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Abstract-Monte Carlo (MC) simulations ofinterlayer molecular structure in monolayer hydrates ofNa
saturated Wyoming·type montmorillonites and vermiculite were performed. Detailed comparison ofthe 
stimulation results with experimental diffraction and thermodynamic data for these clay-water systems 
indicated good semiquantitative to quantitative agreement. The MC simulations revealed that, in the 
monolayer hydrate, interlayer water molecules tend to increase their occupation ofthe midplane as layer 
charge increases. As the percentage of tetrahedrallayer charge increases, water molecules are induced to 
interact with the siloxane surface 0 atoms through hydrogen bonding and Na+ counter-ions are induced 
to form inner-sphere surface complexes. These results suggest the need for careful diffraction experiments 
on aseries of monolayer hydrates of montmorillonite whose layer charge and tetrahedral isomorphic 
substitution charge vary systematically. 
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INTRODUCTION 

The molecular structure ofwater and the distribution 
of counter-ions at the elay-water interface remain top
ics of great interest and controversy in colloid science 
(Newman 1987, Güven 1992). A fundamental but un
resolved issue is the extent to which counter-ions de
termine the organization ofinterlayer water molecules 
in smectite-water systems (Sposito 1984, Low 1985, 
1987). This issue is particularly acute in the case of 
Na + counterions, and compelling arguments have been 
made for both a dominant role (Sposito 1992) and a 
negligible inHuence (Miller and Low 1990) of adsorbed 
Na+ in the development ofmontmorillonite interlayer 
properties. On the molecular level, these two opposing 
perspectives come down to adetermination ofwhether 
interlayer water is similar to an aqueous ionic solution 
or to an epitaxial condensed phase (Sposito and Prost 
1982). 

In the study ofthe molecular structure ofbulk liquid 
water and aqueous electrolyte solutions, Monte Carlo 
(MC) simulation has proven to be a valuable heuristic 
technique (Beveridge et al 1983, Bopp 1987). The phi
losophy of tbis approach is to construct a convenient 
mathematical description of molecular interactions 
represented as potential functions, then sam pie the 
configuration of a manageable system of molecules so 
described to ascertain its equilibrium properties (Allen 
and Tildesley 1987). Comparison of the results with 
empirical data not only tests the success with which 
the molecular interactions have been captured by mod
el potential functions, but also points to important new 
experiments that are needed to elose gaps in under-

standing. Bleam (1993) has reviewed the few published 
MC simulations ofinterlayer structure and noted their 
evolution from rather primitive concepts of water-water 
and elay-water interactions to fairly realistic modeling 
of both these interactions and the equally important 
counter-ion-water and counter-ion-elay mineral inter
actions. Skipper et al (1991 b, 1993) have performed 
three-dimensional MC simulations of high-charge, 
trioctahedral or dioctahedral smectites bearing either 
one or two monolayers of adsorbed water and either 
Mg2+ or Na+ as counter-ions. Their results for a Na
saturated, trioctahedral smectite bearing only octahe
dral layer charge and two monolayers of water indi
cated that Na+ formed both inner-sphere and outer
sphere surface complexes, and that interlayer water 
molecules were not weil organized around Na + cations, 
but interacted significantly through hydrogen bonding 
among themselves and with the elay mineral. The same 
picture emerged from their MC simulations of Na
saturated, dioctahedral smectite bearing only tetrahe
drallayer charge and either one or two monolayers of 
water. These results may reHect the middling inHuence 
ofNa+ on water molecules in aqueous solution, where 
its status falls between the strongly-solvating Li + and 
the innocuous K + (Madden and Impey 1986). 

