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Abstract-Monte Carlo (MC) simulations of molecular structure in the interlayers of 2:1 Na-saturated 
day minerals were performed to address several important simulation methodologica1 issues. Investigation 
was focused on monolayer hydrates of the clay minerals because these systems provide a severe test of 
the quality and sensitivity of MC interlayer simulations. Comparisons were made between two leading 
models of the water-water interaction in condensed phases, and the sensitivity of the simulations to the 
size or shape ofthe periodically-repeated simulation cell was determined. The results indicated that model 
potential functions permiuing significant deviations from the molecular environment in bulk liquid water 
are superior to those calibrated to mimic the bulk water structure dosely. Increasing the simulation cell 
size or altering its shape from a rectangular 21.12 Ä x 18.28 Ä x 6.54 Ä cell (about eight day mineral 
unit cells) had no significant effect on the calculated interlayer properties. 
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INTRODUCTION 

A central problem in the study of clay mineral sur
face chemistry is to deduce molecular mechanisms of 
surface reactions from experimental observations. 
Computer simulations can contribute significantly to 
achieving this goal by their synthesis of current un
derstanding and data, and by their perspicacity in re
vealing critical conceptual issues whose resolution de
mands additional experimentation. Monte Carlo (MC) 
simulations of equilibrium molecular structure in con
densed phases have been especially successful in this 
regard and are now weIl established in liquid-state 
physical chemistry (Allen and Tildesley 1987). 

Bleam (1993) has reviewed the basic concepts ofMC 
simulation as applied to describe molecular structure 
in the interlayers of 2: 1 1ayer type clay materials that 
adsorb water. His evaluation of the half-dozen or so 
studies carried out since 1980 points to the rather prim
itive models of clay-water systems that were used prior 
to the present decade, and to the need for resolution 
of several computational questions to which MC sim
ulations ofthese systems may be quite sensitive. Fore
most is the choice of potential function to describe 
interactions between water molecules in a condensed, 
liquid-like phase. This choice, which must be made 
from a broad group of candidates (Spohr and Hein
zinger 1988), affects not only the quality of the MC 
simulation of interlayer water structure, but also the 
selection of potential functions with which to describe 
interactions between water molecules and counter-ions 
or the clay mineral surface (Skipper et al 1989, 1991 b, 

Delville 1991, 1992, Delville and Sokolowski 1993). 
Comparisons among leading models for water-water 
interactions should be made to ascertain their accuracy 
and any sensitivity to their differences that arise in MC 
simulations of clay mineral interlayers (Bleam 1993). 

A second issue mentioned by Bleam (1993) relates 
to the technical problem of combining periodic bound
ary conditions with the long-range coulomb interac
tions caused by the presence of interlayer ions. Because 
of computational hardware limitations, only clay-wa
ter systems comprising up to a few hundred molecules 
and atoms can be simulated. In order to avoid artificial 
"edge effects" induced by finite system size, a practi
cable choice of simulation cell is made, and this cell is 
replicated periodically in space to mimic the system 
in nature. The molecules placed in each cell interact 
mutually and with their periodic images. Artifacts re
lated to the imposition of a periodic lattice are obviated 
by applying an arbitrary cut-off to short-range inter
actions (e.g., the exponential terms in Eq. (1), below), 
usually limiting their extent to < 10 A (cf. Skipper et 
al 1993). This cut-off cannot be applied, however, to 
coulomb interactions without causing serious prob
lems for the simulation of ion distributions (Bleam 
1993). Skipper et al (I 993b) have dealt with this im
portant matter by using the Ewald sum in conjunction 
with three-dimensional periodic boundary conditions 
(Allen and Tildesley 1987) to represent long-range cou
lomb interactions beyond the cut-off distance, whereas 
Delville (1991) and Delville and Sokolowski (1993), 
on the other hand, used two-dimensional periodic 
boundary conditions and the device ofa uniform, neg-
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Table I. Parameters in the MCY potential function. 

