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Two-dimensional NMR study of surface water dynamics in hydrated silica spheres
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Partially hydrated LUDOX silica spherésUDOX colloidal silica HS-40, E.I. DuPont de Nemours & ¢o.
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-dimensi@BB) separation of interactions NMR technique. The
characteristic autocorrelation time 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 ratjo. The
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 ef , which is on the order of 10° 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 fastermthan 2
X 10° s71. [S0163-182008)03536-X]

The structure and dynamics of a liquid layer next to thescopically these two types of water. The standard one-
solid surface in hydrated porous media has been investigatetimensional(1D) NMR spectra show motionally averaged
extensively. When the liquid is confined to a region thatlines from which the surface-bound water cannot be dis-
approaches molecular dimensions, its dynamic and thermariminated from the bulk.
dynamic properties differ from those of the bulk liquid. Ex- Recently, a new method has been prop8sedobtain
amples include anomalotsind lamellar diffusiond,an in-  information on the structure and rotational dynamics of
crease of the correlation timdsand shifts of melting and simple polar liquids at the surface of nanopores. The method
freezing temperaturés. The surface interaction may also is based on the separation of surfaceT¢l) and bulk
induce orientational ordering at the liquid-solid boundary.(1/T,,) contributions to the overall deuteron spin-lattice re-
This has been reported for liquid-crystal molecules confinedaxation rate of a deuterated polar liquid confined to a nan-
to submicrometer cavitié$ where the deuteron NMR qua- oporous silica glass. Polar molecules interact strongly with
drupolar splitting was observed even in the isotropic phasehe pore surface by hydrogen bonding and this slows down
Such surface-induced ordering of water is particularly interthe deuteron rotations to such an extent that the electric
esting for the physics of porous media and membranes. guadrupole-induced relaxation rate of surface molecule deu-
spectroscopic study of the wetting layer is, however, difficultterons is strongly enhanced. In the reported experiment, the
due to the high mobility of water molecules and because th@olar liquid was a selectively deuterated pyridine and it was
surface molecules undergo a fast exchange with the bulk. Ishown that the enhanceme(i the range between 30 and
such a case the lifetime of the surface-bound molecular state50) with respect to the bulk-relaxation rate depended on the
is shorter than the time-observation window of most spectrodeuteration site. In the above study it was essential that the
scopic techniques. Fast dynamics also averages the spatiatijass material used contained no paramagnetic impurities.
anisotropic intra- and intermolecular interactions to theirThe presence of paramagnetic centers on the surface would
time-averaged values. In the bulk, the motion is isotropic angrovide another source of surface relaxation and make the
all the interactions are averaged to their isotropic valuesanalysis ambiguous.

Traceless interactions relevant in the high-field NMR, like In a hydrated porous glass, fast exchange between the
the secular part of the magnetic dipole-dipole interaction, theurface layer and the bulk water makes the analysis difficult
electric quadrupole interaction, and the anisotropic part obecause of the very short time the molecules spend on the
the chemical shift interaction are all averaged to zero. Insidsurface before they exchange with a bulklike molecule. Dur-
the surface layer, however, the water motion is anisotropiéng the NMR observation, the molecules are located in the
due to the molecular confinement and the above interactiorsurface layer for a small part of the time only, so that the
are averaged only partially, even in the fast motion limit. Themeasured physical quantities represent a not-too-well-
fast exchange between the surface layer and the bulk, howmnderstood time average of the surface and bulk observables.
ever, makes it difficult, if not impossible, to resolve spectro-The study of this surface layer dynamics would be better in a

0163-1829/98/5@.1)/734Q07)/$15.00 PRB 58 7340 © 1998 The American Physical Society



