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Abstract: Water diffusion and interlayer structure in Mg-smectite hydrates was investigated by molecular
dynamics and Monte Carlo computer simulation. Smectites with only tetrahedral layer charge (Mg-beidellite)
were examined at 300 and 400 K, each with two layers of adsorbed water. Previous quasielastic neutron-
scattering experiments have indicated that nonsolvating water molecules in Mg-smectites exhibit faster diffusional
motion within a “cage” formed by the solvated Mg{®)s>" counterions than they do via inter-cage motion.

Our 500-1175 ps MD simulations suggested that the dimension of this “cage” region is approximately 5.5 A,
but two-phase diffusional behavior was observed only for water in Mg-beidellite at 300 K. The counterions in
Mg-beidellite formed outer-sphere surface complexes with the clay mineral siloxane surface, but nonsolvating
water molecules showed a significant tendency to occupy ditrigonal cavities in the surface. This behavior
could be responsible for the small equilibrium layer spacing in Mg-beidellite, as well as a lower water self-
diffusion coefficient.

1. Introduction similar in mobility to solvation-shell water molecules in ionic
solutions of bivalent metal catiod$,whereas the nonsolvating
water molecules are more similar in behavior to those in the
bulk liquid, but evidently are slowed considerably by their
interactions with the clay mineral surface and the constrained
geometry of the interlayer.

The dominant role played by bivalent metal counterions in
the organization of water molecules in the interlayer of hydrated
smectite clay minerals has long been appreciafdéor these
clay minerals, which are isostructural to mica but have smaller
layer charge created by isomorphic cation substitutiote . . ) o )
mere presence of bivalent metal counteriond(SE&*, Mg2*) Molgcular simulation can prov!de useful insight into the
with their strong solvation characteristics is sufficient to Pehavior of aqueous systemparticularly when there is a
determine the extent of water vapor adsorption under given Paucity of available dataas part of the development of

conditions and the degree of hydrogen bonding in the resultant/MProved experimentation. Recent Monte Carlo and molecular
interlayer network of adsorbed molecufed. Much less is dynamics studies of hydrated smectites with monovalent

- . ; 12 s i
known, however, about the mobility of water molecules in the Counterion$*2 have proved valuable in this way, but compa

interlayers of these smectite hydrates. The few availablé8ata rable in\{estigat!ons of thesﬁ systems Wit_h bivalent counterions
suggest that the residence times of nonsolvating water moleculesf€ lacking. Skipper et 4.1 have investigated the one- and
are only about 1 order of magnitude longer than those in bulk tWo-layer hydrates of Otay-typeMg-montmorillonite using

water (5 ps at 298 K. The solvation-shell water molecules are Monte Carlo simulation. Their calculations revealed an equi-
librium distribution of counterions on the interlayer midplane,
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et al.}® using molecular dynamics simulation, studied the Table 1. Effective-Charge Parameters for Beidefiite
mobility of Mng and of water molecules in the interlayer region atom qe) description
of the system investigated by Skipper et&}* Over the 15

40 ps simulation time, solvation-shell water molecules did not

O (Tgapical) —1.0,—1.1% apical oxygen atom in tetrahedral layer
O (surface) —0.8,—0.9% surface oxygen in tetrahedral layer

exit their positions, but the nonsolvating water molecules moved o(H) (clay) —1.7175 hydroxyl oxygen in octahedral layer
about the interlayer region readily, unless they were hindered (O)H (clay) 0.7175 hydroxyl hydrogen in octahedral layer
by attraction into a ditrigonal cavity. Estimated self-diffusion  Si (Ta) 1.2 silicon in tetrahedral layer
coefficients for these water molecules were in qualitative ﬁ: g-g)) gg 0.96 ?uﬂﬂ%'ﬂtgé;gﬂgg@: ::i’/g:

) . . : h )
agreement with exp_erlmeﬁtafter _scallng them to take_lnto Mg(int) 50 interlayer magnesium ion
account the nonmobile fraction of interlayer water solvating the
counterions. aSecond value used in molecular dynamics simulations.

