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Anomalous surface diffusion of water compared to aprotic liquids in hanopores
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'H 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.
[S1063-651%99)04209-9

PACS numbeps): 68.45.Kg, 68.35.Fx, 76.60.Es

I. INTRODUCTION lattice relaxation rate, T4, on Larmor frequency4]. The

Liquid dynamics at solid surfaces is central to understand—%0 slope ratio that we observed in these bilogarithmic disper-
q y sion curves is an unambiguous signature of a spin relaxation

ing transport.propert!es in hgterogene_ous systems suc_h Aminated by paramagnetic relaxation cent®s[4]. The
rocks, catalytic materials, or biological tissues. Characterizagigmagnetic contributions are at least an order of magnitude
tion of liquids at surfaces is difficult because the small frac-gmgjler than paramagnetic ones because the nuclear-spin re-
tion of liquid in a surface layer is generally in rapid exchange|gyation rate is proportional to the square of the product of
with bulk phases in contact with it. Nuclear magnetic relax-the magnetogyric ratios for the electrom, and protony,
ation dispersionMRD), the measurement of nuclear spin- with y=658.21y, [5]. Further, the spin-relaxation rate is
lattice relaxation rates as a function of magnetic fieldenhanced because of the numerous re-encounters between
strength or nuclear Larmor frequency, provides a powerfubndS spins induced by the confineme].
approach for characterizing molecular dynamics, including Water is unique in that it is small, has extensive hydrogen
surface dynamics, because the relaxation is directly related tgonding capabilities, and may exchange protons with other
correlation functions for the fluctuating magnetic interactionsmolecules or surface sites. It may behave as both a Lewis
that depend on intra and intermolecular dynamics. Thusacid or base, and generally coordinates to most metal ions.
models for molecular motions may be tested direftly4]. The water proton spin-lattice relaxation rate is fundamentally
Here we report remarkable differences in thé¢ MRD  different from that of other liquids studied on glasses to date
between water and other common aprotic solvents such as that it shows a power-law dependence on magnetic field
acetone when in contact with high-surface-area calibratedtrength. We demonstrate that this dependence results from
microporous chromatographic glasses that contain trace S correlations that persist much longer in the surface re-
paramagnetic impurities located at or close to the pore sumgion than in the bulk, thus leading to a significant increase of
face. Moreover the temperature dependences ofthRD  1/T,. We also show that the nuclear spin-lattice relaxation
of water and aprotic solvents are opposite. Although the calirate at the pore surface is dominated by dynamic processes
brated glass does not provide a one-dimensional matrix, thghat appear to be one-dimensional. An interesting feature is
molecular dynamics of watéH spin relaxation is dominated that the temperature dependence is opposite to that usually
by long-range correlations that make the dynamics appeaybserved for diffusion-induced relaxation, which is found for
one-dimensional. On the other hand, when probed with theprotic liquids. We may interpret the anomalous temperature
larger acetone molecule, the dynamics appears to be twalependence in terms of a diffusive process at the pore sur-
dimensional. In spite of the low paramagnetic concentrationface, which is interrupted by a chemical exchange with the
a common observation is that the spatial confinement obulk phase. The fundamental difference between water and
aprotic liquids diffusing in close proximity to a surface other solvents in these glasses is the spatial extent of the
causes a bilogarithmic dependence of the praonspin-  surface explored by the diffusing protons of the liquid. The
possibility that water may coordinate directly to paramag-
netic relaxation centers is shown to be of minor importance
* Author to whom correspondence should be addressed. to the observed relaxation dispersion profiles.
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TABLE |. Porous glass characteristics. has a proportion: {1_[(rs_<dFe—H>)/rs]3}~0-16 for S1
— and~0.12 forS2, of Fe atoms located at a distan@h._y)

Measured characteristics Sam@e  SampleS2  from the surface. The surface gensiiyé of paramagnetic
Pore radiuR (A) 39.5 79.5 centers S is thus 4510 °(Nayogadrd©5.85)/5,0.16

=5.53x 101%Fe cm 2 for the S1 and 5.2 10*°Fe cn ? for

L N
gi:@iﬁﬁ:? {;orzccccjg)tempm) ;’ 37 36;1 S2. The average distance between the paramagnetic centers
. L : X located at distancédr..y from the pore surface is then of

Specific area: S, (m/g) 140 91 the order of 1/os=432 A for S1 and 442 A forS2, i.e.,
Pore distribution 6% 5.8%  much larger than the pore diameters.

