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Two-dimensional NMR study of surface water dynamics in hydrated silica spheres

J. Dolinšek,* J. Bharatam, M. Dusseault, and M. M. Pintar
Porous Media Research Institute, Earth Science Department and Physics Department, University of Waterloo,

Waterloo, Ontario, Canada N2L 3G1
~Received 8 October 1997!

Partially hydrated LUDOX silica spheres~LUDOX colloidal silica HS-40, E.I. DuPont de Nemours & Co.!
of 15 nm diameter represent a system where the wetting layer of water is quite well defined in the sense that
the study of the structure and dynamics of this layered water is not obscured by the much stronger signal of
bulk water. When placed in a homogeneous magnetic field, the magnetic susceptibility differences of the silica
and water create a distribution of local magnetic fields at the solid-liquid boundary. These fields encode the
NMR frequency of the resonant nuclei and label water molecules in the surface layer. The distribution of local
fields was determined by the deuteron two-dimensional~2D! separation of interactions NMR technique. The
characteristic autocorrelation timetc for the motion of water molecules in the surface layer was studied by
measuring the deuteron quadrupolar spin-lattice and spin-spin relaxation times, and taking their ratio. Thetc

characterizing the fluctuations of the electric-field gradient tensor at the deuteron site was determined at room
temperature for a set of hydrations corresponding to an estimated thickness of surface water from 2 to 22 water
monolayers. The magnitude oftc , which is on the order of 1028 s, demonstrates that the quadrupolar relax-
ation mechanism is the intramolecular rotational diffusion. This dynamic process slows down only insignifi-
cantly with a decreasing thickness of the wetting layer. A search for slower motions was made by the 2D
exchange NMR of deuterons in a 6% hydrated LUDOX. No slow molecular motions were detected within the
observation window of the experiment, demonstrating that the motional frequencies are faster than 2p
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The structure and dynamics of a liquid layer next to t
solid surface in hydrated porous media has been investig
extensively. When the liquid is confined to a region th
approaches molecular dimensions, its dynamic and ther
dynamic properties differ from those of the bulk liquid. E
amples include anomalous1 and lamellar diffusions,2 an in-
crease of the correlation times,3 and shifts of melting and
freezing temperatures.4,5 The surface interaction may als
induce orientational ordering at the liquid-solid bounda
This has been reported for liquid-crystal molecules confin
to submicrometer cavities6,7 where the deuteron NMR qua
drupolar splitting was observed even in the isotropic pha
Such surface-induced ordering of water is particularly int
esting for the physics of porous media and membranes
spectroscopic study of the wetting layer is, however, diffic
due to the high mobility of water molecules and because
surface molecules undergo a fast exchange with the bulk
such a case the lifetime of the surface-bound molecular s
is shorter than the time-observation window of most spec
scopic techniques. Fast dynamics also averages the spa
anisotropic intra- and intermolecular interactions to th
time-averaged values. In the bulk, the motion is isotropic a
all the interactions are averaged to their isotropic valu
Traceless interactions relevant in the high-field NMR, li
the secular part of the magnetic dipole-dipole interaction,
electric quadrupole interaction, and the anisotropic part
the chemical shift interaction are all averaged to zero. Ins
the surface layer, however, the water motion is anisotro
due to the molecular confinement and the above interact
are averaged only partially, even in the fast motion limit. T
fast exchange between the surface layer and the bulk, h
ever, makes it difficult, if not impossible, to resolve spect
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scopically these two types of water. The standard o
dimensional~1D! NMR spectra show motionally average
lines from which the surface-bound water cannot be d
criminated from the bulk.

Recently, a new method has been proposed8 to obtain
information on the structure and rotational dynamics
simple polar liquids at the surface of nanopores. The met
is based on the separation of surface (1/T1s) and bulk
(1/T1b) contributions to the overall deuteron spin-lattice r
laxation rate of a deuterated polar liquid confined to a n
oporous silica glass. Polar molecules interact strongly w
the pore surface by hydrogen bonding and this slows do
the deuteron rotations to such an extent that the elec
quadrupole-induced relaxation rate of surface molecule d
terons is strongly enhanced. In the reported experiment,
polar liquid was a selectively deuterated pyridine and it w
shown that the enhancement~in the range between 30 an
150! with respect to the bulk-relaxation rate depended on
deuteration site. In the above study it was essential that
glass material used contained no paramagnetic impuri
The presence of paramagnetic centers on the surface w
provide another source of surface relaxation and make
analysis ambiguous.

