp , the
overall proton spin-lattice relaxation rate, 1/T1(v I ,T), is

1

T1~v I ,T!
5

1

T1B
1r1~v I ,T!

Sp

Vp
5

1

T1B
1

NS

N

1

T1S~v I ,T!
.

~5!

In Eq. ~5!, the bulk contribution appears to be frequen
independent at low magnetic fields due to its Lorentzian
havior. On the contrary all the frequency dependence co
from the surface contribution, whereNS /N represents the
ratio of the pore surface to the total amount of water m
ecules. Due to the paramagnetic impurities, the domin
contribution of the proton~I! nuclear relaxation 1/T1S(v I ,T)
comes from the heteronuclear dipole-dipole interaction w
the electronic spins (S), formally given by@20#

a
r

e

FIG. 11. Arrhenius diagrams of the measured1H relaxation
rates, saturating the limestone rock, as a function of the invers
temperature for different proton Larmor frequencies~a! for water
and ~b! for oil.
5-7
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1

T1S
5

2

3
~g IgS\!2S~S11!F1

3
JL

~0!~v I2vS!1JL
~1!~v I !

12JL
~2!~v I1vS!G , ~6!

where the Larmor frequencies of the electron and proton
related byvS5658.21v I . The spectral densitiesJL

(m)(v)
(m50,61,62), in the laboratory frame~L! associated with
the constant magnetic fieldB0 are the exponential Fourie
transform of the pairwise dipolar correlation functio
GL

(m)(t):

JL
~m!~v!5E

2`

1`

GL
~m!~t !e2 ivtdt. ~7!

The basic principles of nuclear paramagnetic relaxation sh
that the proton nuclear relaxation is controlled by two diffe
ent correlation times both dependent on liquid motion a
electron spin relaxation@29#. The difference between thes
two correlation times comes from the electron longitudin
or transverse spin relaxation contributions. The relative
portance of these two latter times and the relationvS
5658.21v I allows us to simplify Eq.~6!,

1

T1S
5

2

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

~1!~v I !. ~8!

Here we have extended the theory by focusing on the
quency dependence of the surface spin-lattice relaxation
1/T1S(v I ,T). To calculate the spectral densityJL

(1)(v I), we
consider a surface diffusive model where the dipole-dip
~I-S! interaction is modulated by the two-dimensional tran
lational diffusion of the mobile spinI in the dipolar field of
the electronic spinSfixed at the pore surface. The correlatio
time of surface diffusion events is characterized bytm . We
also incorporate in the model the molecular surface des
tion in terms of finite residence timetS of the protons mov-
ing on the pore surface~Fig. 12!. Such a consideration is o
particular importance to explain the differences of surfa
affinity of water and oil in porous media. We outlined th
calculation ofJL

(1)(v) in Appendix B. Successive substitu

FIG. 12. Schematic diagram of surface diffusion of the pro
species of water on a silica surface limited by exchange with b
water.
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tions of Eq. ~B2! into Eqs. ~8! and ~5! lead to the genera
expression of the proton spin-lattice relaxation rates in po

1

T1~v I ,T!
5

1

T1B
1

NS

N

p

20

sS

d4 ~g IgS\!2S~S11!

3tm~T!lnF 11v I
2tm

2 ~T!

S tm~T!

tS~T! D
2

1v I
2tm

2 ~T!G . ~9!

This expression gives a logarithmic nuclear magnetic
laxation dispersion~NMRD! with a leveling off below a fre-
quency cutoffv Ico . Such a behavior corresponds quite w
to our observation for water-saturated grain packs~Fig. 8!.
The typical dispersion curves obtained thus allow us to
cess directly to the two surface correlation timestm andtS
of the model. For instance,tS is given bytS51/v Ico andtm
is estimated from the slope of the logarithmic NMRD da
We introduce the notion of surface ‘‘affinity’’ given by th
ratio tS /tm , which corresponds to the number of molecu
diffusing steps precisely on the solid surface, befo
‘‘desorption.’’ There exists some recent and very sophis
cated high-resolution two-dimensional NMR techniqu
which could measure the time of residence of water at
surface of a macromolecule. But this latter method is me
ingless for a solid surface. The knowledge of an isotherm
adsorption of water might give complementary informati
on the liquid-solid interaction. Now it could be also useful
relate our local affinity measurement to some macrosco
wettability measurement through capillary pressure cur
@16#.