Mass glass: my (9) 0.67 0.43

Mass water: m,, (g) 0.92 1.14 B. Experiments

Glass density: p (g/cn?) 2.4 2.4 Proton nuclear magnetic relaxation rates were measured

Measured by chemical analysis and electron paramagnetic resgong @ field qycllng mstrlument of the Redfield de§|gn and
nance spectroscopy constructed with S. Koenig an_d R. Brown as descr_|bed else-
' where[8-10]. The *H magnetic relaxation dispersion pro-
files for aqueous suspensions3h andS2 chromatographic
Il. NUCLEAR MAGNETIC RELAXATION DISPERSION glass beads are reported in Figéa)land Xb) for magnetic
OF WATER IN CONFINEMENT fields corresponding téH Larmor frequencies, from 0.01
to 30 MHz and a range of temperatures from 5 to 45°C.
Basically, one observes a strong dependence on magnetic
Controlled pore chromatographic glasses were obtainefield strength at low fields and an asymptotic plateau at large
from the S|gma Company with mean pore diameters of 7é|e|ds We W|” show in the fO”OWing that such a plateau is
and 159 A and a specific area 8f= 140 nf/g and 91 /g, characteristic to a relaxation process driven by fast molecular
respectively. Sample characteristics are listed in Table |. ThE0tions. Moreover, the temperature dependence is different
water used was obtained from a Barnstead nanopure deioft 10w and at high magnetic field strengths &ir [Fig. 2(a)]
izer that included a carbon filter and used deionized water 287452 [Fig. 2b)]. At low magnetic fields, the increase in the
a source. Samples were prepared gravimetrically by deposiEErOton relaxation rate with increasing temperature is consis-

A. Samples

ing a known mass of glass beads in a 10-mm pyrex glas nt with a Chem'cal exchange proce(fsg._ 2)'. Al Iar_ge
sample tube, fitted with a screw cap, filled with water, and lelds, the decrease in the observed rates with increasing tem-

S ' . ’ erature is characteristic of relaxation driven by a bulk dif-
shaken vigorously. The glass beads were permitted to sett

) ion pr Fig. 2. In order isol he fr ncy-
for several hours, excess water removed by pipet, and th&:so process(Fig. 2 order to isolate the frequency

: pendent term of the overall proton relaxation rate, we have
total mass recorded. Sample tubes were finally doubly Seal%qi)btracted, for each temperature, the respective high-field

with rubber stoppers and a screw cap. _asymptotic constant values from the data in Figs) &nd

The iron content of these samples, monitored by chemica{ (). This procedure results in the relaxation dispersion
analysis and electron-paramagnetic-resonafiR) spec-  curves shown in Figs.(¢) and Xd). The dependence that we
troscopy, was 45 and 36 ppm for the 75 and 159 A porespserve, 17, (v,) = 1/ v, , persists for more than three orders
glasses labeled in the following aSX) and §S2), substitute  of magnitude in the magnetic field strength. We will show in
for the Si or Al in the glass matrix. Were there iron that the following that this power law and its anomalous tempera-
dissolved in the aqueous phase, theMRD would be char- ture dependence, shown in Fig. 2 at low magnetic fields, may
acteristic and fundamentally different from that observedresult from enhanced diffusive motion at the pore surface
[6,7]. Let us suppose that our glass sample is composed ofthat is interrupted by a chemical exchange with the bulk
closed-packed set of spheres of SiBrom the specific area, phase. The situation is very different for an aprotic solvent
Sp=140 ntlg, densityp=2.4 g/cnt, and intersilicon separa- Such as acetone, which is larger and has no labile or ex-
tion Ar=3.6 A, one may compute that the proportion of Si changeable protons. Here one observes a bilogarithmic fre-
tetraedra at the surface of these small sphgypsir=0.12  quency dependence for til acetone MRD in bott§1 and
for S1 and 0.08 forS2. The radiir ; of these spheres may be S2 [Figs. 3a) and 3b)]. An interesting feature is that the
found by comparison of such a proportion to the ratio oftemperature dependence is opposite to that for water. We
volumes (4rr2Ar/4mr3/3)=0.12, givingr =94 A (for S1) have shown thaf[ these MRD are consist_ent Wi_th a theory that
and 144 A(for S2). The iron atoms in the first layer of the réats the mobile protons from the viewpoint of a two-
pore surfaces are unique because they may have open coéfmensional restricted diffusion in close proximity to the re-
dination positions that may bind the,@8 directly. The re- laxing surface centergl]. The fundamental difference from
maining iron atoms are deeper in the glass. The electrorfn® water case is the size of the effective diffusion constant
nuclear dipolar interaction depends om%/wherens isthe and the spatial extent of the surface explored by the diffusing
proton(1)-electron(S) distance, so that the paramagnetic ionsProtons.
i beow the pore surface are uch less fecive 11S" 1. THEORY OF HETERONUCLEAR DIPOLAR
neous spherical distribution of an F.e atom in the glass, one RELAXATION BY TRANSLATIONAL DIFFUSION

’ OF WATER IN NANOPORES

has an average distancédge.p=(1/r%) Y6~ (3rorg)/6 S
=5.3A for S1 and 5.7 A forS2, between a given Fe in the A. Biphasic fast exchange model
glass and a proton at surface, which is about the distance of We apply the basic principles of spin relaxation in liquids
the 2nd layer from the surface. From this distribution, onecaused by sparsely distributed electronic spins at the pore
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surface[11]. Basically, we consider two distinct phases: aWe demonstrated that this biphasic fast exchange model has
surface-affected liquid phase of spin-lattice relaxation ratebeen successful in the analysis of nuclear relaxation of polar
1/T1eus, and a bulk liquid phase of spin-lattice relaxation liquids in calibrated nanoporé¢42]. In Eq. (1), Ng/N repre-

rate, 1T, and suppose that the exchange time betweesents the ratio of the number of water molecules at the pore
them, 7,, is much smaller than both relaxation tim€s,,,;  surface to the total number in the sample. From the sample
andT, . According to this biphasic fast exchange model, thecharacteristics listed in Table I, we show in Table Il how we

overall proton spin-lattice relaxation rateTi{w,) is have estimated the ratiblg/N=0.054 for S1 and Ng/N
=0.020 forS2. The samples studied were a packed suspen-
t 1. Ns 1 _t Ns 1 sion of glass beads in essentially the form used for chromato-
Tiw) T N Tiad @)+ 7ex Tip N Tieuf@) graphic separations. The water may be located in both the