PRB 58 TWO-DIMENSIONAL NMR STUDY OF SURFACE WATR . .. 7341

system where the bulk water is absent, since in such a casi

I
there is no exchange between the surface and the bulk. |
addition, the model system should contain no paramagneti ﬂ\
impurities. A system that satisfies both these conditions is A% } o~
LUDOX silica glas$ (SiO,) spheres of 15 nm diameter hy- ty -l t -

drated with water. The solid spheres are efficiently cleaned

of paramagnetic impurities by a repeated washing cycle of FIG. 1. The spin-echo pulse sequence used for the 2D NMR
immersion in HCI or a 1-mM ethylenediamine tetra-aceticseparation of inhomogeneous and homogeneous line shapes.
acid (EDTA) solutiort® and a subsequent rinsing with pure

water. The touching LUDOX spheres form a giant irregularfect. This effect is the consequence of a small difference in
surface to which the $0 molecules bind by hydrogen bond- magnetic susceptibilities of the solid Si@natrix and the
ing. It was estimated that, on average, the silica has fivesurface water. When the sample is placed in a homogeneous
Si-O-H sylane groups per square nanometer surface. Watexternal magnetic field, the field slightly changes its direc-
has been chosen as the wetting medium because of the inté¢ien each time the solid-liquid boundary is crossed. This cre-
est in the surface water “structure” and dynamics. Uponates a distribution of spatially random local magnetic fields,
hydration of LUDOX spheres, a surface layer is formed. Itswhich inhomogeneously broaden the NMR spectrum. The
average thickness depends on hydration and can be estimatedevant nuclear spin interaction in the high field NMR is the
as follows. The hydratioh is defined as the ratio of the total Zeeman interaction of the spins with the local magnetic

masses of water and LUDOX, fields. This is a traceless interaction that can be averaged to
zero by the fast isotropic translational and rotational diffu-
M,0 sion of water molecules. The inhomogeneous broadening

- ML (1) should thus be absent whenever the water can move over the

) o whole space isotropically. In the surface layer, however, the
The masses are determined by weighting. The volume of otion is anisotropic due to molecular confinement to the
single water molecule is taken to be 30’ &ince five water geometry of the surface so that the Zeeman interaction is
molecules are attached to a l‘murface, the effective only partially averaged even in the fast motion limit. The
thickness of a water monolayer becomas=5Vy /S  resulting inhomogeneous broadening identifies the surface
=0.15 nm. The mass of the LUDOX spheres is calculated awater.
mup=N(47r%/3)p up, whereN is the number of spheres, A convenient method to determine the inhomogeneous
r=7.5nm, andp,yp=2.1 g/cni. Similarly, the water mass broadening and the distribution of static local magnetic fields
is mH20=pHZOSLUDd=PH20N47Tr2da whered is the average is the two-dimensional2D) NMR §eparation of anﬁinhomo-
thickness of the surface layer. It is convenient to witas a geneous and homogeneous Ilne-sh_ape tech _i'qu'E_he .

. : = . method uses the fact that nuclear spin precession in static

multiple of a water monolayer thickne3s d=n\. Using

find th ber of | i th X local magnetic fieldsH; can be refocused within a well-
Eq. (1), we find the nhumber of monolayersin the Wetting  yefined time interval called the evolution period)( of the
surface water as a function of hydration as

spin-echo pulse sequengeg. 1). This sequence is designed
to refocus the spin precession under the Hamiltonian terms
=== ) (2 linear in thel ,-spin variable (99-18Q). Refocusing elimi-

ER LN nates the effect of the local fields on the spin precession

At 6% hydration the surface is coated, on average, with twd!Uringt, and the system effectively evolves under the influ-
water monolayers, whereas at 64% hydration the wettingnc® of the_lnteractlons, which are not refocuged due to their
layer consists of 22 monolayers. In a typical hydration ex-différent spin symmetry. For spih=1/2 nuclei(e.g., pro-
periment the bulk phase starts to appear at hydrations aboygN9: this is the magnetic dipole-dipole interaction, whereas
64%, whereas for smaller hydrations the bulk phase is absefr =1 nuclei (e.g., deuterons there is in addition, the
and only the surface layer exists. The proof will be showntime-dependent electric quadrupole interaction with ran-
later by comparing the NMR spin-lattice relaxation rates ofdomly fluctuating elements of_ the electric-field gra.d|ent ten-
bulk water with the rates of water in LUDOX at various SO'- The quadrupole interaction affects 'als'o the mhomqge-
hydrations. In contrast, in a dehydration experiment—wherd€0Us spectrum when the rando_m electric fields are static on
the water is evaporated from the fully hydrated LUDOX— the N_MR Ime_—shape scale. It will k_Je shown later that the
the pendular water trapped between the silica spheres is nlectric fields in LUDOX hydrated with heavy water are pre-
easily removed so that some bulk component persists dowfiominantly of the intra-BO origin and fluctuate so fast that
to the lowest hydrations. The surface layer is thus well dethey provide a very efficient spin-lattice relaxation mecha-
fined only in a hydration experiment, which starts with a dryNisSm. The fluctuation frequencies are, however, too high to
sample and is allowed to proceed until a few monolayers ar@reduce an inhomogeneous broadening. ,
deposited. Here, it should be noted that in the derivation of 1he Hamiltonian of the spin system can be written as
Eq. (2) the touching between spheres was neglected. Because
of that the total wetting layer thickness should be somewhat
larger than the above geometrical prediction.