The temperature dependence of 1/T1(v I ,T) appears via
the activated laws of correlation timestm andtS ,

tm~T!5tm0 expS DE

RbTD , ~10a!

tS~T!5tS0 expS ES

RbTD . ~10b!

Here Rb is the gas constant,DE is an apparent activation
energy expressed as a differenceDE5Em2ES of the activa-
tion energy for liquid translational diffusionEm and the en-
ergy ES of the potential binding between the probed mo
ecules and the surface.ES depends on the type of interactio
with the surface. For instance, for silica surface its value
larger thanEm , leading to a negativeDE, and to a surface
correlation timetm for diffusion events apparently increasin
with the temperatureT. This effect corresponds to the surfac
diffusion induced by the chemical exchange in the surfa
layer. This effect is limited by another exchange with t
bulk population, schematically described in Fig. 12.

The main interest in using the field cycling NMRD tec
nique for probing 1/T1(v I ,T) is to separate surface and bu
liquid dynamics. The surface dynamics is responsible for
important logarithmic dispersion seen at low frequen
while the bulk dynamics gives only a small and frequen
invariant contribution, which can be neglected in this ran
of frequency. The direct comparison of Eqs.~9! and ~5!

lk
5-8
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shows that the frequency and temperature variation of
surface relaxivityr1(v I ,T) is directly proportional to that of
the measured relaxation rate 1/T1(v I ,T). The coefficient of
proportionality is the volume to surface ratioVp /Sp of the
pores that could be measured with the pulsed field grad
method@30,31#.

C. Comparison theory—experiments and discussion

1. 8 mm grain packs

The experimental dispersion curves of 1/T1(v I ,T), dis-
played in Fig. 8, present a logarithmic behavior with a le
eling off for water below the frequency cutoffv Ico , in
agreement with Eq.~9!. This logarithmic behavior is the un
ambiguous signature of the two- dimensional proton spe
diffusion in the surface layer@32#. The loss of frequency
dependence forv I,v Ico is due to the absence of dipola
correlations betweenI and S spins after molecular surfac
desorption. As described above, these typical disper
curves allow us to access directly to the two surface corr
tion timestm andtS of the model. One notices that there
more than a factor 2 between the relaxation time measure
2 MHz by the field cycling method and by the standa
method described in Sec. III. A possible explanation com
from the fact that the response time of the field cycling m
surement may bias the measurement. Any fast decay is
usually missed because of the necessary finite field switc
time. Another explanation might originate from the fact th
the same lot of cleaned calibrated grains of 8mm was used in
series for the two experiments after successive drying
resaturation. This method does not prevent us from pa
oxidation of the sample surface.

The best fits obtained with Eq.~9! for the cleaned 8mm
grain packs NMRD of 1/T1(v I ,T) are shown as continuou
lines in Fig. 8. Let us consider first the results of wat
Almost all parameters present in Eq.~9! are either known or
measured independently. The only adjustable paramete
the surface translational diffusion correlation timetm . The
paramagnetic surface densitysS51.731013Fe31/cm2 is ob-
tained by ESR measurements (S5 5