In addition to providing information regarding the structure peen used successfully to predii001) layer spacings, interlayer
and dynamics of chemical systems, molecular simulation servesstructure, and water self-diffusion coefficiedts? Teppen et a#? have
as a method to assess the various models used in fittingused a flexible model for clay minerals that allows for full movement
experimental data. For example, the methods used in analyzingof the M—O—M bonds in the clay structure, where M represents Si,
neutron scattering experiments of water adsorbed onto C|ayAI, or other cations in the octahedral sheet. A flexible atom model
minerals involve a degree of approximati#nTuck et al® allows fc_Jr_structuraI relaxation and produqe_s lower equilibripm energies
performed quasielastic neutron scattering experiments on aque!han a rigid atom model. However, our rigid atom model is computa-
ous Ca- and Mg-substituted vermiculite, a clay mineral which :g);?rlllg more efficient, allowing for simulations in the nanosecond
bears negative (_:harge only n t_he tgtrahedral layer, to determine Our simulation techniques are based on classical Monte Carlo and
the water S(_alf-dlffusmn coefficient in eaPh cgse. Bec_al_Jse they molecular dynamics methods, which are well suited to investigate the
observed different values for the self-diffusion coefficient on  equilibrium structure and long-time dynamics of complex systems.
the two time scales of the instruments used, the authorswater molecules are treated as rigid bodies, thus interatomic interactions
concluded that water molecules in this hindered environment are in the form of long-range Coulomb interactions and short-range
undergo a faster motion on short time scales and a slower motionvan der Waals interactions. Effective-charge parametgf®( ions in
on long time scale%.As a means to further investigate these the model clay mineral are listed in Table 1. Full discussion of the
experimental results, we report improved molecular dynamics semiempirical computation; on atomic clqsters that were used.i.n.making
(MD) and Monte Carlo (MC) simulations of interlayer mobility the estimates of thg-values is given by S!(lpper et @8 The sensitivity
and water structure in the two-layer hydrate of Mg-smectite. of the simulated structure to the effective charge parameters used for

. . . Al(Tg) was investigated by performing MD runs using two different
Our MD simulations, ranging over 500 to 1175 ps, greatly values for Al{Tg). These were 0.2e and 0.96e, and the neighboring O

excegd the time scales probed in the pioneering study of Refsony,;1qes were adjusted to maintain charge-balance. There was no
et al> Because our MD simulations were performed under the measurable difference between the equilibrium layer spacings or the

constraint of constant pressure rather than the more commonwater self-diffusion coefficient computed with the two values of Al-

constraint of constant voluni&l” the d(001) spacing is a (T4). However, water molecules were slightly more likely to adsorb

dynamical quantity. The model smectite we investigated was into ditrigonal cavities on the clay surface with the lower Al charge.

beidellite, a dioctahedral clay mineral which has layer charge ~ Our short-range interatomic potential parameters are based on the

originating only in its tetrahedral sheéthe principal objectives ~ Water model of Matsuoka, Clementi, and Yoshimine (MCY), which

of our study thus were to assess the effects of tetrahedral layevas developed from ab initio calculations of the water difiefhe

charge on interlayer water mobility in Mg-smectites, as well as model_ potential _functlon used to_represent _the |nteract|pns smectite

to examine this mObI'Ity more Completely over time scales that smectite, smecnyewaﬁer, counteriorrcounterion, counteriocnwater,

. . i . and water-water is given by the MCY form?18.19

are accessible to a variety of spectroscopic methbdsich

have been used to investigate molecular behavior in clay mineral ag
1

N N
hydrates. U(rij) = Z Z ’r_ _ Aije*Bu‘riJ + Cije*Durii 1)
I=T A ij
2. Simulation Meth -
Simulatio ethods The van der Waals parameterd, B, C, D) describing short-range
2.1. Model Clay Minerals and Potential Functions.The clay interactions between atoms in the wateounterion-clay systems are
mineral was selected so as to examine the effect of tetrahedral layerthe same as were used by Skipper et*and by Greathouse and
charge on the behavior of interlayer Rtg Beidellite is a 2:1 layer Spositot” except for the Mg(int)- Al(Tq) and Mg(int)-Si(Tq) interac-

type aluminosilicate in the smectite grotip: tions, for whichA = B = 0, C = 619.804 kcal mol, andD = 1.1839
A. Short-range interactions in eq 1 were subjected © Areal-space
Mg-beidellite: Mg, 57dSi; ,6Al 7 (Al ) O,(OH), cutoff. The values of the effective-charges and the van der Waals