In a hydrated porous glass, fast exchange between
surface layer and the bulk water makes the analysis diffi
because of the very short time the molecules spend on
surface before they exchange with a bulklike molecule. D
ing the NMR observation, the molecules are located in
surface layer for a small part of the time only, so that t
measured physical quantities represent a not-too-w
understood time average of the surface and bulk observa
The study of this surface layer dynamics would be better i
7340 © 1998 The American Physical Society
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system where the bulk water is absent, since in such a
there is no exchange between the surface and the bulk
addition, the model system should contain no paramagn
impurities. A system that satisfies both these conditions
LUDOX silica glass9 (SiO2) spheres of 15 nm diameter hy
drated with water. The solid spheres are efficiently clea
of paramagnetic impurities by a repeated washing cycle
immersion in HCl or a 1-mM ethylenediamine tetra-ace
acid ~EDTA! solution10 and a subsequent rinsing with pu
water. The touching LUDOX spheres form a giant irregu
surface to which the H2O molecules bind by hydrogen bond
ing. It was estimated that, on average, the silica has
Si-O-H sylane groups per square nanometer surface. W
has been chosen as the wetting medium because of the
est in the surface water ‘‘structure’’ and dynamics. Up
hydration of LUDOX spheres, a surface layer is formed.
average thickness depends on hydration and can be estim
as follows. The hydrationh is defined as the ratio of the tota
masses of water and LUDOX,

h5
mH2O

mLUD
. ~1!

The masses are determined by weighting. The volume
single water molecule is taken to be 30 Å.3 Since five water
molecules are attached to a 1-nm2 surface, the effective
thickness of a water monolayer becomesl55VH2O/S

50.15 nm. The mass of the LUDOX spheres is calculated
mLUD5N(4pr 3/3)rLUD , whereN is the number of spheres
r 57.5 nm, andrLUD52.1 g/cm3. Similarly, the water mass
is mH2O5rH2OSLUDd̄5rH2ON4pr 2d̄, whered̄ is the average

thickness of the surface layer. It is convenient to writed̄ as a
multiple of a water monolayer thicknessl; d̄5nl. Using
Eq. ~1!, we find the number of monolayersn in the wetting
surface water as a function of hydration as

n5
1

3

r

l

rLUD

rH2O
h. ~2!

At 6% hydration the surface is coated, on average, with
water monolayers, whereas at 64% hydration the wet
layer consists of 22 monolayers. In a typical hydration e
periment the bulk phase starts to appear at hydrations a
64%, whereas for smaller hydrations the bulk phase is ab
and only the surface layer exists. The proof will be sho
later by comparing the NMR spin-lattice relaxation rates
bulk water with the rates of water in LUDOX at variou
hydrations. In contrast, in a dehydration experiment—wh
the water is evaporated from the fully hydrated LUDOX
the pendular water trapped between the silica spheres is
easily removed so that some bulk component persists d
to the lowest hydrations. The surface layer is thus well
fined only in a hydration experiment, which starts with a d
sample and is allowed to proceed until a few monolayers
deposited. Here, it should be noted that in the derivation
Eq. ~2! the touching between spheres was neglected. Bec
of that the total wetting layer thickness should be somew
larger than the above geometrical prediction.

The existence of the surface layer is manifested in
NMR absorption spectra of hydrated LUDOX, which sho
an inhomogeneous broadening due to the susceptibility
se
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fect. This effect is the consequence of a small difference
magnetic susceptibilities of the solid SiO2 matrix and the
surface water. When the sample is placed in a homogene
external magnetic field, the field slightly changes its dire
tion each time the solid-liquid boundary is crossed. This c
ates a distribution of spatially random local magnetic fiel
which inhomogeneously broaden the NMR spectrum. T
relevant nuclear spin interaction in the high field NMR is t
Zeeman interaction of the spins with the local magne
fields. This is a traceless interaction that can be average
zero by the fast isotropic translational and rotational dif
sion of water molecules. The inhomogeneous broaden
should thus be absent whenever the water can move ove
whole space isotropically. In the surface layer, however,
motion is anisotropic due to molecular confinement to
geometry of the surface so that the Zeeman interactio
only partially averaged even in the fast motion limit. Th
resulting inhomogeneous broadening identifies the surf
water.