Sites A,;(kcal/mole) C.(kcal/mole) 

H-H 
H-O 
0-0 

O.OOOE+OO 
O.27359E+03 
O.OOOE+OO 

water-water 
O.OOOE+OO 
O.22333E+OI 
O.OOOE+OO 

O.66633E+03 
O.14554E+04 
O.1088213E+07 

O.27608E+OI 
O.29619E+Ol 
O.51527E+Ol 

H-Na 
O-Na 

O.88423E+03 
O.25948E+02 

water-Na+ 
O.19349E+Ol 
O.7746IE+OO 

O.20519E+04 
O.61888E+05 

O.236095E+Ol 
0.40849E+OI 

water-clay or Na+-clay' 
H-Si 
H-Al 
O-Si 
O-AI 
Si-Na 
Al-Na 

O.2137E+OI 
O.2137E+Ol 
O.13458E+04 
O.13458E+04 
O.15054E+04 
O.15054E+04 

O.122E+OI O.57723E+03 O.215646E+Ol 
O.215646E+OI 
O.32037E+OI 
O.32037E+Ol 
O.21209E+Ol 
O.21209E+Ol 

O.122E+Ol O.57723E+03 
O.22671E+OI O.13061E+05 
O.22671E+Ol O.13061E+05 
O.18652E+Ol O.216454E+04 
O.18652E+Ol O.216454E+04 

, Water-clay potential function includes water-water potential parameters for H-H, H-O, and 0-0 interactions; Na+-clay 
potential includes water-Na+ potential parameters for H-Na and O-Na interactions (see text). 

ative background potential to compensate for the por
tion of the coulomb interactions lopped off beyond a 
finite distance. 

In this paper, we address the issues identified by 
Bleam (1993) in the context of molecular MC simu
lations of the monolayer hydrates of swelling 2: 1 clay 
minerals. We have chosen specifically to study low
water-content systems because there is a wealth of ex
perimental data on their quasi-equilibrium properties 
(Sposito 1984), and because we expect them to offer a 
stern test of the quality of our MC simulation meth
odology. Comparison will be made between two lead
ing choices ofthe potential function for describing wa
ter-water interactions, and the sensitivity of the MC 
simulations of clay mineral interlayers will be assessed 
relative to this choice and to the selection of simulation 
cell properties. Our results also will serve to examine 
further the validity of the basic approach taken by 
Skipper et al (1991b, 1993) in their MC simulations 
of multilayer hydrates of clay minerals. 

METHODOLOGY 

Intermolecular potential functions 

In order to describe molecular interactions in a swell
ing clay-water system, six sets of intermolecular po
tential functions must be developed, viz., water-water, 
water-counter-ion (cation), cation-cation, water-clay 
mineral, cation-clay mineral, and clay-mineral-clay 
mineral. Our strategy for obtaining these functions, 
which necessarily involves several approximations, is 
as folIows. 

Water-water interactions. Much is understood about 
the water molecule in condensed phases (Neilson and 
Enderby 1986), and this information has led to a num
ber of useful approximations for the intermolecular 
potential function in the bulk liquid (Finney et al 1986). 

Two ofthe most widely adopted and successful ofthese 
models are the MCY (Matsouka et al 1976, Lie et al 
1976, Clementi 1976) and the TIP4P (Jorgensen et al 
1983) potential functions. Both meet practical criteria 
of simplicity of mathematical form, rapidity of nu
merical evaluation, and accuracy of representation of 
the strocture, dynamics, and energetics of bulk liquid 
water. 

The MCY model was developed by fitting ab initio 
quantum chemical calculations ofthe potential energy, 
Ud' ofvarious configurations ofthe water dimer to the 
expression (Table 1): 

Ud = ~i ~j VifMCY(rij ) "'" ~i ~j 
[qiq/rij - Aye-Bijrij + Cije-Dijrij

] (1) 

where the indices i and j ron over four sites on each 
molecule, qi is the effective charge on a site and rij is 
the intermolecular site separation. Interaction sites (Aij , 
Cu * 0) are placed on the Hand 0 atoms. The first 
term thus represents coulomb interactions, while the 
second and third terms represent van der Waals at
traction and electron-overlap repulsion, respectively. 
Acharge (qJ of -1.43496e is located at a site 0.2677 
Ä. along the C2 axis, and balancing charges of O. 717 48e 
are assigned to the H atoms. The dipole moment of 
the molecule is therefore 2.19D. For the present study, 
the MCY model is likely to have two main advantages. 
First, the dimer energies themselves were calculated 
using the configuration-interaction method (Clementi 
1976), which gives accurately the electron-electron cor
relation and exchange energies that are neglected in 
semi-empirical estimates ofUd. Second, a wide range 
of dimer configurations was used in the fit to Eq. (1). 
This is important for water-water potentials in clay
water systems, wherein the tetrahedral network asso
ciated with bulk liquid water may be highly disordered. 
A problem with the MCY model, however, is that it 
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Table 2. Parameters in the TIP4P potential function. 

to. C;; D· 
(kcal b/mole) 

F 
Sites (kcal A'/mole) (kcallmole) (k!") (kcal A'~mole) 

0-0 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.610E+03 O.600E+06 
H-Na O.OOOE+OO O.2064E+04 O.3394E+Ol O.OOOE+OO O.OOOE+OO 
O-Na O.435E+03 O.27343E+05 
Si-Na O.OOOE+OO 951.71 
Al-Na O.OOOE+OO 951.71 

requires a large applied pressure to maintain liquid 
water at a density of 1 g cm- 3 at 298 K (Lie et al 1976). 