In a companion paper, Skipper et al (1995) have 
outlined and tested a methodology for extending MC 
simulations to hydrates of dioctahedral smectites bear
ing both tetrahedral and octahedrallayer charge (e.g., 
Wyoming-type montmorillonites). Their analysis in
dicated that the development ofpotential functions for 
interlayer species could be based on the MCY model 
(Matsouka et al 1976) ofwater-water interactions, and 

Copyright © 1995, The C1ay Minerals Society 294 

https://doi.org/10.1346/CCMN.1995.0430304 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1995.0430304


Vol. 43, No. 3, 1995 Simulation of clay water systems: monolayer hydrates 295 

that a simulation domain covering about eight unit 
cells of a clay mineral layer could be used successfully 
with periodic boundary conditions to approximate the 
behavior of macroscopic clay layers. 

In the present paper, this methodology is applied to 
simulate interlayer molecular structure in the dehy
drated forms and in monolayer hydrates ofWyoming
type montmorillonites hearing Na + counter-ions. The 
objectives of the simulations were to examine the ac
curacy of the model potential functions by compari
sons with the wealth of experimental data for low hy
drates of Na-montmorillonite (Sposito 1984), and to 
elucidate the role of tetrahedral vs. octahedral layer 
charge in organizing interlayer structure. This second 
objective was given additional focus by simulations of 
monolayer hydrates of the montmorillonites without 
tetrahedral layer charge and of trioctahedral vermic
ulite, for which detailed information is available con
ceming the interlayer region from X-ray and neutron 
diffraction experiments (de la CaUe et al 1984, Skipper 
et al 1991a). 

METHODS 

Model monolayer hydrates 

Two important subgroups of2: 1layer-type clay min
erals were investigated by MC simulation, dioctahedral 
smectite and trioctahedral vermiculite. The unit-cell 
formula of Na-saturated dioctahedral smectite is 
(Sposito 1984): 

Na.[Si.AIs_.](AlbMg.,_b)02o(OH). 

where x = 12 - a - bis the layer charge and Na+ is 
the balancing counter-ion. Smectites are defined by x 
in tbe range 0.50-1.2, and those for which x < 0.85 
with (8-a)/ x in the range 0.1 ~.50 are termed Wyo
ming-type montmorillonite (Schulz 1969, Newrnan 
and Brown 1987). Two model Wyoming-type mont
morillonites were simulated, one with x = 0.72, (8-a)/x 
= 0.33, and one with x = 0.48, (8-a)/x = 0.50, corre
sponding to a medium- and a low-charge Wyoming
type montmorillonite, respectively. In order to ex
amine the effects of layer charge arising in the tetra
hedral sheet (from isomorphic substitutions), model 
smectites with x = 0.48 or 0.72 and a = 8 (i.e., zero 
tetrahedral charge) also were simulated. [These model 
montmorillonites might be thought of as hypothetical 
"low-charge" Otay-type montmorillonite, since the 
latter is defined normally by (8-a)/x < 0.15, but x > 
0.85 (Schutz 1969, Newman and Brown 1987).] 

The unit-cell formula oftrioctahedral vermiculite is: 

N ax[Si.Als .• ]Mg.; 0 20(0 H). 

where x = 8-a is now the layer charge and Na+ is again 
the counter-ion. In the present study, x = 1.5, in the 
middle of the defining range, 1.2 < x < 1.8 (Sposito 

1984) and typical ofthe well-known Llano vermiculite 
(Newman and Brown 1987). As in the case ofthe model 
montmorillonites, the effects oftetrahedral charge were 
examined by simulation of a model vermiculite with 
a = 8 (i.e., talc). 

Model monolayer hydrates ofthe Na-saturated clay 
minerals were assumed to contain about four water 
molecules per unit cell, corresponding to a gravimetric 
water content of about 0.1 g water/g clay (Newman 
1987). 

Monte Carlo simulations 

Monte Carlo (MC) simulations were performed on 
the Cray Y -MP8/864 at the San Diego Supercomputer 
center using the program MONTE (Skipper 1992). Both 
dehydrated forms and monolayer hydrates of the clay 
minerals were simulated. 