2 ). The ratio between sur
face and total amounts of water molecules is modeled
NS /N56«/dpore, where the surface layer width«53.8 Å is
chosen as the order of the water molecular size. The dista
of minimal approachd betweenI andSspins is chosen as«.
The time of surface residence is related to the observed
quency cutoff v Ico;0.132p3106 rad/s as tS;1/v Ico
51.6ms ~at 25 °C!. The correlation time of surface diffusio
is found astm'0.6 ns at 25 °C. The effective surface diffu
sion coefficient of the water proton species on the silica s
face is thus estimated asDeff;«2/(4tm)5631027 cm2/s,
which is much smaller than the bulk water. A similar val
has been measured by the pulsed field gradient spin-e
NMR at the surface of silica for a surface monolayer@1#.
Owing to the water-surface interaction, it makes sense
the surface diffusion coefficient is reduced. This might
due to the relatively high surface density of ferric ion and
the value of the enthalpy of metal-ion-water dissociatio
DH57.4 kcal/mol, for the exchange of water from the fer
cation@33# which hinders the surface diffusion. From the tw
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surface correlation times, a coefficient of surface molecu
affinity is defined as the ratiotS /tm;2700, giving the num-
ber of molecular jumps during the surface residence tim
We note thattm can be directly obtained without the know
edge of all the constant parameters of Eq.~9!. Considering
the frequency cutoff, the slope of the logarithmic variati
and the value of the relaxation rate of the plateau 1/T1plateau
for v I@v Ico , the relaxation rates vary in frequency as

1

T1
5

1

2T1plateau
lnS 11

1

~v Itm!2D Yln@1/~v Icotm!#.

~11!

This very simple method confirms the results fou
above. One of the interesting points of Eq.~11! is that the
values ofSp /Vp andsS are not needed to fit the dispersio
curves, as soon as we know the value of the plateau an
the slope of the logarithmic part of the curve. However, E
~11! can be applied only in presence of a plateau in
NMRD data.

Another striking result is the temperature dependence
1/T1 observed for water@Fig. 9~a!#. In the high frequency
range, the observed usual temperature dependence is c
ent with an activated fast translational diffusion of bulk w
ter characterized by the activation energyEm
54.8 kcal/mol. In the low frequency range, the observ
anomalous temperature behavior allows us to find an ap
ent activation energyDE5Em2ES522 kcal/mol for the
water proton mobility in the surface layer. From these valu
of Em and DE, we deduce the activation energyES
56.8 kcal/mol that might correspond to a particular surfa
interaction@11#. The effective diffusion of the proton specie
is modeled at the pore surface in the schematic diagram
Fig. 12. Such a diffusion occurs through a succession
exchange processes within the first layer of water molecu
and is limited by another exchange with the bulk. The pop
lation of such layered water molecules varies as a Boltzm
factor@exp(ES/RbT)# that decreases when the temperature
creases. On the contrary, the usual diffusion coefficient
creases with T as Dm(T)5Dm0 exp(2Em/
RbT). In consequence, to interpret our data, we consider
effective surface diffusion coefficientDeff(T)5Deff 0 exp@(ES
2Em)/RbT#5Deff 0 exp@2DE/RbT#, which apparently de-
creases whenT increases becauseDE,0.

For the dodecane molecule, the NMRD present a w
logarithmic dependence with the magnetic field with no le
eling off ~Fig. 8! and a pure diffusive temperature behavi
@Fig. 9~b!#. This frequency dependence is rather surpris
for such a large flexible molecule. We expected an intram
lecular~I-I ! dipolar relaxation process by molecular reorie
tation in a quasispherical molecule leading to a Lorentz
NMRD. On the contrary, the logarithmic dependence pro
that this molecule presents an asymmetric conformat
which does not average out the internal proton dipolar c
relation at proximity of the surface. The dominant relaxati
process for oil thus comes from the translational motion
proximity of the paramagnetic species. From the fit of o
data, we estimate the diffusion correlation timetm;0.4 ns,
and the effective surface diffusion Deff;«2/(4tm)
;1.5 1026 cm2/s. Due to the absence of exchange of t
5-9
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protons with the surface, we chooseDE5Em , in accordance
with the normal temperature dependence observed for 1T1
@Fig. 9~b!#.