The TIP4P model was developed by fitting experi
mental thermodynamic and X-ray structural data for 
liquid water, at 298 K under I atm. pressure, to a four
site model of a water molecule, in which intermolecular 
site-site interactions are described by the expression 
(Table 2): 

YijTlP(ri) x qiq/rij - E./r,/ + F'/ri/ 2 (2) 

where the indices i and j again run over four sites on 
each molecule. The only interaction site (Eij , Fij *- 0) 
is placed on the 0 atom, while acharge of 0.52e is 
assigned to each H atom, and acharge of - 1.04e is 
10cated at a site 0.15 A along the C2 axis. The dipole 
moment ofthe molecule is therefore 2.170. By contrast 
with the MCY model, TIP4P gives the correct liquid 
water density at 298 K and 1 atm. pressure. However, 
because its parameters were obtained by fitting to the 
experimental properties ofbulk liquid water, it is pos
sible that the model will not transfer weIl to more 
constrained molecular environments such as occur in 
clay mineral interlayers. 

In both the MCY and TIP4P models, the water mol
ecules are rigid. Polarization effects, therefore, are not 
dealt with directly; rather, they are lumped into the 
potential parameters.1t is for this reason that the dipole 
moment ofthe model water molecules is about 2.20, 
as compared to 1.80 for a single water molecule in the 
gas phase (Neilson and Enderby 1986). Including po
larizability in the potential function is possible (Karin 
1991, Corrungiu and Clementi 1992, Smith and Hay
net 1992), but could add greatly to the complexity of 
the MC simulation from a computational point ofview. 

Water-sodium interactions. Several model potential 
functions have been proposed to describe the inter
action between a water molecule and Na+ (Kisten
macher et al 1973, Bounds and Bounds 1983, Bounds 
1985, Oelville 1991). In the present study, the choice 
of potential function was conditioned on the need to 
use an Ewald sum (vide infra) in order to compute long
range coulomb interactions in the MC simulations. This 
condition requires the water molecule to have exactly 
the same charge distribution in water-water, water
Na + , and water-clay mineral interactions. The ab initio 
model ofBounds 1985, which gives a good account of 

O.35455E+OI -O.840E+03 O.OOOE+OO 
2.1286 O.OOOE+OO O.OOOE+OO 
2.1286 O.OOOE+OO O.OOOE+OO 

the aqueous solvation of Na +, thus was selected with 
parameterization (Tables I and 2) for the MCY (Skip
per et al 1991b) water-water potential function in Eq. 
(1) or the TIP4P potential function (Bounds 1985): 

YijTIP*(r) == qiq/rij + Cije-Dijrij - A./rij4 
- E'/ri/ + Fi/rijl2 (3) 

Interactions with the c/ay mineral. The development 
ofhigh quality ab initio calculations ofwater molecule
or Na+ clay mineral interaction energies remains a 
challenge for future research (Sauer 1989, Lasaga 1992, 
Bleam 1993). Semi-empirical estimates, for clusters 
comprising a water molecule or Na+ interacting with 
a clay mineral fragment making up about two dozen 
atoms, are available (Sauer et al 1984, Oelville 1991); 
but they do not yet give a good account ofthe electron
electron correlations and overlap that are expected to 
contribute to the short-range repulsions and van der 
Waals interactions important to H-bonded systems, 
such as interlayer water (Matsouka et al 1976, Lee et 
al 1992). Given this state of affairs, we shall take the 
view that, to capture efficiently and accurately the short
range interactions between a water molecule or Na+ 
and a 2: 1 clay mineral, it is necessary to reduce the 
size of the clay mineral fragment to one that can be 
described by the more rigorous ab initio calculations
in practice, perhaps three or four atoms. This step may 
seem drastic, but previous ab initio studies suggest that 
the valence electrons in OH, Si04, and Al04 groups 
are centered on the 0 atoms (Matsouka et al 1976, 
Allan and Teter 1987, Sauer 1989, Lasaga 1992) and, 
therefore, that the latter will dominate any short-range 
interaction with a clay mineral surface. We may then 
be justified in representing a clay layer solely by 0 
atoms saturated by two H atoms (i.e., water molecules) 
to make optimal use of the model water-water and 
Na+-water potential functions described above (Skip
per et al 1989, 1991b). 