General principles of Monte Carlo simulation for 
liquids are discussed by Allen and Tildesley (1987), 
and a detailed review of the issues that pertain to the 
Monte Carlo simulation of liquid water molecular 
structure is given by Beveridge et al (1983). The meth
odology as applied to interlayer water and clay minerals 
is described by Skipper et al (1994). In this latter paper, 
justification is given for the choices of potential func
tions and simulation cell properties. The potential 
function used for water-water interactions is the wide
ly-adopted MCY potential (Matsouka et al 1976), which 
has been shown to perform very well in comparative 
studies of MC simulations of liquid water (Beveridge 
et al 1983). The simulation cell selected is 21.12 A x 
18.28 A (about eight unit cells). Periodic boundary 
conditions are imposed, and the long-range part ofthe 
coulomb interactions among ions is calculated by the 
three-dimensional Ewald sum metbod (Allen and Til
desley 1987). 

Simulations were conducted for T = 300 K, (Tzz = 

lOS Pa «(Tzz = stress applied normal to the clay mineral 
layers), and a fixed number of (Na+ + H 20) in the 
interlayer region. For the monolayer hydrates of mont
morillonite, this latter number was 38, with the num
ber ofNa+ being 4 or 6 for x = 0.48 or 0.72. For the 
monolayer hydrate oftalc, it was also 38 (no counterion 
Na+), whereas for vermiculite it was 44 (12 Na+). 
Thus, the MC simulation ensemble represents an iso
thermal, isobaric, closed clay-water system (Skipper et 
al 1994). Some layer-charge and hydration properties 
of the model clay minerals are listed in Table 1. 

For each clay-water system containing a 21.12 A by 
18.28 A simulation cell, MC equilibration was as fol
lows. First, 5000 moves were attempted in which only 
the water molecules were selected. This was followed 
by about 150,000 attempted moves in which all mol
ecules could be chosen. Equilibration was judged to 
have taken place when the average potential energy 
and the z-dimension ofthe simulation cell had reached 
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Table I. Layer charge and calculated layer spacing for model 
2: I day minerals. 

Layer 
charge (x) 

0.72 
0.72 
0.48 
0.48 
0.00' 
1.5' 

Tetrahedral 
charge (%) 

0.0 
33.3 
0.0 

50.0 
0.0 

100.0 

Layer sPleing, 
dry (A) 

9.21 ± 0.02 
9.85 ± 0.02 
9.19 ± 0.02 
9.88 ± 0.02 
9.10 ± 0.02 
9.96 ± 0.03 

, Trioctahedral day mineral. 

Layer spaciJ!g, 
hydrated (A) 

11.94 ± 0.04 2 

12.08 ± 0.05 2 

12.51 ± 0.083 
12.55 ± 0.083 

13.2 ± 0.24 
11.60 ± 0.043 

2 3.8 H20/unit cell (8.95 A x 5.17 A for montmorillonite). 
34.0 H20/unit cell (9.23 A x 5.26 A for vermiculite). 
44.8 H20/unit cell (9.18 A x 5.29 A for talc). 

constant values. The simulations then were allowed to 
proceed for at least an additional 200,000 moves. Data 
were collected for averaging every 200 attempted 
moves. 

Interlayer density profiles for Na+, 0, and H were 
calculated from the MC simulation data using the 
equations: 

Po(z) = (29.89/A)dno/dz 

PH(Z) = (59.78/A)dnH/dz 

(I) 

(2) 

(3) 

where dn is the number of atoms of a given species 
between planes at z and z + dz, ZL is the equilibrium 
layer spacing in ,.\ (equivalent to the d-spacing mea
sured by X-ray diffraction), NNa = 4, 6, or 12 is the 
number ofNa + per simulation cell of area A = 386.0736 
,.\2. The numerical coefficients in Equations 2 and 3 
are, respectively, the inverses ofthe number densities 
of 0 or H atoms in bulk liquid water, expressed per 
,.\3 (Z is in ,.\). Thus, the Na+ profile is relative to the 
number density of Na+ in the simulation eell (NNa/ 
AzL), whereas the 0 and H profiles are relative to bulk 
water. 