A convenient method to determine the inhomogene
broadening and the distribution of static local magnetic fie
is the two-dimensional~2D! NMR separation of an inhomo
geneous and homogeneous line-shape technique.11 The
method uses the fact that nuclear spin precession in s
local magnetic fieldsHi can be refocused within a well
defined time interval called the evolution period (t1) of the
spin-echo pulse sequence~Fig. 1!. This sequence is designe
to refocus the spin precession under the Hamiltonian te
linear in theI z-spin variable (90x– 180x). Refocusing elimi-
nates the effect of the local fields on the spin precess
during t1 and the system effectively evolves under the infl
ence of the interactions, which are not refocused due to t
different spin symmetry. For spinI 51/2 nuclei ~e.g., pro-
tons!, this is the magnetic dipole-dipole interaction, where
for I 51 nuclei ~e.g., deuterons!, there is in addition, the
time-dependent electric quadrupole interaction with ra
domly fluctuating elements of the electric-field gradient te
sor. The quadrupole interaction affects also the inhomo
neous spectrum when the random electric fields are stati
the NMR line-shape scale. It will be shown later that t
electric fields in LUDOX hydrated with heavy water are pr
dominantly of the intra-D2O origin and fluctuate so fast tha
they provide a very efficient spin-lattice relaxation mech
nism. The fluctuation frequencies are, however, too high
produce an inhomogeneous broadening.

The Hamiltonian of the spin system can be written as

H52g\(
i

Hi I z
i 1Hdd1HQ~ t !. ~3!

In the 2D separation spectrum thev2 domain~conjugated to
the detection timet2 of the pulse sequence! shows the inho-

FIG. 1. The spin-echo pulse sequence used for the 2D N
separation of inhomogeneous and homogeneous line shapes.
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7342 PRB 58DOLINŠEK, BHARATAM, DUSSEAULT, AND PINTAR
FIG. 2. Deuteron 2D NMR spectra of LUDOX spheres hydra
with D2O showing separated inhomogeneous~n2 domain! and ho-
mogeneous~n1 domain! lines @n0(2H)530.714 MHz, room tem-
perature#. The 2D spectra are displayed in the magnitude mode:~a!
6% hydrated sample,~b! 12% hydrated sample,~c! 33% hydrated
sample,~d! 64% hydrated sample. Here the pure absorption in
mogeneous and homogeneous line shapes are shown instead
full 2D spectrum.
mogeneous lineF(v2) determined by the full Hamiltonian
of Eq. ~3!, whereas thev1 domain shows the homogeneou
line L(v1) determined by the dipolar (Hdd) and the time-
dependent quadrupolar@HQ(t)# terms only.

The separate determination of the inhomogeneous and
mogeneous line shapes in the 2D experiment enables u
determine the distribution of local magnetic fields along t
direction of the external field. Let the local field distributio
function beg(H). The number of nuclei that resonate in th
frequency interval@v,v1dv# equals the number of nucle
that experience local fields in the interval@H,H1dH#;
therefore

f ~v!dv5g~H !dH. ~4!

The frequency distribution functionf (v) can be obtained
when the relationv(H) is known. For a pure Zeeman inte
action between the nuclear spins and the local fields
relation is given byv5v01gH. Equation~4! now yields

f ~v!5
1

g
g~H !. ~5!

The frequency distribution functionf (v) therefore repre-
sents a one-to-one mapping of the distribution function
local fieldsg(H), the proportionality constant being the in
verse gyromagnetic ratiog. The function f (v) can be ob-
tained from the measured inhomogeneous and homogen
line shapes. The inhomogeneous NMR spectrumF(v) is a
convolution off (v) with the homogeneous line shapeL(v),

F~v!5E f ~vc!L~v2vc!dvc . ~6!

In the 2D separation spectrum bothF(v) ~appearing in the
v2 domain! andL(v) ~from thev1 domain! are known in-
dependently. The distributionf (v) and, thus,g(H) is ob-
tained by a deconvolution technique.