To represent the siloxane surface, water molecules 
are placed at the sites of the 0 atoms on the basal 
planes of talc (Brindley and Brown 1980) with the H 
atoms generally directed toward the cation positions 
in the tetrahedral sheet. [See Skipper et al (1989) for 
details.] Structural OH groups also are represented by 
water molecules, but with one H atom removed and 
the OH bond inclined appropriately for a dioctahedral 
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Table 3. Atomic positions and effective charges in the unit cell of a dioctahedral day mineral layer (MCY model). 

Atom x(A) y(A) z(A) q/e 

0 2.64 0.0 3.28 -0.8 
0 1.32 2.28 3.28 -0.8 
0 3.96 2.28 3.28 -0.8 
0 0.0 0.0 1.06 -1.7175 
H 0.8815 0.0 1.434 0.7175 
Si 2.64 1.52 2.73 1.2 
Si 0.0 3.05 2.73 1.2 
0 2.64 1.52 1.06 -1.0 
0 0.0 3.05 1.06 -1.0 
AI 4.4 1.52 0.0 3.0 
AI 4.4 -1.52 0.0 3.0 
0 0.0 4.57 3.28 -0.8 
0 3.96 6.85 3.28 -0.8 
0 1.32 6.85 3.28 -0.8 
0 2.64 4.57 1.06 -1.7175 
H 3.5215 4.57 1.434 0.7175 
Si 0.0 6.09 2.73 1.2 
Si 2.64 7.62 2.73 1.2 
0 0.0 6.09 1.06 -1.0 
0 2.64 7.62 1.06 -1.0 

or trioctahedral mineral (Giese 1979). Lastly, the apical 
o atoms in Si04 or AI04 tetrahedra are represented in 
the same way as the basal plane 0 atoms. Metals in 
the octahedral sheet are assigned unscreened ionic 
charges (e.g., Mg and Al are represented by point charg
es of + 2e and + 3e, respectively). We balance tbis charge 
by placing - I e on each of the co-ordinating 0 atoms 
(apicalO ofthe Si04 tetrahedra). The H atoms in struc
tural OH groups are assigned the same positive charge 
as H in a water molecule. This charge, in turn, is bal
anced by an equal and opposite charge on the bonding 
o atoms. Semi-empirical estimates ofthe gross atomic 
charge on surface 0 atoms in uncharged silicate clusters 
suggest the range -0.7e to -0.ge (Hass et al 1981, 
Delville 1992); we have selected the value -0.8e, which 
has been adopted successfully for Me simulations of 
the talc-water system (Skipper et al 1989, 1991 b). Elec
troneutrality then dictates a gross atomic charge of 
+ 1.2e for Si in the tetrahedral sheet. With this assign
ment of effective charges, the H4 group representing 
cation sites in the tetrahedral sheet is replaced by a 
single interaction site, whose potential functions with 
structural 0 and H or with Na+ can be parameterized 
as in Eq. (1) (Skipper et al 1991 b). The resulting pa
rameters are listed in Table 1. Since the Mey and 
TIP4P water molecules have very similar effective di
pole moments, we shall use the same assigned charges 
and potential parameters, irrespective ofthe particular 
model of the water-water or water-Na+ interactions 
used. 

Negative charges resulting from isomorphic substi
tutions in the octahedral or tetrahedral sheets are placed 
on specific cation sites within the sheets. To substitute 
an octahedral Al by Mg in a given site, we simply 
reduce the charge on that site from + 3e to + 2e, where-