(1) glass pores and between the glass beads. Though the latter is
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+0.01 r
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FIG. 2. Arrhenius plots of the watéH spin-lattice relaxation rates as a function of the inverse of the temperatureT1000packed
samples of calibrated porous glass beads with pore diameters(Z5afd 159 A(b) at various frequencies varying from 0.01 to 30 MHz
downwards. The continuous lines correspond to the best exponential fits. According1®fthe slopes of these fits give, at low magnetic
fields, the apparent activation enerdy,(— E;) for the proton mobility in the surface layer.
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bulk water that might not mix by diffusion into and out of the surface relaxing sites to that at the pore surface. Assum-
the beads, we have observed a single exponential decay ing a single water molecule per iron site, we show in Table Il
the time of the relaxation measurement. The relaxation ratghat N../N=1.70x10 ° for S1 and 0.5X 10 © for S2.
in the bulk or nonsurface phaseT1}, is caused by the fast These values are similar to those reported by Kleinberg,
molecular reorientations and translations and independent ®fenyon, and Mitra in rocks[13]. The rate, IT;re
magnetic field strength or frequency in the low field range—4,, 7sﬁ)2r|_365(5+ 1)T4,, is determined by modulations
studied[5]. A formal expression of T, is obtained by ot the electron-nuclear dipole-dipole coupling caused by
mixing the relaxation of the water protons in the _f'rSt COO™fjyctuations of the electron spin of the metallic center char-
dination sphere of Fé with the protons at surface: acterized by the electronic relaxation tiffig, [14], which is

1 1 N 1 frequency-independent in the low field range studied. Taking

e _ H _5 —11
(2) rg=27 A, with S=3 and T,.~4.5x10 !s for Fe, one
finds T1ge= 3 uS. Substitution of Eq(2) into Eq. (1) yields

Here we have divided the proton spins belonging to the sur-
face layer in two groups: those of nuclear relaxation rate
1/T4 e, belonging to the first coordination sphere of the para- 1 — i % 1 + N_S 1
magnetic centers and those of ratd 4(w,), diffusing on Ti(o) [Ty N Tipet7n(T)] N Tig(w))’
the surface around such centers. The temperature-dependent

exchange lifetimer,,(T) of water between Fé first coordi-

nation sphere and the surface phase water is given,py Where the field dependence is containedlig(w,) in this

= (h/kT)exgAHY/R,T-AS"/R,], where AH* and AS* are  range of magnetic field strengths studied. Substituting the
the enthalpy and entropy of activation for the first-order ratevalues ofNge/N, T1g., andr,(T) given above into Eq(3),
constant for the exchange for water from the cation Rgd we find that the frequency-independent term in square brack-
=2 cal/mol/K is the molar gas constant. The detailed strucets is of the order of 0.2 to 1°S. This range is consistent
ture of the iron sites in the glass are unknown, but we maywith the asymptotic limits observed in Figsal and Xb) at
approximate the water exchange kinetics using a hexadarge fields for each temperature. The observed magnetic
quoiror(lll) ion as a model for whichhAH*=7.4kcal/mol field dependence of the proton relaxation rate at low fields
and AS*=-56 cal/mol/K, giving 7,=(8x10 1Y and the large magnitude of the relaxation ré2é s %) thus
T)exd 7.4 (kcal/mol)R,T] leading tor,,~0.67us at 298 K  derives only from the surface diffusion term. This term is
[7]. Ngo/Ng is the ratio of the number of water molecules atisolated by the following subtraction:

= +—= :
Tisuf®)  Tis(w))  Ng Tipet 7n(T)

()

TABLE Il. Parameters derived from porous glass characteristics.

Parameters Samp&l SampleS2
o (Felcn?) 5.5x 101 5.1x 10%
(deey (A) 5.3 57
Effective pore volume: V=V m (cm®) 0.315 0.35
Effective pore surface: S=S,mj (m?) 93.8 39.1
Volume of the surface layer: S(dge.) (cm’) 0.05 0.022
Ng/N=dre./(My/ pyated (dimensionless 0.054 0.020
Nee/N=Sos/(MyNavogacrd18) (dimensionless 1.68x1076P 0.52x10°6P

#Average distance between a surface proton and a ferric atom in the glass, assuming a homogeneous distri-
bution of Fe atom in the glass.
PAssuming a single water molecule per iron site at the pore surface.
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Ng 1 1 1 Nee 1 surface mobility that is substantially reduced, for which there
N Tls(wu)exp: Tl(w|)exp_ T_1b+ N m : is little evidence, a model of surface diffusion facilitated by
asy’&") exchange to a rapidly diffusing bulk phase may account for
many aspects of the present data. However, this type of
model does not correctly account for the temperature depen-
dence at all magnetic fields studied. On the other hand, the