The sample preparation procedure involved first a th
ough cleaning of commercial LUDOX material~SiO2
spheres of 15 nm diameter suspended in a multi-ion s
tion!. Usually;25 cc of material was cleaned at one time.
the cleaning procedure water is first evaporated. Next, 10
of HCl acid or a 1-mM EDTA solution10 is added and the
solution is stirred. Since in dry LUDOX the intergranula
spaces are well connected, both above liquids are very ef
tive in removing the ions. After 10 min, HCl is drained o
and 50 cc of deionized water is added. The rinsing as wel
the complete cleaning cycle are repeated three times. Fin
the sample is dried in vacuum. The presence of residual
ter after drying is inspected by measuring the intensity of
proton NMR signal of the dry sample, and the drying
repeated until no measurable signal is detected. The s
NMR criterion also shows that in a dehydration run—whe
the water is gradually evaporated from a fully hydrat
sample—some pendular water is trapped inside the vo
between the silica spheres and cannot be removed from
sample as easy as the water from the surface layer. In
cleanup process, all the ions that prevented the conglom
tion of LUDOX spheres in the original solution, are re
moved. For this reason the dry material includes clumps
SiO2 spheres. From electron microscopic pictures it is app

-
the
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TABLE I. Parameters obtained from the 2D NMR separation of inhomogeneous and homogeneous line shapes and the s
relaxation experiments performed at room temperature in LUDOX hydrated with D2O.

Hydration

Inhomogeneous
linewidth

Dn1/2
INH (Hz)

Homogeneous
linewidth

Dn1/2
HOM (Hz)

Inhomogeneous
broadening

Dn1/2
INH2Dn1/2

HOM (Hz)

6% 127065 122165 4965
12% 638 593 45
33% 206 156 50
64% 107 48 59

Hydration T1 (ms) T2 (ms) T1 /T2 t ~s! (v0tc)
2

6% 21.761.5 0.2660.01 83.5 (5.4760.1)31028 111.3
12% 38 0.54 70.8 5.1731028 99.4
33% 109 2.04 53.4 4.3731028 71.0
64% 188 6.63 28.4 3.1931028 37.8

100% 246
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mo-
ent that some voids within the clean LUDOX are as large
50 nm. This makes the dry LUDOX’s porosity larger tha
the porosity of randomly packed model spheres of 0.38.
estimated from the proton NMR transverse relaxationT2
study that the full hydration of clean LUDOX is reached
an ;40% H2O/dry sample weight ratio, which correspon
to a porosity of;0.43.

The 2D separation experiment has been performed
room temperature on deuterons in LUDOX hydrated w
D2O. An initially dry sample has been hydrated to hydratio
h56%, 12%, 33%, and 64% by exposing the substanc
the D2O vapor for a limited time, typically of the order of
few minutes. The estimated number of water monolayer
the total wetting layer according to Eq.~2! wasn52, 4, 11,
and 22, respectively. The 2D NMR spectra are displayed
Fig. 2. It is observed that the spectrum is the broadest in b
frequency domains at the smallest hydration~6%!. There the
full width at half height ~FWHH! of the inhomogeneous
spectrumF(v2) is Dv1/2/2p51270 Hz, whereas the FWHH
of the homogeneous spectrumL(v1) is 1221 Hz. The differ-
ence, of 49 Hz, is the inhomogeneous broadening. On
creasing the hydration, the spectrum narrows in both
quency domains and, for example at 64% hydration,
inhomogeneous FWHH is 107 Hz, whereas the homo
neous width narrows to 48 Hz. At larger hydrations the
values do not change considerably. It is quite remarkable
the difference in widths of 5065 Hz is observed at all hy
drations~Table I!. The independence of the inhomogeneo
broadening on hydration and thus on the wetting layer thi
ness can be explained by the existence of the susceptib
induced local magnetic fields. The effect of these fields
strongest for those deuteron nuclei that are next to the so
liquid boundary, whereas the remote nuclei are affected
creasingly less in proportion to their distance from the s
face. The susceptibility-induced inhomogeneous broaden
thus identifies the surface water molecules.