Radial distribution functions were computed from 
the simulation data using the equation (Allen and Til
desley 1987): 

(4) 

where dnß is the number of ß-atoms between spherical 
shells at rand r + dr centered on the a-atom, and Pß 

is the number density of ß-atoms in the simulation cell 
at equilibrium. In the present study, gNaO(r), ~(r), and 
~H(r) were calculated. They describe relative fluctu
ations in the density of 0 or H atoms relative to a 
central Na or 0 atom, and to the average density of 0 
or H atoms. The integral, 

R 

411'pß J &.ß(r)r2 dr = naß(R) (5) 

Figure 1. Orientation of a water molecule relative to a neigh
boring siloxane surface, to illustrate the definitions of the 
angles (J and <p. 

gives the running coordination number of ß-atoms 
about the central a-atom as a function ofthe separation 
R (Beveridge et al 1983). 

To describe the orientation ofinterlayer water mol
ecules, we define distributions of the dipole moment 
vector and H-H axis vector, relative to the normal to 
the dosest siloxane surface (angles 8 and cf> in Figure 
1), through the distribution functions: 

P(8) = (1INw r)dn(8)/d8 

(Nw = 32, 34, or 38) 

P(cf» = (llNw)dn(cf»/dcf> 

(6) 

(7) 

where dn is the number of dipole moment vectors or 
H-H axis vectors oriented at angles in the range 8 to 8 
+ d8 or cf> to cf> + dtJ> and Nw is the number of water 
moleeules in a simulation cello We have not normalized 
these distributions to the solid angle by dividing P(8) 
or P(tJ» by sin(8) or sin(tJ», respectively (Beveridge et al 
1983). 

RESULTS AND DISCUSSION 

Average layer spacing and potential energy 

Table 1 lists values of the layer spacings for dehy
drated and monolayer hydrates of six model 2: 1 day 
minerals as calculated by MC simulation at 300 K and 
105 Pa. The first four rows in the table represent di
octahedral Wyoming-type (or "low-charge" Otay-type) 
montmorillonites (Newman and Brown 1987), while 
the last two rows represent talc and trioctahedral ver
miculite, respectively. 

For the dehydrated day minerals, there is a distinct 
trend of increasing layer spacing with an inereasing 
percentage of layer charge ereated by isomorphie sub
stitution in the tetrahedral sheet (columns 2 and 3). 
This trend has a simple explanation in terms of the 
positioning ofNa + counter-ions in the dry day mineral 
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interlayer. Layer charge arising from tetrahedral sub
stitution is located elose to the siloxane surface and 
Na + counter-ions can therefore bind to the atoms above 
tetrahedral Al (Sposito 1984). The octahedral substi
tution sites, on the other hand, lie within the layer and 
Na+ counter-ions would interact rather less strongly 
with them except for the fact that desolvated Na + coun
ter-ions can enter the hexagonal cavities of the siloxane 
surface, directly above the structural OH groups (Spos
ito er al 1983). A 2 : I elay mineral with no tetrahedral 
substitution thus should exhibit a layer spacing elose 
to that ofpyrophyllite or talc. However, ifa elay min
eral contains any tetrahedral layer charge, the layer 
spacing is increased to about 9.8A to accommodate the 
cations bound to the siloxane surface. As a general rule, 
we would expect the layer spacing to increase with the 
percentage oftetrahedrallayer charge. This expectation 
is borne out in a comparison of d-spacings between 
pyrophyllite (9.2 A; Bailey 1980) and dehydrated Wy
oming-type montmorillonite (9.8 A; Mooney er al 
1952b, Johnston et al 1992), as measured by X-ray 
diffraction. The observed d-spacing for talc is 9.3 A, 
whereas "talc-like" components ofnatural vermiculite 
exhibit a d-spacing of 9.0 A (Bailey 1980), in good 
agreement with the MC simulation result (9.1 A). A 
d-spacing of 9.6 A has been reported for dehydrated 
Na-vermiculite (de la Calle and Suquet 1988). 