B. Heteronuclear dipolar surface relaxation

in a model porous system intimate interaction of water with the surface may have sev-
eral consequencesia) The formation of extensive hydro-
1. Model gen bond networks is possible(b) OH functionality at the

The observed dependence of the water proton spin-latticeurface may dramatically catalyze proton exchange among
relaxation rate on the magnetic field strength is a power lamyvater molecules in the ordered surface environmeft)
while that for several organic solvents that are somewhaSurface diffusion rates of protons may be accelerated relative
larger and without labile protons that may exchange chemito the bulk phase. These factors are, in a sense, opposite to
cally with other molecules or surface sites is bilogarithmicthat of the bulk-mediated diffusion picture, but naturally ac-
on the same microporous glass preparations. Water is uniqugunt for both the magnetic field and temperature depen-
among solvents in that it is small, forms extensive hydrogemience of the proton spin-lattice relaxation rates.
bond networks, may exchange protons rapidly, binds to \We note that other approaches may yield the power-law
metal ions, and may be orientationally ordered by hydrogemagnetic field dependence observed here. For example, spin
bonding at a variety of surfacg45,16. We seek a model diffusion to paramagnetic relaxation sinks is well known to
that distinguishes water from the other liquids, accounts fokjield relaxation proportional to the reciprocal of the square
the apparent one-dimensional diffusion process that leads {@ot of the Larmor frequency. Even though we suppose a
the field dependence observed, and also accounts for the ugarface-ordered phase, which may have many characteristics
usual temperature dependence. of a solid, spin diffusion should be unimportant compared
The temperature dependence is unusual in that at lowith other contributions for the following reasons(a) The
magnetic field strengths, the spin-lattice relaxation rates inpresumed hydrogen surface network is imperfect so that we
crease with increasing temperatlifég. 2a)], which is gen-  expect that there would be a number of spin diffusion bottle-
erally indicative of a thermally activated chemical exchangenecks that would inhibit extensive or long-range diffu-
process. At higher magnetic field strengths, the spin-latticgion. (b) The relatively high mobility of the surface phase
relaxation rates decrease with increasing temperdfeige  will reduce the correlation time that enters the effective
2(a)], which is consistent with a diffusive process dominat-dipole-dipole coupling between surface water spins. As a
ing relaxation. Further, the apparent activation parametergesult, the spin-diffusion constant will be reduced from the
for the relaxation rates measured at low magnetic fields argsual values in rigid solids, which are already sma).The
small, smaller than generally observed for chemical exsmall surface spin-diffusion rate that results will be too small
change events. to contribute to an extensive diffusion of spin along the pore
The first coordination sphere interactions of iron with wa-to a remote relaxation center. Thus, we conclude that spin
ter are well studied in other contexts. The water proton exdiffusion as distinct from translational diffusion cannot ac-
change rate may often limit the effectiveness or the {ttn count for the present data.
ion paramagnetic contribution to the total proton spin-lattice  The Kimmich group has investigated related systems,
relaxation rate6,7]. We do not know exactly the nature of which are reported to be free of paramagnetic impurities, and
the surface iron sites, but may use the hexaaqudliforion  proposed a fundamentally different model involving effec-
as a model for these sites. The hexaaquadltbnion has a tively one-dimensional correlation effects based on purely
mean residence time for the coordinated water proton of 0.Auclear spin interactiord]. Because nuclear-spin relaxation
us, which is orders of magnitude longer than correlationin the present case is apparently much more efficient, and the
times for diffusive motion. This lifetime is temperature de- presence of paramagnetic relaxation centers demonstrated by
pendent, and decreases with increasing temperature. In PR spectroscopy and chemical analysis, we seek an alter-
case where the first term of E(B) was dominant, this slow npative model.
first-coordination sphere exchange could limit the effective
spin relaxation rate and account for the increase in the reIax-2 Calculation of th ; in-lati laxati
ation rate with increasing temperature. However, dominance™ alculation of the proton surface spin-lattice relaxation rate
of the first term in Eq(3) should produce a low field relax- We consider water in an infinite cylindrical pore of radius
ation dispersion profile that is independent of magnetic fieldR with a surface densityrg of paramagnetic centerS as
strength, which is not observed. Further the relaxation at lovshown in Fig. 4a). The water protons at the surface diffuse
magnetic field strengths is too efficient to be dominated byover a certain surface region and then suffer a chemical ex-
this contribution alone. Thus, while the magnetic relaxationchange to the bulk liquid region of the pore. The proton
is clearly involved with paramagnetic effects, first- relaxation rates are too large to be accounted for by only
coordination sphere exchange of water protons with the iromuclear dipolar couplings. Thus, the model is based on
atom fails to account for both the temperature and magnetielectron-nuclear dipolar couplings, which are about five or-
field dependence observed. ders of magnitude more effective in the nuclear spin relax-
Effectively one-dimensional motion may result when dif- ation equations[5]. The intermolecular electron-nuclear
fusion is fast enough that a molecule may explore a signifidipole-dipole coupling is modulated by the translational dif-
cant longitudinal extent of the pore. If one conceives of afusion of the mobilel spins in close proximity to the pore
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Equation(6b) describes the persistence of the second-order
irreducible spherical spatial dipolar tensBt™(t), between
the magnetic moments associated with the spiaisd S and
modulated by the translational diffusion of spinlative to
the fixed spinsS during a short time intervat [5]. The no-
tation () stands for the ensemble average over all the posi-
tions of the sping at times 0 andr for a given surface
densityos of spinsS. Simplification of Eq.(5) occurs when
Yy wg>w,. As found below, substitution of spectral densities
- that depend on the inverse of the square root of the Larmor
/4 frequency into Eq(5) shows that
£4