Atom x(A) y(A) z(A) q/e 

AI 7.04 6.09 0.0 3.0 
AI 7.04 3.05 0.0 3.0 
0 0.88 9.14 -3.28 -0.8 
0 2.2 6.86 -3.28 -0.8 
0 -0.44 6.86 -3.28 -0.8 
0 3.52 9.14 -1.06 -1.7175 
H 2.6385 9.14 -1.434 0.7175 
Si 0.88 7.62 -2.73 1.2 
Si 3.52 6.09 -2.73 1.2 
0 0.88 7.62 -1.06 -1.0 
0 3.52 6.09 -1.06 -1.0 
0 3.52 4.57 -3.28 -0.8 
0 -0.44 2.29 -3.28 -0.8 
0 2.2 2.29 -3.28 -0.8 
0 0.88 4.57 -1.06 -1.7175 
H -0.0015 4.57 -1.434 0.7175 
Si 3.52 3.05 -2.73 1.2 
Si 0.88 1.52 -2.73 1.2 
0 3.52 3.05 -1.06 -1.0 
0 0.88 1.52 -1.06 -1.0 

as substitution of Si by Al in the tetrahedral sheet re
sults in areduction in the charge on the site from + 1.2e 
to +0.2e. The configuration ofthe layer is not altered 
to accommodate a cation substitution, but the posi
tions ofthe tetrahedral substitution sites are chosen so 
that the top (z > 0) and bottom halves (z < 0) of the 
clay layer are structurally equivalent (see Table 3). It 
is our expectation that the isomorphic substitution sites 
will dominate the electrostatic potential surface of the 
clay sheet (Bleam 1993). By decreasing the positive 
charge on cation sites, we have effectively placed all 
the net negative charge on the neighboring 0 atoms, 
consistent with quantum chemical calculations for the 
case of the tetrahedral cations (Bleam 1993). The de
tails of the charge distribution at octahedral substitu
tion sites differ, but should be ofmuch less importance, 
since these sites are> 3 ÄA away from the basal plane 
surfaces of the clay mineral. 

This representation of the interactions between wa
ter molecules or Na+ ions and the clay mineral struc
ture does involve significant approximation, but it 
identifies what we believe to be the most important 
contributions to the electrostatic potential at the clay 
mineral surface. It also has the advantage ofpermitting 
a facile use of three-dimensional periodic boundary 
conditions and the Ewald sum technique in the Me 
simulations. Skipper et al (1989, 1991b, 1993) found 
good agreement between experimental data and pre
dictions based on the present approach for the talc
water system and for both tri- and dioctahedral Na
smectite-water systems. 

Monte Carlo simulations 

Monte Carlo simulation of the detailed molecular 
structure of the interlayer region was implemented by 
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the computer program MONTE (Skipper 1992). This 
program has been described by Skipper et al (1991 b, 
1993), and the general principles ofMonte Carlo meth
ods are covered in detail by Allen and Tildesley (1987). 
The present discussion therefore is limited to specific 
issues arising in connection with the application ofMC 
simulation to monolayer hydrates of 2: 1 clay minerals. 

Choice 0/ ensemble. As is typical in Monte Carlo sim
ulations, the temperature (T) is fixed. Since the density 
of interlayer water is initially unknown, and clay min
erals tend to swell in discrete steps, the layer spacing 
must be a110wed to reach equilibrium during the sim
ulation. We therefore keep the stress normal to the clay 
minerallayers (uzz) constant and allow the system vol
urne (V) to vary. The simulation then will predict the 
layer spacing. Idea11y, the chemical potentials ofwater 
and counter-ions also would be kept constant during 
a simulation and the numbers ofthese molecular spe
eies would be predicted. However, in our view, it is 
not possible currently to obtain satisfactory equilibra
tion ofa constant-stress grand ensemble simulation for 
such clay-water systems. For example, in their two
dimensional, grand ensemble MC simulations of clay
water systems, DelviUe (1991,1992) and Delville and 
Sokolowski (1993) reported that equilibration was 
complete; but long-range coulomb interactions were 
dealt with in a manner that is inappropriate to the 
present study. For reliable calculations of equilibrium 
counter-ion distributions, inclusion ofthese long-range 
interactions is essential (Allen and Tildesley, 1987). 
Thus we have elected to keep constant the number of 
water moleeules (Nw) and counter-ions (Ne)' A partic
ular advantage ofthe resulting isothermal-isobaric en
semble (Nw, Ne, Um T) is that the properties ofthe clay 
mineral without interlayer water can be simulated eas
ily as a reference. 