The existence of the surface layer is manifested in the
NMR absorption spectra of hydrated LUDOX, which show In the 2D separation spectrum thg domain(conjugated to
an inhomogeneous broadening due to the susceptibility ethe detection timé, of the pulse sequengshows the inho-

11 pp
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H=—vh X, Hil\+Hgq+ Ho(t). (3)
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mogeneous lind-(w,) determined by the full Hamiltonian
a) 1 of Eq. (3), whereas thev,; domain shows the homogeneous
Ja line L(w,) determined by the dipolarHyy) and the time-
‘N dependent quadrupol{a?_{Q(t_)] terms iny.
do = The separate determination of the inhomogeneous and ho-
= mogeneous line shapes in the 2D experiment enables us to
He determine the distribution of local magnetic fields along the
direction of the external field. Let the local field distribution
4~ function beg(H). The number of nuclei that resonate in the
! i | . | frequency interval w,w+dw] equals the number of nuclei
4 2 0 -2 -4 that experience local fields in the interviH,H+dH];
v (kHz) therefore
b) 1% _
f(w)dw=g(H)dH. (4)
//\ _(T'E The frequency distribution functiofi(w) can be obtained
\\//Xf%\x 1= when the relatiorw(H) is known. For a pure Zeeman inter-
R = action between the nuclear spins and the local fields this
/ Hev relation is given byw=wy+ yH. Equation(4) now yields
ds 1
S— (o)== g(H). (5)
L 2 0 -2 4
vy (kHz) The frequency distribution functiofi(w) therefore repre-
sents a one-to-one mapping of the distribution function of
c) 1+ local fieldsg(H), the proportionality constant being the in-
i - verse gyromagnetic ratig. The functionf(w) can be ob-
o tained from the measured inhomogeneous and homogeneous
1= line shapes. The inhomogeneous NMR spectfufw) is a
e N convolution off (w) with the homogeneous line shabéw),
| L Flw)= [ HogLo-odo.. ©
VA R w—) In the 2D separation spectrum bd#{w) (appearing in the
vo(kHz) w, domain andL(w) (from the w; domain are known in-

dependently. The distributioh(w) and, thus,g(H) is ob-
tained by a deconvolution technique.

The sample preparation procedure involved first a thor-
ough cleaning of commercial LUDOX materialSiO,
spheres of 15 nm diameter suspended in a multi-ion solu-
tion). Usually ~25 cc of material was cleaned at one time. In
the cleaning procedure water is first evaporated. Next, 10 cc
of HCI acid or a 1-mM EDTA solutiof is added and the
solution is stirred. Since in dry LUDOX the intergranular
spaces are well connected, both above liquids are very effec-
tive in removing the ions. After 10 min, HCI is drained off
and 50 cc of deionized water is added. The rinsing as well as
the complete cleaning cycle are repeated three times. Finally,
the sample is dried in vacuum. The presence of residual wa-
ter after drying is inspected by measuring the intensity of the
proton NMR signal of the dry sample, and the drying is
repeated until no measurable signal is detected. The same
NMR criterion also shows that in a dehydration run—where