! 2 2 (1)
m”§(m7$ﬁ) S(S+1)3M (w)). )

According to the dynamical model described in Fig®) 4
and 4b), it is efficient to calculate the time dependencies of
the dipolar correlations in the cylindrical fran(€) of z axis
parallel to the pore axis. We use the well-known properties
of the WignerD functions[17] to express(1)(t) as it comes
through a rotation: €)— (L),

o 6 1 2
(=Dty= R mHeor (2)
] FIoYt) \/5 0 > Ym@ ()d?),,(8).

! L%

F . m'=-2
o N0 T N0 N 8
S5 AL 444 0
‘s, (P rYs , , . .
s 0 2] PObfE sur)‘éé A Herer' represents the protdi)-electron(S) distance at time

t andY(zm')(Q’(t)) represent the second-order spherical har-
FIG. 4. (8 Schematic diagram of the cylindrical pore model. monics where the angles labeled@4(t) follow the orien-
The nuclear proton spihdiffuses in the surface layer of thickness tation ofr’ in (C). Because of cylindrical symmetry around
(dee.p~5.3 A in the dipolar field of a very small quantity of para- e have chosen the Euler angles that rotate(@eframe
magne_tic s_,pin§fixed on the pore surfgce. '_I'm@) axes arefixedin jntg the (M) frame asa= y=0; thus, the general Wigner
th_e cylindrical frame. ThéL_) axes are fixed in the laboratory frame, rotation matrix,D(_z) («=0,8,y=0) reduces to the tabu-
with the constant magnetic fiel, at the angleg from the pore . im ) o
axisz. (b) Schematic diagram of the pore surface layer in thelated Wigner coefficientsl’™; . (B) [17]. After substitution
close vicinity of the ferric ion. & is the distance of minimal ap- of Eq. (8) in G(Ll)(T):<|:(L—1)(t)|:(L—1)* (t+7)) and applica-
proach alongz between the mobile proton and the ferric ion. The tion of some symmetry relations, one has for the pairwise
distinction between the correlation timeg for chemical exchange dipolar correlation function in thé.) frame:
in the surface layer ands, between the surface and the bulk is
indicated on the diagram. The dashed lines represent the hydrogen 6m 2 ,
bands. Gl Vn=— 2 1%, mIFe . ©
m=-2
surface and the fixe® spins. Formally, the proton spin-
lattice relaxation is given by the general expresgioh where the componenB{™(7) of the pairwise dipolar cor-
relation function in theg/C) frame are

1 2 2 1 1(0)
T_1|:§(7|)’gﬁ) S(S+ 1[5 (0~ wg)

Yim(Qg) Y&”">*<Q’>>
(10)

(1) 2) G (r)= 3 3
+J|_ (w,)-I—ZJL ((u,-l-ws)], (5) Mo r

where the spectral d_ensit;{m) in the laboratory framéL)  Now we make a powder average over the argjlabeled as
associated withtB, [Fig. 4@] are the exponential Fourier ()p in order to take into account the random orientation of
transforms, the local cylindrical axis relative to the constant direction
. of the static magnetic fiel@&,,
J<Lm>(w):f G{™(r)e' dr, (6a)

—oo

+2
7T ’
<G<[1><r>>,;=? > (% (B)RGE (0

of the stationary pairwise dipolar correlation functions m'=-2

G"™(7), {me(—2,+2)}, given by Len +2
. =—— GEM(7). 11
G™(n)=(FL"™(OF ™ (t+7)). (6b) 55 m§_2 c (7 (D
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When considering translational diffusion of thepin at the  probability P(p=R,¢,,z,7po=R,¢0,29,7=0) that the
surface of the geometry shown in Figgayand 4b), the  protonic cylindrical coordinates=R, ¢, in (X, y) andz(llz)

average present in Egsl0) and (11) will be replaced by take their values at timer, given their values pg

their usual integral average over the normalized conditionakR, ¢,, zg at time 7=0,

: Y§ ()
SR P P

13
. ro

AEARNTCY
X fC R d(PrJ'C dz P(p:Ri(Pr 1Z:T|pO:R1§DrOIZO!T:0)— (12)