2. Temperature dependence of the spin-spin nuclear relaxatio
rates

In complement, we measured the temperature depend
of the proton spin-spin relaxation rates 1/T2 of the water-
saturated cleaned grain packs for every pore size~ranging
from 8 to 150mm!. After the correction of the bulk contri
bution, one obtains the rates 1/T28 presented in Arrhenius
plots on Fig. 13. The data series of each pore size are fi
by exponential curves. The results obtained confirm the
served anomalous temperature effect seen for 1/T1 . In par-
ticular, we find the same activation energyDE5Em2ES ,
ranging from22 to 22.8 kcal/mol as found for 1/T1 . More
generally, these results prove the anomalous temperatur
pendence ofr2 of silica surfaces. We recently found th
same temperature dependence on water-saturated Fon
bleau sandstone.

3. Limestone cores

The experimental water dispersion curves of 1/T1(v I ,T)
present a logarithmic frequency dependence characterist
a two-dimensional surface diffusion~Fig. 10!. A plateau ap-
pears below a very low frequency cutoff, revealing a long
value of the surface residence timetS than for a silica sur-
face. Moreover, the temperature dependence of 1/T1 @Fig.
11~a!# is typical of a pure diffusive process. Due to the d
ficulty of estimating the density of paramagnetic impuriti
at the surface, we directly used the simplified Eq.~11! to
extract the surface correlation times from the NMRD da
The best fits are shown as continuous lines in Fig. 10.
time of surface residence is related to the observed freque
cutoff v Ico;0.0332p3106 rad/s astS;1/v Ico55.3ms ~at
25 °C!. We find a correlation timetm51.3 ns at 23 °C, lead
ing to a surface diffusion coefficient Deff52.5
31027 cm2/s, which is two orders of magnitude slower tha
for the bulk. This slow two-dimensional diffusion might b
interpreted as the diffusion of hydrated calcium anions
stead of water molecules at proximity of the very react

FIG. 13. Water1H spin-spin relaxation rates as a function of t
inverse of temperature for the different pore sizes, after cleaning
surface, at 2.2 MHz, and after correction of the bulk contributio
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CaCO3 surface. The coefficient of surface molecular affini
tS /tm;4100, giving the number of molecular jumps durin
the surface residence time, is higher than the coefficien
silica surface. One notices a slight difference~40%! between
the T1 values measured at 2.2 MHz by the standard met
and by the field cycling method. As previously mentioned
the measurements in grain packings, the problem might a
from the response time of the field switch, which may b
the measurement. This might also be due to the size of
core used for the field cycling method. The small core mig
not integrate the total complexity of pore size of the natu
rock as the large core used for the standard measureme

We recently performed other experiments on similar m
terials at other temperatures that reveal a transition t
bilogarithmic character of the NMRD curves, typical of
bidimensional two-frequency~electronic and nuclear! prob-
lem @10#. Such a bilogarithmic character can be easily o
tained with the theory proposed in Sec. IV B by consideri
the spectral densities@Eq. ~B2!# at electronic and nuclea
frequencies Eq.~6! with vS@v I . However, all the surface
dynamical parameters are of the same order of magnit
than the one described above.

The situation for the dodecane dispersion data is very
ferent than for the water one. The leveling off occurs a
much higher cutoff frequencyv Ico;132p3106 rad/s. The
dispersion curves, displayed in Fig. 10, are alm
Lorentzian-like. The temperature behavior is typical of
pure diffusive process@Fig. 11~b!#. The best fits obtained
with Eq. ~11! indicate that the time of residence on the su
face (tS;20tm) is not sufficiently long to induce a logarith
mic frequency behavior. We check that the limiting expre
sion of Eq. ~9! when v Itm!1 and tS /tm>1 behaves in
frequency like a Lorentzian. Such dispersion data thus
veals a much lower affinity of dodecane for the limesto
surface than for the silica surface. In consequence, the re
entation of a quasispherical conformation of the dodec
molecule at proximity of the paramagnetic species (Mn21) is
probably the dominant relaxation process.