FIG. 2. Deuteron 2D NMR spectra of LUDOX spheres hydratedthe water is gradually evaporaf[ed from a fu.lly hydratgd
with D,0 showing separated inhomogenedus domain and ho- ~ Sa@mple—some pendular water is trapped inside the voids
mogeneous»; domain lines [1o(2H)=30.714 MHz, room tem- Detween the silica spheres and cannot be removed from the
peraturd. The 2D spectra are displayed in the magnitude megle: Sample as easy as the water from the surface layer. In the
6% hydrated sampleb) 12% hydrated samplég) 33% hydrated ~cleanup process, all the ions that prevented the conglomera-
sample,(d) 64% hydrated sample. Here the pure absorption inhotion of LUDOX spheres in the original solution, are re-
mogeneous and homogeneous line shapes are shown instead of th@ved. For this reason the dry material includes clumps of
full 2D spectrum. SiO, spheres. From electron microscopic pictures it is appar-
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TABLE I. Parameters obtained from the 2D NMR separation of inhomogeneous and homogeneous line shapes and the spin-lattice
relaxation experiments performed at room temperature in LUDOX hydrated with D

Inhomogeneous Homogeneous Inhomogeneous
linewidth linewidth broadening
Hydration AV (Hz) AVHM (H2) A= AWM (Hz)
6% 127065 12215 49+5

12% 638 593 45

33% 206 156 50

64% 107 48 59

Hydration T, (ms) T, (ms) T,/T, 7(9) (woTe)?

6% 21715 0.26£0.01 83.5 (5.4%0.1)x10° 8 111.3
12% 38 0.54 70.8 5.1910°8 99.4
33% 109 2.04 53.4 4.3710°8 71.0
64% 188 6.63 284 3.2910°8 37.8

100% 246

ent that some voids within the clean LUDOX are as large asnother Lorentzian with the FWHH equal to the difference
50 nm. This makes the dry LUDOX’s porosity larger than between the widths df (w) andL(w). The FWHH off(w)

the porosity of randomly packed model spheres of 0.38. Wén the case of hydrated LUDOX is 305 Hz and the result-
estimated from the proton NMR transverse relaxation ing FWHH of g(H) obtained from Eq.5) is (7.6-0.7)

study that the full hydration of clean LUDOX is reached at x 102 G. The susceptibility broadening effect is thus small
an ~40% H,0O/dry sample weight ratio, which corresponds pyt can be measured accurately.

to a porosity 0f~0.43. To demonstrate the local magnetic field origin of the in-

The 2D separation experiment has been performed g{omogeneous broadening we repeated the 2D separation ex-
room temperature on deuterons in LUDOX hydrated Wlthperiment on protons in LUDOX hydrated with,8 instead

D,0. An initially dry sample has been hydrated to hydrationsOf D,O (Fig. 3. The initially fully hydrated sample was de-

h=69%, 12%, 33%, and 64% by exposing the substance t?\ydra‘ted to 80%. Due to the 6.5 times larger magnetic mo-

the D,O vapor for a limited time, typically of the order of a . Lo

) . . ment of protons, the inhomogeneous broadening is expected
few minutes. The estimated number of water monolayers N increase by that factor. The proton inhomoaeneous FWHH
the total wetting layer according to E) wasn=2, 4, 11, y ' b 9

and 22, respectively. The 2D NMR spectra are displayed ifvas foun(;i to7kie 365 T'}'f' Where'as_ tne homogeneogs V\gdth
Fig. 2. It is observed that the spectrum is the broadest in botﬁmqun';]e t(2)50 a Z. hi E pr(;jtons_ In olmogenious hrog en-
frequency domains at the smallest hydrati{6#). There the Ing 'S,t us Hz, which Is five times larger than the deu-

full width at half height (FWHH) of the inhomogeneous teron’s broadening. This value is comparable to the theoret-

SpECIUTE (1)1 Muy27= 1270 i, whereas he FWHH  £31 Value of 68 xpected o he pure eeman characer of
of the homogeneous spectr is 1221 Hz. The differ- N : o
9 pectiuriw,) that the susceptibility-induced local magnetic fields are cre-

ence, of 49 Hz, is the inhomogeneous broadening. On in o )
creasing the hydration, the spectrum narrows in both frefiteoI at the solid-liquid surface in a hydrated LUDOX when

guency domains and, for example at 64% hydration, théhe Sa””_'p"? is placed in an.othgrwise homog_eneous.external
inhomogeneous FWHH is 107 Hz, whereas the homogemagnetlc field. The same situation should exist also in other

neous width narrows to 48 Hz. At larger hydrations thesd’0rous media with a large irregular surface, e.g., the con-