parameters for interaction between water molecules were taken from

the MCY modePR32* as discussed by Skipper et &8 who provide
where [] indicates cations in the tetrahedral sheet and () indicates y SKipp P

cations in the octahedral sheet. Beidellite is a dioctahedral smectite  (18) Skipper, N. T.; Chang, F.-R. C.; Sposito,@ays Clay Miner1995
with isomorphic substitution of &t for Si** in its tetrahedral sheets. 43, 285-293. . . _
In the unit-cell formula given above, these substitutions lead to a layer . (19) Skipper, N. T.; Refson, K.; McConnell, J. D. Clay Miner. 1989

charge (moles of excess negative charge per mole of unit)cells (20) Park, S.-H.; Sposito, G. Phys Chem B 2000 104, 4642-4648.
0.75e which is balanced by interlayer Rigcounterions, shown (21) Chang, F.-R. C.; Skipper, N. T.; Sposito, Gngmuir 1995 11,
immediately to the left of the tetrahedral-sheet cations in the unit-cell 2734-2741.

formula. We employ a rigid framework for the clay lattice that has (22) Teppen, B. J.; Rasmussen, K.; Bertsch, P. M.; Miller, D. M.;"&cha
L. J. Phys Chem B 1997 101, 1579-1587.

(15) Refson, K.; Skipper, N. T.; McConnell, J. D. C. Geochemistry (23) Matsuoka, O.; Clementi, E.; Yoshemine, 31 Chem Phys 1976

of Clay—Pore Fluid Interactions Manning, D. C., Hall, P. L., Hughs, C. 64, 1351-1361.

R., Eds.; Chapman and Hall: London, 1993; Chapter 3. (24) Beveridge, D. L.; Mezei, M.; Mehrootra, P. K.; Marchese, F. T.;
(16) Sposito, G.; Prost, RChem Rev. 1982 82, 553-573. Ravi-Shanker, G.; Vasu, T.; Swaminathan, SMolecularBased Study of
(17) Greathouse, J. A.; Sposito, &.Phys Chem B 1998 102 2406~ Fluids; Haile, J. M., Mansorrit, G. A., Eds.; American Chemical Society:

2414, Washington, DC, 1983; pp 29351.
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evidence for their reliability in the simulation of interlayer water
structure. Sposito et &.have shown recently that the MCY model,
when constrained to the equilibrium density of bulk liquid water,
accurately predicts its radial distribution functions for-O, O—H,

and H-H spatial correlations as determined by the latest available
isotopic-difference neutron diffraction data op@H,O mixtures. Park
and Sposit® have found the same for MCY-based predictions of the
total radial distribution function of interlayer water in Li- and
Na-montmorillonite hydrates. The MCY potential function also com-
pares very well with the more recently developed anisotropic site
potential function® in calculations of the second virial coefficient of

water vapor over a broad temperature range, as well as in predicting

the geometry and binding energy of the water difiéBoth of these
potential functions were superior in this respect to the TIP4P potential
function?® Chang et af? also have demonstrated the comparative
reliability of the MCY potential function over TIP4P in their simulations
of interlayer water structure in Li-montmorillonite hydrates.

2.2. Simulations.The simulation cell used is a 21.12:418.28 A
patch with two half-layers of the clay mineral extending over eight
unit cells?38Structural OH groups form an angle of°2Bith the basal
plane, in accordance with structural data for dioctahedral smettites.
Negative charge sites in beidellite reside in the tetrahedral layer‘only,
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Figure 1. Equilibrium MC snapshot of Mg-beidellite in theX) plane,
showing one Mg" ion (light gray) with its first solvation shell, with
remaining interlayer species removed for clarity. Hydrogen atoms in
H,0 or structural OH are white, and water O atoms are shaded dark
gray. Starting from the bottom, atoms in the clay mineral are as

and these sites are created by replacing six Si atoms with Al atoms in¢qjiows: Alin the octahedral layer, hydroxyl groups and apical O atoms,
as disordered a structure as allowed by the periodic boundary conditions.s; atoms in the tetrahedral layer, and surface O atoms.