Using the above model, one can determine the width
the distribution function of local magnetic fields. To a go
approximation, both the inhomogeneous and the homo
neous line shapes of the spectra displayed in Fig. 2 ca
represented by Lorentzians. In this case, the deconvolu
of Eq. ~6! to obtain f (v) is particularly simple, as it yields
s
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another Lorentzian with the FWHH equal to the differen
between the widths ofF(v) andL(v). The FWHH of f (v)
in the case of hydrated LUDOX is 5065 Hz and the result-
ing FWHH of g(H) obtained from Eq.~5! is (7.660.7)
31022 G. The susceptibility broadening effect is thus sm
but can be measured accurately.

To demonstrate the local magnetic field origin of the
homogeneous broadening we repeated the 2D separatio
periment on protons in LUDOX hydrated with H2O instead
of D2O ~Fig. 3!. The initially fully hydrated sample was de
hydrated to 80%. Due to the 6.5 times larger magnetic m
ment of protons, the inhomogeneous broadening is expe
to increase by that factor. The proton inhomogeneous FW
was found to be 965 Hz, whereas the homogeneous w
amounted to 715 Hz. The proton’s inhomogeneous broad
ing is thus 250 Hz, which is five times larger than the de
teron’s broadening. This value is comparable to the theo
ical value of 6.5 expected for the pure Zeeman characte
the inhomogeneous broadening. The above result confi
that the susceptibility-induced local magnetic fields are c
ated at the solid-liquid surface in a hydrated LUDOX wh
the sample is placed in an otherwise homogeneous exte
magnetic field. The same situation should exist also in ot
porous media with a large irregular surface, e.g., the c
trolled pore size glasses and hardened cements. Howeve
susceptibility effect can be easily masked by the much str
ger local fields of the paramagnetic impurities in contam
nated samples, such as ordinary Portland cement.

An important information on the dynamics of D2O mol-
ecules in the wetting layer can be obtained from the deute
homogeneous linewidth. This width is inversely proportion
to the deuteron spin-spin relaxation time;DnHOM51/pT2 .
The T2 of deuterons is governed predominantly by the el
tric fields, which fluctuate with the autocorrelation timetc
and couple to the deuteron nuclear electric quadrupole
ment. In the slow motion limitv0tc@1 ~v0 is the deuteron
Larmor frequency!, the quadrupoleT2 can be written as12

1

T2
5

1

160 S eQ

\

]2V

]z2 D 2S 11
h2

3 D18tc . ~7!
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Here (eQ/\)(]2V/]z2) is the quadrupole coupling consta
andh the asymmetry parameter. In the samev0tc@1 limit,
the quadrupole-induced deuteron spin-lattice relaxation t
T1 equals

FIG. 3. A similar 2D separation experiment as in Fig. 2 p
formed on water protons atn0(1H)5200 MHz and room tempera
ture in a LUDOX sample hydrated with H2O ~80% dehydration!. ~a!
Full 2D separation spectrum~magnitude representation! with the
inhomogeneous (n2) and homogeneous (n1) domains.~b! Pure ab-
sorption inhomogeneous and homogeneous line shapes.

FIG. 4. Deuteron NMR spin-lattice (T1) and spin-spin (T2) re-
laxation times at room temperature as a function of hydration
LUDOX hydrated with D2O @n0(2H)530.714 MHz#. The dashed
lines are guides for the eye.
e

1

T1
5

3

80 S eQ

\

]2V

]z2 D 2S 11
h2

3 D 4

v0
2tc

. ~8!

The square root of the ratio of the two relaxation times giv
the autocorrelation time

tc5
1

v0
A4

3

T1

T2
. ~9!

By measuringT1 andT2 , thetc is obtained. In LUDOX this
autocorrelation time is a measure of the surface water
namics.

The deuteron relaxation timesT1 and T2 of hydrated
LUDOX at room temperature are shown in Fig. 4 as fun
tions of hydration. In Table I, both are listed together w
parameters obtained from the analysis. In progressively d
samples bothT1 andT2 become shorter, whereas their rat
increases; e.g., at the 64% hydrationT15188 ms andT2
56.63 ms, their ratio isT1 /T2528.4. This value ofT1 is
considerably shorter from that of the bulk water deutero
(T15246 ms) in the 100% hydrated sample. The correlat
time obtained from Eq.~9! and using the experimental Lar
mor frequency v052p330.714 MHz is tc5(3.260.1)
31028 s. In the 6% hydrated sample, theT1 is shortened to
21.7 ms andT2 to 260 ms, but their ratio is larger,
T1 /T2583.5, indicating an increase oftc ~Fig. 5!. As the
hydration is reduced from 64% to 6%, the correlation tim
increases by a factor of 2. This demonstrates that the d
teron dynamics in D2O molecules is slowed down because
water-surface interactions. In Table I, the values of (v0tc)

2

are also listed to justify the use of the slow motion lim
v0tc@1 for T1 andT2 in Eqs.~7! and~8!. Since the (v0tc)

2

values are much larger than 1, the slow motion approxim
tion is well justified.