values do not change considerably. It is quite remarkable thé[olled pore size glasses and hardeHEd cements. However, the
the difference in widths of 585 Hz is observed at all hy- susceptibility effect can be easily masked by the much stron-

drations(Table ). The independence of the inhomogeneous\qer local fields of the parar_nagnetic impurities in contami-
broadening on hydration and thus on the wetting layer thick—natecj §amples, §UCh as prdlnary Portland cement.
An important information on the dynamics of,© mol-

ness can be explained by the existence of the susceptibility- : . .
induced local magnetic fields. The effect of these fields i ecules in the wetting layer can be obtained from the deuteron

strongest for those deuteron nuclei that are next to the soli 1omogeneous Iinevyidth.' This Widt.h Is !nversely proportional
liguid boundary, whereas the remote nuclei are affected il the deuteron Spin-spin relaxation t'mpHOM:UWT?'
creasingly less in proportion to their distance from the sur-1N€ T2 Of deuterons is governed predominantly by the elec-
face. The susceptibility-induced inhomogeneous broadeningIC fields, which fluctuate with the autocorrelation timg
thus identifies the surface water molecules. nd couple to the deqtero.n puclear electrlc quadrupole mo-
Using the above model, one can determine the width of"€nt- In the slow motion limitog7e>1 (o is the deuteron
the distribution function of local magnetic fields. To a good L&rmor frequency, the quadrupold’; can be written as
approximation, both the inhomogeneous and the homoge-
neous line shapes of the spectra displayed in Fig. 2 can be )
represented by Lorentzians. In this case, the deconvolution 1 1 (eQ ad

T, o o9Z?

of Eq. (6) to obtainf(w) is particularly simple, as it yields T, 160 187c. 0

2 2
n

+_
(1 3
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FIG. 5. Deuteron autocorrelation timrg at room temperature as
a function of hydration in LUDOX hydrated with JO.
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The square root of the ratio of the two relaxation times gives

1 1 I 1 I 1 I . .
6 4 2 0 =2 -4 -6 the autocorrelation time
v (kHz)
o . ) o 1 14T, 9
FIG. 3. A similar 2D separation experiment as in Fig. 2 per- Tc—wo 3T, 9)

formed on water protons aty(*H) =200 MHz and room tempera-
ture in a LUDOX sample hydrated with,B (80% dehydratioh (a)
Full 2D separation spectrumagnitude representatipmwith the
inhomogeneousy,) and homogeneous/() domains.(b) Pure ab-

sorption inhomogeneous and homogeneous line shapes.

By measuringl'; andT,, the 7. is obtained. In LUDOX this
autocorrelation time is a measure of the surface water dy-
namics.

The deuteron relaxation time$; and T, of hydrated
LUDOX at room temperature are shown in Fig. 4 as func-

Here @Q/%)(6?V/3Z%) is the quadrupole coupling constant tions of hydration. In Table |, both are listed together with

and » the asymmetry parameter. In the samgr.>1 limit,

parameters obtained from the analysis. In progressively dryer

the quadrupole-induced deuteron spin-lattice relaxation timgamples botfT, and T, become shorter, whereas their ratio

T, equals

100 - /’.// T'I

105—

Ty.To (ms)
\

01 s | L | ' | L 1 L i
0 20 40 60 80 100

Hydration D20 (%)

increases; e.g., at the 64% hydratidp=188 ms andT,
=6.63 ms, their ratio isT,/T,=28.4. This value ofT; is
considerably shorter from that of the bulk water deuterons
(T{=246 ms) in the 100% hydrated sample. The correlation
time obtained from Eq(9) and using the experimental Lar-
mor frequency wg=2mx30.714 MHz is 7.=(3.2=0.1)
X108 s. In the 6% hydrated sample, tfi¢ is shortened to
21.7 ms andT, to 260 us, but their ratio is larger,
T,/T,=83.5, indicating an increase of (Fig. 5. As the
hydration is reduced from 64% to 6%, the correlation time
increases by a factor of 2. This demonstrates that the deu-
teron dynamics in BO molecules is slowed down because of
water-surface interactions. In Table |, the values @§%.)>
are also listed to justify the use of the slow motion limit
wo:>1 for T, andT, in Egs.(7) and(8). Since the {q7.)?>
values are much larger than 1, the slow motion approxima-
tion is well justified.