V. CONCLUSION

On the basis of experimental and theoretical nuclear
laxation results obtained at various conditions of tempe
ture, magnetic field strengths, and pore size, we find surf
dynamical parameters from the relaxation rates 1/T1 and
1/T2 of water and oil liquids confined in calibrated gra
packs and limestone rocks. Both porous media are homo
neous in pore sizes and present some paramagnetic im
ties ~Fe31 or Mn21! that have been analyzed by electron sp
resonance~ESR!. We observed striking different pore siz
dependences of the relaxation timesT1 and T2 at 2.2 MHz
by changing the surface amount of paramagnetic impurit
These observations support a theoretical model of pore
dependence of relaxation rates in terms of surface-limited
diffusion-limited relaxation processes. For the surfac
limited processes, we evaluated the surface relaxivity par
etersr1 andr2 directly from the pore size dependence ofT1
andT2 , respectively. These parameters, of the order of t
estimated in natural rocks, justify the surface-limited rela

he
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SURFACE NUCLEAR MAGNETIC RELAXATION AND . . . PHYSICAL REVIEW E64 021605
ation process as relevant in natural rocks. We evidenced
variation of the surface relaxivityr1(v I ,T) with the fre-
quency and the temperature by the nuclear magnetic re
ation dispersion technique~field cycling NMRD!. This tech-
nique and the theoretical model that we propose al
evidencing properly the surface liquid microdynamics
fully saturated porous media. For instance, we showed
water molecules on a silica surface follow a two-dimensio
surface diffusive motion, before desorption from the po
surface. Several surface dynamical parameters, such as
fusion coefficients, activation energies, surface reside
time, and the coefficient of surface affinity, were therefo
determined. The methods presented here give a powe
analysis of the surface microdynamics of confined liqui
which can be applicable to the study of oil-bearing rocks
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APPENDIX A: SPIN-RELAXATION IN CONFINEMENT

We consider a liquid saturating a spherical pore of rad
a. We enlarge the description for other pore geometry at
end of the appendix. The thickness« of the liquid surface
layer is assumed much smaller thana. Through the presenc
of paramagnetic impurities, the surface of the pore acts
relaxation sink for the liquid. We introduce the longitudin
bulk mB(r ,t) and surface«mS(t) magnetization densities in
this spherical geometry at a given positionr and timet. We
consider the new variablesMB(r ,t)5mB(r ,t)2meq and
MS(t)5mS(t)2meq where meq is the longitudinal equilib-
rium magnetization density. The longitudinal magnetizat
densities obey the generalized and coupled Block equati

«
dMS~ t !

dt
52

«

T1S
MS~ t !2W«@MS~ t !2MB~r 5a,t !#,

~A1a!

]MB~r ,t !

]t
52

1

T1B
MB~r ,t !1D¹2MB~r ,t !, ~A1b!

where T1B and T1S are the bulk and surface longitudin
relaxation times, respectively,D is the translational diffusion
coefficient of the liquid, andW describes the rate of ex
change between the surface and bulk magnetization at
surface layer. This rateW might be either a chemical ex
change between two different proton species or, more ge
ally, a physical exchange between surface and bulk liqu
The first equation describes the variation of the surface m
netization by nuclear relaxation with the surface param
netic impurities and exchange with the bulk magnetizat
close to the surface. The second equation describes the
possibilities of modifying the bulk magnetization by nucle
relaxation and translational diffusion within the pore. In
tially, one has a uniform bulk magnetization density
02160
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MB~r ,0!5MB~0!. ~A2!

The boundary condition at the surface (r;a) describes the
equivalence between normal magnetization flux and mag
tization loss by exchange:

D
]MB~r ,t !

]r U
r 5a

5W«@MS~ t !2MB~a,t !#. ~A3!

We solve the coupled differential Eqs.~A1! in the Laplaces
space, whereM̃B(r ,s) andM̃S(s) are the Laplace transform
of bulk and surface magnetizations, respectively. T
Laplace transform of Eq.~A3! simplifies at long times, unde
the condition of fast exchange (s!1/T1S!W) with the ap-
proximationMS(0)!MB(0),

]M̃B~br !

]r
U

r 5a

52
r1

D
M̃B~ba!, ~A4!

whereb5A(s11/T1B)/D. Here we take out all the transien
effects at short times and qualify the efficiency of the surfa
relaxation by a constant rater15«/T1S . Straightforward
calculations lead to the solution in the Laplace transform

M̃B~br !5
MB~0!