Simulation cello A typical simulation ce11 for a mono
layer hydrate is shown within a box in Figure 1. This 
cell encloses a 21.12 Ä. by 18.28 Ä. patch ofthe basal
plane surface, 32 water moleeules [corresponding to a 
water content ofO.l g water per g clay (Newman 1987»), 
and 6 Na + cations. Each ofthe molecules interacts with 
the others through the effective potential functions de
scribed above. Clearly, ifthis system were to be studied 
in isolation, "edge effects" would be important. Peri
odic boundary conditions, therefore, are imposed so 
that the simulation ce11 is repeated infinitely in a11 di
rections. Every atom interacts with a11 other atoms in 
a cell and with their (infinite number oi) periodic im
ages, simulating a three-dimensional clay mineral as 
would occur in nature, not two clay layers in isolation. 
Indeed, two-dimensional periodic boundary condi
tions would seem inconsistent with the existence of 
isomorphie substitutions among octahedral-sheet cat
ions, since each simulation ce11 would have to be as-

Figure I. Equilibrated molecular configuration of a period
ically-repeated, monolayer hydrate of a 2: I dioctahedral c1ay 
mineral, viewed in the yz-plane. The rectangular box enc10ses 
the simulation cell. The black tirc1e centered on a Na+ site 
has a radius of 9 A, indicating the real-space cut-off distance. 

signed half the actual octahedral charge in the clay 
mineral. 

The potential energy of a configuration of the peri
odically-repeated system is given by a sum over a11 
atom pairs in the simulation ce11 and over a11 of their 
(infinite number) of periodic images: 

u = ~ ~ Vij(ri;) (4) 
i - I j - l 

where i and j index atoms in the infinite system and 
Vij(r) is given by Eqs. (I), (2) or (3). To make this 
infinite sum manageable, we shall make several we11-
established approximations (Allen and Tildesley 1987). 

First we apply a cut-off to the short-range contri
butions to the potential energy Vij(r) [e.g., terms 2 and 
3 on the right side ofEq. (1»). At site separations greater 
than this cut-off, we do not count atom pairs individ
ually, but instead make the approximation that the 
number of pairs is given by the average number den
sity. This cut-offis typica11y made between 7.5 Ä. and 
10 Ä.; we use 9 Ä.. Note that, for monolayer hydrates, 
the layer spacing is less than 13 Ä.. This means that we 
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Figure 2. Convergence profiles for total potential energy (a) 
and layer spacing (b) during MC simulation ofthe monolayer 
hydrate of a Wyoming-type montmorillonite using a rectan
gular (solid line) or parallelpiped (dotted line) simulation celL 

cannot use the customary minimum-image convention 
to count all pairs of atoms within the cut-off distance 
(Allen and Tildesley 1987). Instead, we must consider 
all images of each atom (see the large circle in Figure 
I). 

Second we evaluate the long-range coulomb inter
actions [term I in Eq. (1)]. As with the short-range 
parts ofthe interaction energy, we are faced with a sum 
over an infinite number of pairs. However, the cou
lomb potential falls offmuch more slowly (as 1Ir;;) and 
the summation will not converge if we simply apply a 
real-space cut-off. We therefore use the Ewald tech
nique (Adams 1983, Allen and Tildesley 1987). In the 
Ewald sum we separate the coulomb interaction en
ergy, Ue , exactly into two parts: 

U e = ~ ~ [erf(Kr;;)q;q/r;; + erfc(Kr;;)q;q/r;;] (5) 
i - I j - I 

where 

(6) 

K is a constant, chosen to minimize computational time, 
and erf(x) and erfc(x) are the error function and com-

plementary error function , respectively, used here as 
" window functions." By an appropriate choice of K, the 
sum involving erf(Kr) will con verge as closely as desired 
in real space and the sum involving erfC(Kf) will do the 
same in reciprocal space, both within feasible cut-off 
distances. In the present study, we used K = 0.4 A -I, 
thus including all k < V5 A - I in the reciprocal-space 
sum and all r;; < 9 A in the real-space sumo This choice 
leads to an inaccuracy of < 0.1 % in the Ewald sum 
energy. 

Simulation sampling. At the start of each simulation, 
the layer spacing is set at 13 A. The counter-ions then 
are placed in two planes, at z = 5.5 A and 7.5 A, and 
the ~ater molecules are placed in a disordered config
uratIOn. The energy ofthe initial state is calculated and 
a chosen molecule is moved a sm all distance. If the 
energy of the resulting state is lower than that of the 
initial one, the move is accepted with unit probability; 
otherwise, it is accepted with aBoltzmann factor. Moves 
involving a change in the layer spacing (z.J are allowed, 
and the probability of acceptance is (Wood 1968, Allen 
and Tildesley 1987): 