The Al charge is then reduced froiiil.2e to+0.96e, and the charges
on neighboring O atoms are adjusted to achieve a net charg6.0e.
This substitution scheme was used previously in simulations of Li-
beidellite” with three charge sites each in the upper and lower clay

layers, respectively. The clay layer structure is unchanged by these
substitutions, and although we have not performed quantum chemical
calculations to investigate the degree of lattice disorder caused by

tetrahedral substitution, our beidellite and montmorillonite models have
compared well with available experimental d&t&! The simulation
cell was replicated infinitely in three dimensions to mimic a physically

observable macroscopic system. Short-range interactions were treate

with the all-image convention, and long-range Coulombic interactions
across (or beyond) the simulation cell were computed by the Ewald
sum metho#f with a 2 A~ reciprocal-space cutoff. The interlayer region
of the simulation cell contained three Kfgcounterions and 64 water
molecules, corresponding to a two-layer hydrate.

Monte Carlo simulations were performed on a Cray J90 supercom-
puter using the code MONTEIin a constant (NT) ensemble, where
absolute temperaturd) and the pressure applied normal to the clay
layers @) are kept constant at 300 K and 100 kPa, respectively. The

phase-space sampling strategy we followed has been described in detail

previously*?2° Briefly, with the initial clay layer spacing set at 16.0
A, water molecules were placed randomly within the interlayer, and

Mg?" counterions were placed randomly on the midplane between clay

configuration from the MC simulations, one in which water molecules
had formed solvation shells around the interlaye?Mgvas the initial
state. A constantN,0,H) ensemble, where = 0, was used instead of
the constantN,V,U) ensemble that we have employed in previous MD
simulations of hydrated clay$2°In the (N,0,H) ensemble, the layer
spacing remains a dynamical quantity and the method of Parrinello
and Rahmaitf was used to solve the resulting equations of motion,
which replace the usual Newtsittuler equationg? The time step was

et to 0.25 fs, shorter than the more commonly used 0.5 fs tim&step

0 accurately model the strong iemvater interactions. Each simulation
began with an equilibration period of 10 ps, in which the desired
temperature was maintained with a Nestoover thermostai32Data
collection began after an additional 5 ps of simulation without a
thermostat. The average mean-square displacement for the water
molecules in each system was tabulated and plotted versus simulation
time. The self-diffusion coefficient for wateR., then was calculated
according to the well-known Einstein relatiéte?

1 N
N Or,(t) — r,(0)/°C= 6D,

@

layers. Only water molecules were allowed to move for the first 100 000 Whereri(t) is the center-of-mass position of a water molecule at

steps, followed by 2 400 000 steps in which movement of all interlayer
species was allowed. A MC move could involve a water molecule, an
interlayer Mg@*, or the upper clay layer. Layetayer Coulombic
interactions were not included in potential energy calculations. Con-
vergence profiles for the total potential energy and the layer spacing
were monitored to determine equilibrati&h.
The code MOLDY®? run on a Silicon Graphics Origin 2000

supercomputer, was used for MD simulations. A nonequilibrated

(25) Sposito, G.; Park, S.-H.; Sutton, Rlays Clay Miner 1999 47,
192—-200.

(26) Millot, C.; Soetens, J.-C.; Martins Costa, M. T. C.; Hodges, M. P.;
Stone A. JJ. Phys Chem A 1998 102, 754-770.

(27) Park, S.-HMCY vs ASP-W Potential Surface of Water Dimer
Technical Report, Earth Sciences Division, Lawrence Berkeley National
Laboratory, 1999.

(28) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
Klein, M. L. J. Chem. Phys1983 79, 926-935.

(29) Chang, F.-R. C.; Skipper, N. T.; Sposito, kGangmuir 1997, 13,
2074-2082.

(30) Allen, M. P.; Tildesley, D. JComputer Simulations of Liquids
Clarendon Press: Oxford, 1987.

(31) Skipper, N. TMONTE Usets Manuaj Department of Physics and
Astronomy, University College: London, 1996.

(32) Refson, K.Comput Phys Commun 200Q 126, 309.

time t.