¢

r/3

Here we have assumed a uniform proton surface density at At times longer than that required to diffuse a pore radius,
equilibrium andC, and C, correspond to the, andz do-  approximately r=R?/(2D,)~3.5x10"°s, where D,,
mains of integration in th€ frame[see Appendix and Fig. ~2.2x10 °cn¥/s is the bulk water translational diffusioR,
4(a)]. becomes independent of any orientational angular random
Following previous proton NMR studies for different ice- variablesyp, and depends only on the cylindrical coordinate
silica interfaceg16], we suppose that proton diffusion at the along the pore axis. In this case, diffusion that affects nuclear
liquid-solid interface is enhanced by orientational ordering ofspin relaxation has a one-dimensional character and is driven
water molecules in the first layefBig. 4(b)]. The probability by diffusion along the pore axis. In the model that we used
of a water molecule participating in the ordered phase isere, P represents the probability of reencounters per unit
proportional to a Boltzmann factongy expE./R,T), where  area betweehandSspins; it is given by the Gaussian propa-
Ny is the maximum number of molecules in the ordered do-gator:
main, Ry, is the molar gas constant, akg, is unknown but
expected to be larger than that for motions in bulk water, i.e., 1 1 z2
~5 kecal/mol. The effective size of the ordered domain in P(z,7zp=0,7=0)= 1lzexp( -
the surface layer will then vary in proportion to 27R (4mDeg7) 4DerT
26,no expEm/R,T). Here 5,=1.9A is the effective radius
of a water molecule based on the density of liquid, which
implies a volume per water molecule of 30°.AWe may
estimate the rate at which these clusters rearrange based
the properties of bulk water; thus, the rearrangement time is

approximated by 7,,= 62/{Dyexp(—E,/R,T)}, where E, (Gf__l)(r)>ﬂ—1 6?77[6(00)(T)+2G(C1)(T)+2G(cz)(7)]

(14)

Successive substitutions of EQ4) into Egs.(11) and(12)
lead to the following simplification:

=4.8 kcal/mol is the activation energy for the water transla- 5
tional diffusion. Now, assuming that a proton suffers rapid
e S X 16w
diffusive motion inside a surface layer, which evolves on a ~Z—GO(7). (15)

much slower time scaler,,, we get an effective two- 55 ¢
dimensional diffusion equation fd? as
After calculations of Eq(15) detailed in Appendix A, one

finds that at long times+>7g), the dominant term of the

J
(9—TP(p=R,gor ,Z,7|po=R, 00,25, 7=0) pairwise dipolar correlation function is given by the power
law
5 3 o 1
— E,/RT — S
= Y eEm (-1) - _S
Tw (L ()= 107 RS (@aDgr 10

XAsP(p=R,0,,2,7lpo=R,¢10,29,7=0). (13 ) o
sP(p=R.¢r,27lpo=R.¢r0.20 ) ) where § corresponds to the distance, alomgof minimal

approach of a proton to a £eion. From the model pre-
sented in Fig. &), we chose5~0.85 A, which corresponds

to the known minimal distancgs=2.7 A, between the pro-
ton and ferric ion. The corresponding averaged spectral den-
sity thus becomes

Inspection of Eq.(13) implies that the effective diffusion
constant of the surface protons in the ordered pliaséT)
=Der o XA (Em—EL)/RyT], whereD ¢ g=Dgno, E; is the ac-
tivation energy for the translational motion in the surface-
ordered phase. The fact tHat,>E leads to a diminution of
the effective diffusion coefficienDu(T), with increasing 33 o 1
temperature and may account for the low field temperature IV ()= — S _
dependence of the proton spin-lattice relaxation rate. - 207 R&? (Dgpw)Y?

17
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After substitution of Eq(17) into Eq.(7) and multiplication [ Rescaled surface relaxation of water
by the dilution factor Ng/N), one has finally the following 100
theoretical expression for the surface proton spin-lattice re- = f
laxation rate, at low field strengths, for the model considered: 75 s M)
Ns 1 v Ns . os %
WTls(wl)_mW(ylysﬁ) S(S+1) gz ;
1 Z10L  37.5A 79.5A
X DM 18 =P gt %
oy v BE
A consequence of Eq.18) is that the apparent activation 10Phusd ol vl il ol
energy for the low-field relaxation rate is(E,,— E.)/2 be- 10° 10° (3?5-4(73 0° 10*

cause the exponent @ «(T) is (E,,—E}). This result fur-
ther reduces the magnitude of the apparent activation energy FIG. 5. Logarithmic plot of the rescaled magnetic field depen-
for the low-field relaxation processes. From the Arrheniusdence of the dimensionless surfdé¢ spin-lattice relaxation rates,
plots of Fig. 2, one finds that this apparent activation energyNg/N)1/T,,(w,)/B(T) of water in packed samples of calibrated
(Em—EL) is 2.4 kcal/mol forS1 and 2.8 kcal/mol foS2 at  porous glass beads of pore radii 37.5 and 79.5 A at various tem-
low fields (0.01MH2. Taking an average value for peratures as a function of the dimensionless variate(T) with
(Ep— E;) =2.6kcal/mol and assuming thatE;~ E., Teﬁ(ﬂfreﬂoexq—(E.m—Ea)/Rb'l']. The data points are obtained by

= 4.8 kcal/mol, one has an estimation Bf,~7.4 kcal/mol ~ rescaling those of Figs.(d) and Xd) according to Eqs(19 and

for the activation energy, for the proton mobility in the sur- (19b). The continuous line is the best fit obtained with the relation
face layer. ' U o 7er(MIV

4(b)] interrupts the proton surface diffusion and limits the

IV. COMPARISON WITH EXPERIMENTS extent of the surface-enhanced diffusion. When the tempera-
ture increases, the extent of the ordered domains decreases
i ] ] and surface mobility is reduced, thus causing the low-field