The order of magnitude oftc in the range 1028 s indi-
cates that the detected motion is the intramolecular rotatio
diffusion of a single D2O molecule; i.e., each water molecu
rotates around its twofold symmetry axis. The EFG tenso
a deuteron site is predominantly determined by the elec
charges of the other deuteron within the molecule and by
oxygen atom. This intramolecular quadrupole relaxat

-

n

FIG. 5. Deuteron autocorrelation timetc at room temperature a
a function of hydration in LUDOX hydrated with D2O.
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mechanism is by far stronger than any intermolecular mec
nism. In the study of the wetting layer dynamics it would
important to understand the influence of the intermolecu
interactions as well. These interactions depend on the r
tive positions and mobility of the nearby water molecu
and should be therefore molecular-cluster specific. It co
be that each D2O molecule bonded to a given surface-bou
Si-O-D sylane group is a root of a treelike configuration th
extends into bulklike water. Such chains of bonded wa
molecules would exist for a short time during which the
dynamics would be considerably slower than that of in
vidual bulklike water molecules due to the much heav
mass of such clusters. The fact that no slow dynamic
observed in the deuteron NMR does not prove that s
water chains do not exist, since such cluster-specific in
molecular interactions are obscured in a spectroscopic s
by the much stronger intramolecular quadrupolar interact

The high D2O rotational mobility averages the tracele
static part of the electric quadrupole interaction to zero. T
width of the static deuteron powder spectrum, which is of
order of Dv'2p3110 kHz ~observed in D2O ice!, is mo-
tionally averaged out and this excludes the presence of
namic processes with the correlation times longer than
inverse static linewidth;tc.1026 s. For tc’s longer than
that value, the deuteron absorption spectrum should exh
quadrupole-induced inhomogeneous broadening. This
not observed in the reported experiments~see Fig. 2!. In-
deed, the inhomogeneous broadening was demonstrate
be Zeeman-like.

To search for a slow exchange motion of water molecu
in the surface layer of a hydrated LUDOX system, we p
formed a 2D exchange NMR experiment13 on the 6% hy-
drated sample. With this method one monitors slow
change processes within a well-defined time interval, ca
the mixing interval (tm), of the 2D exchange pulse sequenc
The low-frequency limit of the frequency observation wi
dow is determined by the inverse mixing timetm