3. Results

3.1. Monte Carlo Simulations at 300 K.After approximately
1 million MC steps, this system reached an equilibridf®01)
spacing of 14.29+ 0.09 A. Although this average value is
slightly smaller than the experimentally observed 14.7 A
spacingt it is close to the 14.4 A spacing reported for Mg-
vermiculite? which also has only tetrahedral charge substitution.
Figure 1 shows an equilibrium MC snapshot with all interlayer
species removed except for the solvation shell of oné*Nign.
Magnesium ions reside at the midplaze<7.15 A), with three
solvating molecules positioned above and below. The relative
orientation of each solvating water molecule is consistent with
the formation of one hydrogen bond to the nearest siloxane
surface, reminiscent of the solvation shells of dn Mg-
vermiculite? Figure 2 is a MC snapshot of six nonsolvating
water molecules adsorbed to the lower siloxane surface in Figure
1. These molecules are tucked into ditrigonal cavities of the

(33) Parrinello, M.; Rahman, Al. Appl. Phys 1981, 52, 7182.
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Mg-beidellite

g(n/ str-1

Figure 2. Water molecules adsorbed to ditrigonal cavities in the lower
siloxane surface. Configuration as in Figure 1.

2.5

Mg-beidellite

2.0 - 1 o : : :

o 1 2 3 “1 5
r/ A

Figure 4. Interlayer MC OG-0 and O-H radial distribution functions

(RDFs) for Mg-beidellite. Clay O atoms are included in the RDF

calculations.

-
[¢]
T

the first main O peak in Figure 3 occursat 0.41, and the
broad peak due to water in ditrigonal cavities occurg at

1 0.34. Our results for interlayer water structure are therefore in
excellent agreement with experimental results for a similar Mg-
substituted clay. Interlayer water structure is depicted in Figure
4 in the form of radial distribution functions, with clay layer O
atoms included among the second neighbors in both th©O
and O-H spatial correlations. The peak locations correspond
well with those observed by Skipper et!afin their MC
simulations of Otay-type Mg-montmorillonite, suggesting that
12 Mg?" solvation is indeed the principal process organizing the
interlayer water structur®, as opposed to the layer charge
distribution.

3.2. Molecular Dynamics Simulations.Simulations were
performed for Mg-beidellite at 300 (1175 ps) and 400 K (500
siloxane surface and adsorb by forming two hydrogen bonds ps). Although 500 ps would have been ample simulation time
with the surface. This arrangement of adsorbed water moleculesto obtain averaged dynamical data for the 300 K system, the
occurs despite the structural hydroxyl being oriented nearly run was extended for the purpose of investigating any two-phase
parallel to the basal plarié. water diffusion behavior. The upper clay layer was restricted

Density profiles for the water molecules, averaged over the to motion in thez-direction only to prevent registration of
last one million MC steps, are shown in Figure 3. Water O atoms negative charge sites in opposing layers. Layer spacings for these
(solid line) form two broad layers centered at= 5.89 and two beidellite systems averaged 14:8®.11 (300 K) and 14.52
8.01 A, consistent with Figure 1, and the presence of nonsol- = 0.13 A (400 K). Cation and water center-of-mass trajectories
vating water is evidenced from the long tails in each O profile. for the 300 K simulation are shown in Figures 5 and 6. The
The small outer peaks in the water H profile (dashed line) solvation structure was maintained intact throughout the 300 K
represent both nonsolvating and solvating water molecules. Tosimulation (Figure 5). All species within a solvation shell
our knowledge no experimental results have been published onshowed limited motion in the-direction, but both cation and
the structure of interlayer water in Mg-bedeillite, but X-ray waters were relatively mobile in the andy-direction: the Mg"
diffraction studies have been performed on Mg-vermiculite with ion undergoes a jump along thedirection accompanied by
similar water content Although beidellite, a dioctahedral  water molecules. We also noted that water molecules eventually
mineral, differs from vermiculite, a trioctahedral mineral, in exchanged in to and out of a solvation shell (data not shown),
quantity and charge of octahedral cations, negative charge sitedehavior that has not yet been observed experimeritalhlike
are located exclusively in the tetrahedral layer of each. The the solvating waters, which moved only abal A in the
experimental results are summarized by de la Calle and Stiquet zdirection, nonsolvating waters displayed a much greater range
and references therein, and for the two-layer hydrate of Mg- of vertical motion. The increased mobility of nonsolvating water
vermiculite with ad(001) spacing of 14.3 A, the fractional molecules, as compared to a water molecule within a solvation
z-coordinates of water molecules were reported-at0.42 and shell, is evident in Figure 6, which depicts the trajectories of
0.35 (water in ditrigonal cavities). Using fractional coordinates, two such water molecules in the in thexj plane. Each occupies