The best fits obtained with Eqs3) and (18) for  relaxation rate to increase. The confinement results in an
1T (@) exp and with Eq.(18) for (Ns/N)1/Tis(w|)exp @r€  enhancement of the probability S reencounters, which
shown as continuous lines, in Figgalland Xc) for S1 and  maintain the dipolar correlations for a much longer time.
in Figs. Ib) and Xd) for S2. These lines were obtained with  An estimate of the distance explored by the proton before
the apparent activation energy —E,) =2.6 kcal/mol, for  the first reencounter with the ferric ion on the surface is of
the proton mobility in the surface layer. All the other param-the order of the length of diffusiofi2D /v, ]*%, wherev, is
eters present in Eq.18) are given in Table Il. The only a characteristic frequency, shown by an arrow in Fig).1
adjustable parameter is the prefaciy;,. For S1, we find  Below v, the relaxation rate increases rapidly and the tem-
Deft0=0.106< 10~ ® cn/s giving Dex=0.85<10 °cn/s at  perature dependence becomes abnormal. Wi
25°C. This value, for the proton surface diffusion of the =0.85x 10 °cn/s at 25 °C and/.~ 3 MHz [Fig. 1(a)], one
order of one third of the bulk water translational diffusion finds that this distance is about 238 A 8t and 126 A for
D,,~2.2X10 ®cn¥/s, is in very good agreement with re- S2. Such distances of exploration are sufficiently large in
cent neutron-scattering studies of single-particle dynamics ofomparison to the pore radil®to make the dynamics ap-
water molecules contained in 25% hydrated micropores opear one-dimensional and justify the model proposed.
vycor glass[18]. This value is also in agreement with  An important consequence of the proposed model is
molecular-dynamics simulation of liquid water on silica sur-found by introducing into Eq(18), the effective correlation
faces[19]. Similarly for the large pore glas$SR), one finds  time of surface diffusionzeq(T)=82/[2Dex(T)], which gives
Deto=0.03<10 %cnt/s  and De=0.24<10 °cnP/s at  the following universal power law:
25°C. The diminution of theD value found forS2 in
comparison with the one f@1 is coherent with the diminu- Ng 1 1 1 (199
tion of the effective pore surface and bis/N (Table II). ~ = ,
This result is also in good agreement with water surface dif- N Tis(@) BT Vo 7eq(T)
fusion measurements on silica g¢&0]. According to Eq.
(18), the pore size effect(1/R) is smaller than the one
(< 1/R?) obtained previously for an aprotic solvgu. This 1N
is coherent with the results shown in Figs. 1 and 3. B(T)= __S(y vi)2S(S+1) Is rolT).

The seemingly paradoxical increase of the water proton 5o N 7S R&%6,, ef
spin-lattice relaxation rate observed at low fields when the (19b)
temperature increas¢bigs. 4a) and 2b)] is understood in
terms of a diminution of the effective spatial extension of the In Fig. 5, we show that the experimental values of the
quasiordered clusters of water molecules in the surface laye&urface dispersionNs/N)1/T;s(w)ex, displayed in Figs.
close to the paramagnetic impurity. The chemical exchangé(c) and Xd) could be rescaled gso, 7e(T)] 2 over four
process f.,) between the surface layer and the b{iflig.  orders of magnitude of the dimensionless variabje.x(T).

A. Magnetic relaxation dispersion of water in confinement

with
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This power law is usually encountered in the presence of

a@haracteristic of a one-dimensional diffusive process and

one-dimensional translational diffusion relaxation processlso accounts for the peculiar temperature dependence of the

[21]. To calculate the effective correlation time for each tem
perature,req(T) = 7ot o €XH — (Em— EQ)/RyT], we use the rela-
tion, 7ot o= 02/(2Def o), and the values db . found above.
This approach givesreso=1.7X10"°s and (25 °C)
=21x10" s for S1 and 7.,=6.0x10°s and
Te(25 °C)=7.5x 10" '*s for S2. This universal rescaling
obtained for 200 experiments on different sampl8% énd

-water-proton relaxation rates at different magnetic field
strengths. A universal rescaling obtained for these data on
different pore sizes and on a large variety of magnetic field
strengths and temperatures, supports this interpretation. The
unique frequency and temperature dependencies of the pro-
ton MRD have allowed a direct assessment of the transla-
tional diffusion coefficient of water protons at the surface of

S2) and on a large variety of frequencies and temperatureh€ pores. The model employed is fundamentally different

strongly supports the model used here.

B. Magnetic relaxation dispersion of aprotic solvent(acetong
in confinement

from previous approaches to similar problems, but appears to
have a number of features that will be generally applicable in
a number of contexts.