Db2 F12
r1

D

3

A p

2br
I 1/2~br !

A p

2ba
S bI 3/2~ba!1

r1

D
I 1/2~ba! D G , ~A5!

where I 1/2 and I 3/2 are spherical Bessel functions. At lon
times, br ,ba!1, Eq. ~A5! simplifies to a power series
which can be integrated over the porer space, leading to the
Laplace transform of the total magnetizationM̃ int(s),

M̃ int~s!5MB~0!VpF s1
1

T1B
1

1

a

3r1
1

a2

6D
G21

, ~A6!

whereVp is the pore volume. Finally a simple Laplace in
version of Eq.~A6! gives an exponential time decay of th
magnetization with the following spin-lattice relaxation ra

1

T1
5

1

T1B
1

1

a

3r1
1

a2

6D

. ~A7!

A similar treatment for a cylindrical or a pore-slit model, fo
a longitudinal and transverse relaxation, generalizes Eq.~A7!
to the form
5-11
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1

T1,2
5

1

T1,2B
1

1

a

ar1,2
1

a2

2aD

, ~A8!

where a51, 2, or 3 for planar, cylindrical, and spheric
pores, respectively.

APPENDIX B: CALCULATION OF SURFACE DIPOLAR
SPECTRAL DENSITY

We have already calculated the spectral density functi
in the case of pure two-dimensional diffusive molecular m
tions @10,11#. In particular, it is much simpler to calculat
first the spectral densitiesJM

(m)(v) in the pore surface laye
frame M and then to use the well-known properties of t
Wigner functions@34,35# for the correspondence between t
M andL frames@10#. It is also necessary to make a powd
average ofJM

(m)(v) over all the orientations of theM frame
relative to the constant direction ofB0 @10#. Results of these
calculations show thatJM

(0)(v) dominates largely, at low
frequency, overJM

(1)(v) and JM
(2)(v) and that the only

spectral density needed to Eq.~8! simplifies asJL
(1)(v)

;1/5JM
(0)(v). However, our previous calculations do n

consider explicitly the necessary finite surface residence t
tS due to surface desorption. Here, we incorporate this l
iting process in the calculation ofGM

(0)(t) and then proceed
to a simple Fourier transform to obtainJM

(0)(v).
From a mathematical point of view, the correlation fun

tions GM
(0)(t) must fulfill the three following requirements

~i! At short time, whent→0, GM
(0)(t) must tend to a finite

constantA, such asGM
(0)(0)5*2`

` JM
(0)(v)dv5A @20#. ~ii !
T

ta

e

lid

.

nt

n.

n.

02160
s
-

r

e
-

-

At long time,GM
(0)(t) must behave as a power law 1/t char-

acteristic of a dipolar relaxation process by a tw
dimensional translational diffusion@11,32#. Here we simply
include the effect of the surface desorption by an exponen
cutoff occurring at timetS : GM

(0)(t)}(A/t)exp(2t/tS). ~iii !
We must also consider the form ofGM

(0)(t) on the time scale
of surface molecular diffusion events, 0<t;tm!tS , char-
acterized by the correlation timetm surface diffusion events
Finally, all these requirements lead to the following expre
sion of the correlation functionGM

(0)(t) which is, as ex-
pected, always positive:

GM
~0!~t !5A

1

t FexpS 2
t

tS
D2expS 2

t

tm
D G Y S 1

tm
2

1

tS
D

'A
tm

t FexpS 2
t

tS
D2expS 2

t

tm
D G when tm!tS .

~B1!

Straightforward calculations similar to those given in the A
pendix of Ref.@11# show thatA53psS/8d4, wheresS is the
surface density of paramagnetic species andd is the distance
of the minimal approach between spinsI and S at the pore
surface. The spectral density function is thus given by
exponential Fourier transform of Eq.~B1!,

JM
~0!~v!5

3psS

8d4 tm lnF 11v2tm
2

S tm

tS
D 2

1v2tm
2 G ~B2!

andJL
(1)(v);1/5JM

(0)(v).
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