(7) 

if ~E < 0, where 

~E == U I - U 2 - p~V + NkBTln(V/V2) (8) 

kB is the Boltzmann constant, U land U 2 are the initial 
and final potential energies, N is the total number of 
molecules, and VI and V2 are the initial and final vol
umes, with 

(9) 

Moves for which ~E > 0 are always accepted with unit 
probability. Moves involving a change in the layer 
spacing, dzL , are accompanied by a dis placement dz 
of the interlayer ions and water molecules: '" 

(10) 

where Z; is the z-co-ordinate of the i'h interlayer mol
ecule. The magnitude ofthe attempted move is chosen 
from a gaussian distribution, whose width, U;, is ad
justed to give an acceptance probability of 50% for 
each molecule. To reduce the chance of any of the 
interlayer molecules becoming trapped in a local po
tential energy minimum, however, we set the condition 
U; > 0.1 A. 

In addition to allowing ZL to vary during the simu
lation, moves involving only a change in tbe simulation 
cell angles, er and ß, are permitted. (The unit-cell vec-

.. b-+ -+ tors, a, , and c, are along the x, y and z directions 
respectively, at the start of each simulation; er, ß and ; 
are the angles between band c; ä and c; and ä and b, 
respectively.) By allowing the simulation cell to change 
shape, adjacent clay mineral layers may registrate. A 
move involving a change in the shape of the unit cell 
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was attempted with an average frequency equa1 to 0.2 
that of moves involving any interlayer species in 
the simulation cello This definition of "layer move" 
means that density profiles will be slightly broader at 
larger z. 

Equilibralion. For a system containing a 21.12 A by 
18.28 A patch ofhydrated si10xane surface, equilibra
tion was as folIows. First, 5000 moves were attempted 
in which only water molecules were selected. This was 
followed by an equilibration involving about 150,000 
attempted moves in which any molecular species could 
be chosen. Equilibration wasjudged to have taken place 
when the average total potential energy of the system 
and z-dimension of the layer had reasonably constant 
values (cf. Figure 2). The simulations were then al
lowed to proceed for at least 200,000 moves. Data were 
collected for averages after every 200 attempted moves. 
A verages over consecutive runs of about 50,000 steps 
are within the caleulated root-mean-square deviation. 
Systems containing skew or rectangular simulation ceHs 
and 32 water molecules, or a rectangular ceH with 96 
water molecules, were run for over 500,000 moves to 
determine whether there were any longer-term varia
tions in the simulation output. None was found; but 
this does not rule out the possibility that, because of 
the imposed periodicity a system could form some 
long-term registration after, say 5,000,000 steps. We 
believe that this type of registration, if it did exist, 
would be less representative ofa day mineral in nature 
than are the results presented in this paper. 

All simulations were performed on a Cray Y-MP81 
864 at the San Diego Supercomputer Center. 

RESULTS AND DISCUSSION 

Effects 01 simulation cell size and shape 

It is important to know whether the properties of a 
relatively small, periodicaHy-repeated simulation cell 
are representative of the macroscopic system and 
whether they are strongly infiuenced by the artificial 
long-range symmetry of the imposed periodic lattice. 
A particular problem for the monolayer hydrate is that 
the z-axis dimension of the simulation ceH is compa
rable to the layer spacing. This means that, in a rect
angular cell, each molecule is only about 10 A from its 
nearest images in neighboring cells (Figure I). We ad
dress the question of cell size effects in two alternative 
ways, using the monolayer hydrate of a Wyoming-type 
montmorillonite as an example. For this system, Figure 
I is illustrative, since 6 Na+ per 21.12 x 18.28 A2 
patch corresponds to a layer charge of 0.72, typical of 
this dass ofsmectite (Newman 1987). One-third ofthe 
layer charge was assigned to the tetrahedral sheet, since 
Wyoming-type montmorillonite has between 15 and 
50% of its layer charge in the tetrahedral sheet. The 
temperature and applied normal stress were 300 K and 
lOS Pa, respectively. 

First, we increased the number of interlayer mole
cules in the system by a factor of three (i.e., from 32 
to 96 water molecules). This was accomplished by in
creasing the size ofthe siloxane surface patch to 31.68 
x 36.56 A2 from 21.12 x 18.28 A2. The result ofthis 
change on the average potential energy per water mol
ecule was a decrease by only 2.36%. This effect is quite 
consistent with the results of Jorgensen et al (1983) for 
the decrease in the average potential energy per water 
molecule with increasing system size in bulk liquid 
water. Bearing in mind that the efficiency ofEwald sum 
computation decreases as the simulation cell is in
creased in this way, we condude that the use of a 21.12 
x 18.28 AA2 simulation cell is justifiable. 