The order of magnitude of, in the range 10% s indi-
cates that the detected motion is the intramolecular rotational
diffusion of a single DO molecule; i.e., each water molecule

FIG. 4. Deuteron NMR spin-latticeT) and spin-spin T,) re- rotates around its twofold symmetry axis. The EFG tensor at
laxation times at room temperature as a function of hydration ind deuteron site is predominantly determined by the electric
LUDOX hydrated with DO [v(?H)=30.714 MHZ. The dashed charges of the other deuteron within the molecule and by its
lines are guides for the eye. oxygen atom. This intramolecular quadrupole relaxation
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mechanism is by far stronger than any intermolecular mecha-
nism. In the study of the wetting layer dynamics it would be
important to understand the influence of the intermolecular
interactions as well. These interactions depend on the rela-
tive positions and mobility of the nearby water molecules
and should be therefore molecular-cluster specific. It could
be that each BD molecule bonded to a given surface-bound
Si-O-D sylane group is a root of a treelike configuration that
extends into bulklike water. Such chains of bonded water
molecules would exist for a short time during which their
dynamics would be considerably slower than that of indi-
vidual bulklike water molecules due to the much heavier s : L .
mass of such clusters. The fact that no slow dynamics is -3 -5 -7 -9
observed in the deuteron NMR does not prove that such va(kHz)

water chains do not exist, since such cluster-specific inter-

molecular interactions_ are obscured in a Spectros_copic S.tu%drated LUDOX at room temperature. A standard three-pulse
by the much stronger intramolecular quadrupolar mteractlon(stimulated echp sequence was used with the mixing timg

The high DO rotational mobility averages the traceless _¢ .« The spectrum widths along the positislid line) and

static part of the electric quadrupole interaction to zero. The,eqative(dashed lingdiagonals differ slightly by the amount of the
width of the static deuteron powder spectrum, which is of th§nnomogeneous broadening.

order of Aw=~27X 110 kHz (observed in RO ice), is mo-
tionally averaged out and this excludes the presence of dywidths of the 2D spectrum along the two orthogonal diago-
namic processes with the correlation times longer than th@als in the (,,w,) plane. In the case of no exchange, the
inverse static linewidthir;>10"°s. For 7¢’s longer than  spectrum width along the positive diagon@lnning from
that value, the deuteron absorption spectrum should exhibihe upper-right to the lower-left corneshould be larger by
quadrupole-induced inhomogeneous broadening. This wage amount of inhomogeneous broadening than the width
not observed in the reported experimefgee Fig. 2 In-  measured along the negativepper-left to lower-right cor-
deed, the inhomogeneous broadening was demonstrated fien diagonal** In the case of exchange during, this dif-
be Zeeman-like. ference should become smaller and should vanish for ex-
To search for a slow exchange motion of water moleculeghange frequencies considerably higher than the frequency
in the surface layer of a hydrated LUDOX system, we per-observation window, provided that the nuclei can move over
formed a 2D exchange NMR experim&hbn the 6% hy-  all regions of the sample with different local fields. We mea-
drated sample. With this method one monitors slow exsured the difference in widths of the spectrum in Fig. 6 on
change processes within a well-defined time interval, calledontours 2, 3, and 4 from the cent@ontours 5 and 6 are
the mixing interval {;), of the 2D exchange pulse sequence.already too noisy We found that the positive diagonal width
The low-frequency limit of the frequency observation win- of contour 2 was 53 7 Hz larger than its negative diagonal
dow is determined by the inverse mixing timg®. In the  width, whereas on contours 3 and 4 this difference was 46
deuteron exchange experimeptwas chosen as 5 ms so that +7 and 537 Hz, respectively. The average of these three
the motions with frequencies down to 200 Hz could be dewvalues(53 Hz) is within the experimental accuracy equal to
tected. The necessary condition for the detection of chemicahe inhomogeneous broadening determined by the 2D sepa-
exchange(or in general any spatial motion of water mol- ration experiment. This demonstrates that the exchange ef-
ecule$ is the requirement that the resonant nucleus travelfects are not observed in the 2D exchange experiment. One
duringt,, to a position where its resonance frequency differsexplanation of this no-exchange result could be that the wa-
from its value at the initial spatial position. Spatial encodingter molecules are statically bound to the surface where they
of the resonance frequency in a single line spectrum of hyreorient around their twofold symmetry axes, but this is not
drated LUDOX is provided by the inhomogeneous broadenvery likely. Instead, we propose that the molecular exchange
ing of the line. The 2D exchange spectrum shows a typicais fast but the individual molecules are confined to a rather
diagonal shape in thew(;,w,) plane. In the case of no ex- small space of the LUDOX surface. It is proposed that the
change this diagonal spectrum is narrow, whereas in theater molecules move rapidly inside a small confined space
presence of exchange an off-diagonal intensity appears. Thend “see” an average local magnetic field characterizing
resolution of the single line inhomogeneously broadened 2B@hat particular region. The fast rotational diffusion also aver-
spectrum is limited by the width of the homogeneous specages out the static electric quadrupole interaction. The mo-
trum, which broadens the diagonal intensity. We have showtion is thus too fast to make the off-diagonal exchange inten-
that in the 6% DO hydrated LUDOX, the inhomogeneous sity observable for this dynamics. However, the molecules
broadening originates from the susceptibility-induced localcannot easily diffuse from one confined region to the next,
magnetic fields and that this broadening is 50 Hz. The conwhich is characterized by a different average local magnetic
ditions for observing exchange are thus rather unfavorabléeld so that the small susceptibility-induced inhomogeneous
due to the large homogeneous width of 1221 Hz, which dif-broadening is preserved. The situation is somewhat similar to
fers only insignificantly from the inhomogeneous width of a liquid confined to pores. The inhomogeneous broadening
1270 Hz. We nevertheless performed the 2D exchange exwould be averaged out were the molecules able to move over
periment(Fig. 6) with the aim of finding the difference in the whole wetting layer with a high average speed. In such a