The situation is very different for acetone, which has no ACKNOWLEDGMENTS
exchangeable protons. Acetone is a poor Lewis base com-

pared with water, and is a poor ligand for the iron atom
Although one could argue that there will be some equilib
rium for binding of the acetone oxygen to the iron, the equi
librium will favor water by many orders of magnitude. Fur-

~ The authors gratefully acknowledge useful discussions
_with Dr. P. Levitz and Dr. D. Petit, and support by the Na-
_tional Institutes of HealtfUSA) GM-39309, GM34541 and
the University of Virginia.

ther, we do not see specific evidence that acetone binds. If it

did, the contribution would be much smaller than it would be
for the water because the protons would be much further
away from the metal center than in the water case. Thus, the

contribution to the spin relaxation from first coordination
effects should be much smaller than in the water case.
consequence it is an excellent approximation that the aceto

APPENDIX: CALCULATION OF CORRELATION
FUNCTIONS GP(7), and (G{" (7)) 4

The surface pairwise dipolar correlation function,
I5{)(7), remaining at long times in the cylindrical fran@
N€ given from Eqs(12) and (14):

does not bind significantly to the iron. The observed biloga-

rithmic magnetic field dependence of protonT{/, dis-
played in Figs. 8) and 3b), is consistent with a theory that
treats the mobile liquid spins from the viewpoint of two-

dimensional restricted diffusion at a proximity of a relaxing

surface centef4]. In this case, a two-dimensional transla-
tional diffusion in close proximity to the relaxing sites is
needed and the slower diffusion associated (
~0.14x 10 ®cn/s) precludes exploration of the distant re-
laxation sites in the pore.

V. CONCLUSION

'H MRD experiments of water in contact with mi-
croporous glass surfaces containing trace paramagnetic i

purities is fundamentally different from that found for apro- f

tic solvents. In all cases the nuclear-spin relaxation rates

low magnetic field strengths are dominated by contributions

1
27R (47D og7) Y2

YO Q)
Xf R d(prof dzo—,3 j R dcprJ dz
c, c, ro C, c,

p( 2 | YY)
xXexp — . Al
4D o7 r's (A1)

G (n)=

Due to the relationr’=r—R and the restrictionr = (R?
M 22)12 \where the proton moves at the cylindrical pore sur-

ﬂce[Fig. 4(b)], one can express the spherical harmonics in
e cylindrical frameC as

i

from trace paramagnetic impurities in the solid matrix. The

tions are introduced that increase the reencounter probabil
at long times or low Larmor frequencies. The compariso

effects of the liquid confinement is that long-time correla- YyQ') 1 \f 322
' 4 w Pr— PR 512

between water and acetone shows that the apparent dimen-
sionality of the diffusive process is a function of the surface

mobility and the effective concentration of the paramagneti

ity
n r

22+ 4R? sin2<

C 1

relaxation centers. For the organic solvents studied, the spa- - AR (A2)

tial extent explored by the diffusing solvent is relatively

small and relaxation is described by a two-dimensional dif-

Pr— PR

72+ 4R? sinz(

fusive process that causes a bilograthmic dependence of the

relaxation rate on the Larmor frequency. For water we fin
that the effective proton diffusion rate at the surface is facili

d
-Expression ofGY)(7) simplifies after substitution of Eq.

tated. We have developed a general model of nuclear-spifA2) in Eq.(Al) and using the reasonable assumption that, at

relaxation caused by a surface-facilitated proton diffusiv

dong times, the diffusion length(2D¢; 7)~0.4um stays

process. This model naturally leads to a relaxation equatiomuch larger than any possibtevalues(~250 A),
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o 50¢ 1 A similar result but with an opposite sign is found in the
G(n)= 327°R (4D oy ) 12 f Rd(PrJ dz domain C,, where — §<z<4. Introducing the variabley
eff Co C = ¢, — ¢pr and taking into account the even character of the
function on the integration ort, one finds that there are two
372 domains forC,. The first domain,C ,=(0<¢=<m), of
X — 55 complete cylindrical isotropy is associated wi@y;. The
221 4R2 SinZ(M) second domainC ,= (8/R< /<), is associated witlC,
2 and excludes a small domain in the immediate surrounding
1 2 of the FE€™ ion. Straightforward calculations show that the
7 (A3)  only remaining integral ony becomes
22 +4R? sinz(—qu (PR)
2 AR (IR R2 P -3/2
_ o _ _ — | d¥ 1+4—zsin2<—”
The integration inz in Eq. (A3) in the domainC,; where 6% Jo & 2
|z|> & is elementary. HereS corresponds to the distance, 5
along z, of minimal approach between a proton and d'Fe - ﬁ i E+O(5—> %% (A5)
ion. From the model presented in Figb4l we chooses 5\ R R? 5

~0.85 A, which corresponds to the known minimal dis-

tancer,s=2.7 A, between the proton and ferric ion. Substituting Eq(A5) into Eq. (A3) leads to the form

f g 372
Z| ¢ 1572 50 1
Cn ) o . o PrT ¥R 0\ — S
Z2+4R?sit| —— Gc'(n)= : A6
_ ( 2 ¢ (0= iatra? (47D gyr) M2 (A0
1 . . .
-7 o —onl 2 Finally, substitution of Eq(A6) into Eq. (15) leads to the
224 AR2 sinz( ! 5 R) surface pairwise dipolar correlation functidn@;{”(r))lg, re-
I maining at long times in the laboratory frarhe
2 (a)
= RZ o —or| 172 3 os 1
2 ; r_ ¥R GY(Nymoo — — A7
s 1+4gfsm2( 5 (GL(7)g 107 RS (47D gr) 2 (A7)
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