Second, we increased the distance between a mole
cule and its own images in neighboring simulation cells 
by using a parallelpiped cell (Allen and Tildesley 1987). 
For the case of a 10 A layer spacing, the separation 
between a molecule and its nearest self-image is then 
increased from 10 A to just above 15 A. We found that 
increasing the image separation in this way had no 
signilicant effect (Figure 2) on the calculated layer spac
ing, average potential energy, or predicted molecular 
structure. This result gives us confidence that the sim
ulation results are not distorted by the existence of 
small layer spacings. 

Effects 01 potential lunction model 

To compare the MCY and TIP4P potential func
tions, we focused on three day-water systems ofwidely 
varying layer charge: tale (0.00), Wyoming-type mont
morillonite (0.72), and vermiculite (1.5). These sys
tems have been the subject of detailed experimental 
studies (Brindley and Brown 1980). Our strategy was 
as folIows. First, we compared caleulated results and 
experimental data for the full-dehydrated day miner
als, thereby assessing the day-day and day-absorbed 
cation interactions. Second, we compared caleulated 
results and experimental data for the hydrated systems, 
thereby assessing the day-water, water-water, and wa
ter-adsorbed cation potential functions. 

Talc is uncharged and, therefore, its layer spacing 
depends only on the day-day interaction. The MCY 
model gave a layer spacing of 9.10 ± 0.02 A, about 
2.7% smaller than the experimental value of 9.34 A 
(Brindley and Brown 1980), whereas the TIP4P model 
gave 9.53 ± 0.02 A, 2% greater than the experimental 
value. We find this agreement rather encouraging, for 
the following reason. When two tale layers approach 
one another, their respective siloxane surface oxygen 
atoms come into very dose contact. This is a config
uration rarely observed in either bulk water or aqueous 
solution, the systems from which we transferred our 
potentials. We would expect that, because ofall ofthe 
approximations we made in the day-water-cation 
model, the day-day interactions would be the least 
accurate. 
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The calculated layer spacings for fully dehydrated 
Wyoming-type montmorillonite and vermiculite will 
be sensitive to the clay-clay potential functions, and, 
to a greater extent, to the clay-counter-ion cation in
teraction. The experimental layer spacings for Wyo
ming-type montmorillonite and vermiculite are 9.8 A 
(Mooney et al 1952) and 10 A (Brindley and Brown 
1980), respectively. Both the MCY and TIP4P models 
gave satisfactory agreement with these experimental 
data: 9.86 ± 0.02 A and 9.82 ± 0.02 A, respectively, 
for the montmorillonite and 9.96 ± 0.03 A and 9.88 
± 0.03 A, respectively, for vermiculite. 

The measured properties ofthe monolayer hydrates 
of Wyoming-type montmorillonite and vermiculite 
provide good tests of all the terms in the potential 
functions, but most particularly for the clay-water, wa
ter-water, and water-cation interactions. The experi
mentally measured layer spacings for monolayer hy
drates of montmorillonite and vermiculite are 12.2-
12.5 A (Mooney et al 1952, Brindley and Brown 1980) 
and 11.8-12.6 A (Brindley and Brown 1980, Skipper 
et al 1991a), respectively. Those calculated using the 
MCY model are 12.1 A and 11.6 A; using the TIP4P 
model we obtained 11.7 A and 11.6 A. 

On the strength of these results, the MCY model 
would seem to provide a closer approximation to the 
behavior of 2: 1 clay mineral interlayers than does the 
TIP4P model. We believe that this is due to the quality 
of the ab initio calculations and the large number of 
molecular configurations used to obtain the MCY po
tential function. That the TIP4P model may under
estimate layer spacings by as much as 0.5 Ais probably 
because it is strictly an empirical potential fitted only 
to experimental data for bulk liquid water. Therefore, 
it may not transfer readily to more constrained water 
environments, such as those in clay mineral interlayers. 
In structural terms, the difference between the TIP4P 
and MCY models can be related to the closest clay 
layer-to-water (oxygen-oxygen) distance: It is 6.0 A for 
MCYand 5.8 A for TIP4P. Based on our comparison 
oflayer spacings, we favor the use ofthe MCY model 
potential functions for MC simulations of swelling clay
water systems. 
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