21. In the
deuteron exchange experimenttm was chosen as 5 ms so th
the motions with frequencies down to 200 Hz could be
tected. The necessary condition for the detection of chem
exchange~or in general any spatial motion of water mo
ecules! is the requirement that the resonant nucleus trav
during tm to a position where its resonance frequency diff
from its value at the initial spatial position. Spatial encodi
of the resonance frequency in a single line spectrum of
drated LUDOX is provided by the inhomogeneous broad
ing of the line. The 2D exchange spectrum shows a typ
diagonal shape in the (v1 ,v2) plane. In the case of no ex
change this diagonal spectrum is narrow, whereas in
presence of exchange an off-diagonal intensity appears.
resolution of the single line inhomogeneously broadened
spectrum is limited by the width of the homogeneous sp
trum, which broadens the diagonal intensity. We have sho
that in the 6% D2O hydrated LUDOX, the inhomogeneou
broadening originates from the susceptibility-induced lo
magnetic fields and that this broadening is 50 Hz. The c
ditions for observing exchange are thus rather unfavora
due to the large homogeneous width of 1221 Hz, which d
fers only insignificantly from the inhomogeneous width
1270 Hz. We nevertheless performed the 2D exchange
periment~Fig. 6! with the aim of finding the difference in
a-
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widths of the 2D spectrum along the two orthogonal diag
nals in the (v1 ,v2) plane. In the case of no exchange, t
spectrum width along the positive diagonal~running from
the upper-right to the lower-left corner! should be larger by
the amount of inhomogeneous broadening than the w
measured along the negative~upper-left to lower-right cor-
ner! diagonal.14 In the case of exchange duringtm , this dif-
ference should become smaller and should vanish for
change frequencies considerably higher than the freque
observation window, provided that the nuclei can move o
all regions of the sample with different local fields. We me
sured the difference in widths of the spectrum in Fig. 6
contours 2, 3, and 4 from the center~contours 5 and 6 are
already too noisy!. We found that the positive diagonal widt
of contour 2 was 5367 Hz larger than its negative diagon
width, whereas on contours 3 and 4 this difference was
67 and 5967 Hz, respectively. The average of these thr
values~53 Hz! is within the experimental accuracy equal
the inhomogeneous broadening determined by the 2D s
ration experiment. This demonstrates that the exchange
fects are not observed in the 2D exchange experiment.
explanation of this no-exchange result could be that the
ter molecules are statically bound to the surface where t
reorient around their twofold symmetry axes, but this is n
very likely. Instead, we propose that the molecular excha
is fast but the individual molecules are confined to a rat
small space of the LUDOX surface. It is proposed that
water molecules move rapidly inside a small confined sp
and ‘‘see’’ an average local magnetic field characteriz
that particular region. The fast rotational diffusion also av
ages out the static electric quadrupole interaction. The m
tion is thus too fast to make the off-diagonal exchange int
sity observable for this dynamics. However, the molecu
cannot easily diffuse from one confined region to the ne
which is characterized by a different average local magn
field so that the small susceptibility-induced inhomogene
broadening is preserved. The situation is somewhat simila
a liquid confined to pores. The inhomogeneous broaden
would be averaged out were the molecules able to move o
the whole wetting layer with a high average speed. In suc

FIG. 6. Deuteron 2D exchange NMR spectrum of the 64% D2O
hydrated LUDOX at room temperature. A standard three-pu
~stimulated echo! sequence was used with the mixing timetm

55 ms. The spectrum widths along the positive~solid line! and
negative~dashed line! diagonals differ slightly by the amount of th
inhomogeneous broadening.
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quasi-isotropic motion the inhomogeneous broadening wo
be averaged to zero as soon as the motional frequen
would exceed the inhomogeneous broadening. This is
stark contrast to the reported experiment where the inho
geneous broadening is observed at all hydrations. The ab
model explains why the 2D exchange did not uncover a
slow dynamics in the hydrated LUDOX. It should be note
however, that due to the smallness of the inhomogene
broadening as compared to the homogeneous spectrum w
the present results should be taken as qualitative only.

We have demonstrated that in hydrated LUDOX the w
ting layer of water is well defined and that the vicinal wa
dynamics is not obscured by the much stronger signa
bulk water. When the sample is placed in an external hom
geneous magnetic field, as in an NMR experiment, the m
netic susceptibility differences at the surface between
solid silica spheres and the water induce a distribution
local magnetic fields, which inhomogeneously broaden
NMR absorption spectrum. These local fields encode the
ter molecules close to the surface. The dynamics of the
face layer has been studied by measuring the deuteron
drupolar spin-lattice and spin-spin relaxation times. T
autocorrelation timetc was determined for a set of hydra
tions corresponding to an estimated thickness of the wet
O
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layer from 2 to 22 water monolayers. The magnitude oftc

demonstrates that individual water molecules undergo
room temperature rotational diffusion motion with the cha
acteristic time constant in the range 1028 s. This process
appears to slow down with the decreasing thickness of
wetting layer due to the surface-induced hindering of wa
molecules’ reorientations. The strong intramolecular rel
ation mechanism screens all the intermolecular relaxa
mechanisms, which carry information about the correlat
between different water molecules and thus on the struc
of the wetting layer. The slow water dynamics in the kH
and sub-kHz range was searched for by the deuteron
exchange NMR experiment. No slow motion was detected
room temperature. The above experiments demonstrate
water molecules hydrating LUDOX spheres are confined
small regions of the silica surface. Within these regions
water molecules move fast enough to motionally narr
their quadrupole NMR spectrum. In addition, the diffusio
between neighboring confining regions is so slow that
susceptibility-induced inhomogeneous broadening of 50
is preserved.
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