(34) de la Calle, C.; Suquet, H. IReviews in Mineralogy Bailey, S. interlayer positio_n_s on both Sldes of the midplane and within
W., Ed.; Mineralogical Society of America: Washington, DC, 1988; Vol. Several of the ditrigonal cavities in the siloxane surface. The
19, pp 476-478. nonsolvating water molecules tend to occupy positions within

Water O and H density
5

05

0.0

3

z/ A

Figure 3. Interlayer MC density profiles for water O (solid line) and
H (dashed line) atoms in Mg-beidellite. The layer spacing is 14.29 A,
with z= 0 in the center of the octahedral sheet in a clay layer.
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3

Mg-beidellite 300 K

-2 +

-4 -2 o}

x/ A
Figure 5. Interlayer MD trajectories (over 800 ps) in Mg-beidellite
for Mg?* (black) and two solvation-shell water molecules (gray), as
seen in the4x) plane.

5

Mg-beidellite 300 K

z/A

-5 s . .
-16 -8 0 8

x/ A
Figure 6. Interlayer MD trajectories (over 800 ps) of two nonsolvating

water molecules (gray or black), as seen in tlzx)(plane in
Mg-beidellite at 300 K.

a ditrigonal cavity (Figure 2), but the positions of these
molecules were not limited to just a single cavity on the MD
simulation time scale.

For a comparison with previous MD results on Mg-smec-
tites1® a 250-ps MD simulation was also performed at 300 K
on an Otay-type Mg-smectifé. The Otay-type model consists
of a trioctahedral smectite with octahedral layer charge, which
is analogous to the hectorite model we have used previdusly.
However, apical O atoms are excluded from the model, in

J. Am. Chem. Soc., Vol. 122, No. 46, 20063

80

Mg-beidellite 300 K

60 I 1

XY,z

Mean Square Displacement / A’

0

300 400 500
Time / ps

0 100 200 600

Figure 7. Mean-square displacement of water molecules in Mg-
beidellite vs time. Solid lines are the, y-, andz-components, as well
as the sum, whereas the dashed line is the best fit of eq 2 over the time

scale G-175 ps. Note the decreasing rate of water translational motion
with time.

Table 2. Water Self-Diffusion Coefficients

smectite T (K) Dy (1071°n?s?)
Mg-beidellite 300 2.48 (6175 ps)
Mg-beidellite 300 1.99 (175400 ps)
Mg-beidellite 400 14.4
Bulk liquid 300 23

a Experimental valu®and MCY bulk-water valué®

The Mg" solvation shell and nonsolvating water molecule
dynamics were also similar to those of the Mg-beidellite system.
3.3. Self-Diffusion of Water MoleculesWe show the mean-
square displacement (MSD) versus time in Figure 7, and from

the individual contributions we see that theomponent to MSD

is negligible. The plot in Figure 7 differs significantly from the
form normally expected for diffusional motion, namely a straight
line with a small nonzero intercept. From just above zero to
175 ps the MSD is well-fitted by a straight line with a nonzero
intercept, just as expected. But at longer times the gradient of
the MSD decreases with a fairly abrupt kink at around 175 ps
and 30 R. We interpret this shape as evidence that water
molecules are able to diffuse relatively freely over distances
shorter thanv/30 ~ 5.5 A but that diffusion over larger
distances is significantly hindered. A length scale of 5.5 A is
characteristic of the periodic repeat of the ditrigonatSirings

in the tetrahedral layer and also of the size and separation of
the Mg?"(H.0)s hydration complexes. Though there is more
than one candidate for the mechanism, the evidence for hindered
diffusion over longer length-scales is clear. Water self-diffusion
coefficients,Dy, calculated for simulations at 300 and 400 K
are given in Table 2. Uncertainties in our calculated values are
less than 0.1%. As the last row of Table 2 indicates, the self-

contrast to the beidellite model used in this study. The averagediffusion coefficient of pure bulk water calculated using the

layer spacing for the two-layer hydrate of Otay-type Mg-smectite
was 14.59 A (data not shown), in agreement with the experi-
mentally observed and MC-simulated values of 14.71A14

Far fewer water molecules are located within the ditrigonal

cavities of Otay-type Mg-smectite than for Mg-beidellite, despite

the perpendicular orientation of the structural hydroxyl group.