FIG. 6. Deuteron 2D exchange NMR spectrum of the 6490 D
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quasi-isotropic motion the inhomogeneous broadening woulthyer from 2 to 22 water monolayers. The magnituderof
be averaged to zero as soon as the motional frequencielemonstrates that individual water molecules undergo at
would exceed the inhomogeneous broadening. This is imoom temperature rotational diffusion motion with the char-
stark contrast to the reported experiment where the inhomaacteristic time constant in the range £0s. This process
geneous broadening is observed at all hydrations. The abowppears to slow down with the decreasing thickness of the
model explains why the 2D exchange did not uncover anyyetting layer due to the surface-induced hindering of water
slow dynamics in the hydrated LUDOX. It should be noted,molecules’ reorientations. The strong intramolecular relax-
however, that due to the smallness of the inhomogeneoustion mechanism screens all the intermolecular relaxation
broadening as compared to the homogeneous spectrum widithechanisms, which carry information about the correlation
the present results should be taken as qualitative only.  between different water molecules and thus on the structure
We have demonstrated that in hydrated LUDOX the wet-of the wetting layer. The slow water dynamics in the kHz-
ting layer of water is well defined and that the vicinal waterand sub-kHz range was searched for by the deuteron 2D
dynamics is not obscured by the much stronger signal oéxchange NMR experiment. No slow motion was detected at
bulk water. When the sample is placed in an external homoroom temperature. The above experiments demonstrate that
geneous magnetic field, as in an NMR experiment, the magwater molecules hydrating LUDOX spheres are confined to
netic susceptibility differences at the surface between themall regions of the silica surface. Within these regions the
solid silica spheres and the water induce a distribution ofvater molecules move fast enough to motionally narrow
local magnetic fields, which inhomogeneously broaden theheir quadrupole NMR spectrum. In addition, the diffusion
NMR absorption spectrum. These local fields encode the wasetween neighboring confining regions is so slow that the
ter molecules close to the surface. The dynamics of the sususceptibility-induced inhomogeneous broadening of 50 Hz
face layer has been studied by measuring the deuteron quig-preserved.
drupolar spin-lattice and spin-spin relaxation times. The
autocorrelation timer, was determined for a set of hydra-  Support by the National Science and Engineering Re-
tions corresponding to an estimated thickness of the wettingearch Council in Ottawa is gratefully acknowledged.
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