An additional factor, which may also affect water adsorption,

is the absence of apical O atoms in this early smectite model.
However, M@+ maintained an octahedral solvation shell and

resided at the interlayer midplane, as in the Mg-beidellite system.

MCY potentiaf® agrees well with experimefit.

The most comparable experimental studies of water diffusion
in clays are those of Tuck et &and references therein. Those
experiments used quasielastic neutron scattering to probe the
rotational and translational diffusional dynamics of water in
C&"- and Mg™-exchanged montmorillonite at the microscopic
scale. At a temperature of 300 K, measurements using the low-
resolution IN5 instrument, which is sensitive to short-ranged

(35) Madden, P. A.; Impey, R. WAnn. N. Y. Acad. Scl986 482 91—
114.
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motion, gaveD,, = 11.3x 10719m? s~1 for Ca-montmorillonite, molecules in Mg-beidellite show a greater tendency to occupy
while the high-resolution IN10 instrument, which is sensitive ditrigonal cavities in the siloxane surface. The hindered motion
to longer length-scales, yielded a lower result of B 3.4 of water molecules within such cavities is the likely explanation
x 10719 m? s71 for both Ca- and Mg-montmorillonitéFurther- for the low value of the water self-diffusion coefficient in the

more, the scattering angleQ) dependence of the elastic Mg-beidellite system (Table 2). These water molecules do not
incoherent scattering peak width was interpreted as diagnosticshow a preference for cavities with a tetrahedral Al atom on
of spatially hindered translational diffusion over a length 676 the ditrigonal ring, but the presence of negative charge sites so
A. IN10 measurements were also taken foPGaand Mg*- close to the surface surely results in decreased water mobility.
exchanged vermiculite at the same water content (two-layer A comparison of water mobility in smectite systems with charge
hydrate), but problems in data analysis led the authors to sites in the octahedral layer only (i.e., hectorite) is a topic for

conclude only thaD,, < 1.0 x1071% m? s~ for both counte- future work.
rions? . _ ) In our MD simulations, only Mg-beidellite at 300 K showed
Tuck et al” calculated their values db,, for the mobile- 5 nindered diffusion process, corresponding to the short- and

water fraction only. The other fraction of water molecules, which long-range behavior seen in quasielastic neutron scattering
were attributed to hydration-shell water, showed no evidence experiments for a similar clay systéhiccording to Figure 7
of mobility on the time scales accessible to their experiment. ¢ (ransition between these two diffusional phases occurs at a

Our values ofDy, include solvating water molecules, which displacement of/30~ 55 A. A possible cause for the faster
account for 18/64, or 28% of the water content, and nonsolvating diffusional motion on t.he éhorter time scale is that water

water molecules, which account for 46/64 (72%) of the water molecules eventually become trapped in a “cage” of hydrated
content. Multiplying by a factor of 64/46 results B\, values Mg?+ ions with length scalev6 A, although we have noted

of 3.45x 102 and 2.77x 10 "2m? s ", respectively, for the that this length is also equivalent to the ditrigonal ring dimension
- H +_
two length-scales at 300 K. Given that the systemi? in smectites. The fact that such hindered water diffusional

exchanged montmorillonite and vermicutitdiffered from our behavior has not been seen in MD simulations of clay hydrates

model in layer charge, counterion concentration, and partial "~ ) 17 . g
pressure of water, these values are not inconsistent with ours.‘.NIth monovalent ion¥:” suggests that the divalent cation is
As summarized in Table 2 even the higher valu®gfis only involved. Tuck et af have suggested that long-range water

one tenth of the value in bulk water, showing a substantial diffusion is hindered in clay hydrates with a higher layer charge

hindering of diffusion even at short range by the clay layer and (srlnectl]EeD VS verrr;)lcullte)d. Howet\r/]er, '?] %urlsmulakt]lons, a ll\(;lw
the counterions. Also shown is the higher value obtained from value otl,, was observed even though e fayer charge in Mg-

a 400 K simulation showing enhanced diffusion at this tem- beidellite is comparatively small: three Figfor eight unit cells
perature. of clay.
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