The layer spacings for the monolayer hydrates of 
montmorillonite in Table I are in agreement with the 
d-spacings measured by X-ray diffraction for the 
monolayer hydrates of Wyoming-type montmorillon
ites (12.0-12.6 A, Table 2). The calculated layer spac
ing of vermiculite in Table 1 can be compared with 
tbe d-spacings, 11.78-11.85 A, reported for monolayer 
hydrates of Na-vermiculite (de la Calle et al 1984, 
Skipper et al 1991a). 

The average potential energy per mole of interlayer 
water is calculated in the MC simulation as the differ
ence between the total potential energy of the elay
water-system and the elay mineral alone, this difference 
then being divided by the number of moles ofinterlayer 
water. This theoretical quantity may be compared ei
ther to the isosteric heat of adsorption (or desorption), 
deduced from the temperature-dependence of adsorp
tion (or desorption) isotherms; or to the sum of the 
heat of condensation of bulk water and the heat of 
immersion suitably normalized to the initial water con
tent of the elay mineral (Adamson 1990). This com
parison is only approximate, however, because of the 
well-known hysteresis in water vapor adsorption by 
elay minerals (Fu et al 1990). The MC simulation of 
interlayer water in the model Wyoming-type mont
morillonites listed in Table lied to average potential 
energy values of 13.5 ± 0.1 and 11.1 ± 0.1 kca1Jmole 
for layer charges ofO.72 and 0.48, respectively. These 
results may be compared to the range ofisosteric heats 
(qiSO) observed for monolayer hydrates of Wyoming-

Table 2. Experimental d-spacings and "thermodynarnic" data 
for single-layer hydrates of Wyoming-type rnontmorillonite. 

Layer d-s~- q ;so ' qim
2 

cha'lll' ing (Al (kca1Jmolel Refe",nce 

0.64 12.1 12.1 Mooney et al 1952a, 1984b) 
0.64 12.0 1.1 Zettlernoyer et al (1955) 
0.8' 12.5 Slabaugh (1959) 
0.75 12.6 1.0 Keren and Shainberg (1975, 

1980) 
0.75 12' 
0.75 12.1 1.I Fu et al 1990) 

I lsosteric heat of adsorption or desorption. 
2 Heat of immersion + inital water content. 
, Schultz (1969). 
• Calculated in the present study from Fig. 1 in Keren and 

Shainberg (1980). 

type montmorillonites, 12-12.5 kcal/mole (Table 2), 
and to the sum of I O. 5 kcal/mole (heat of condensation) 
plus the measured heat of immersion values (qim) in 
Table 2, 11.5 kcal/mole. The approximate agreement 
is satisfactory given the conceptual uncertainty in in
terpreting the experimental data. For the monolayer 
hydrate ofNa-vermiculite, van Olphen (1965) reports 
a heat of immersion equivalent to qim ::::: 3.75 ± 0.02 
kcal/mole; thus 14.3 kcal/mole from experiment can 
be compared to the calculated average potential energy 
value of 14.3 ± 0.1 kcal/mole obtained in the MC 
simulation ofthe model vermiculite in Table 1. Inter
estingly, the average potential energy of tbe model 
monolayer hydrate of talc in Table I was found to be 
7.7 ± 0.1 kcal/mole, implying a negative heat of im
mersion and, tberefore, a bydropbobic interaction of 
talc witb water, a well-known fact (Newrnan 1987, 
Skipper et al 1989). Moreover, unlike bulk water sim
ulated witb the MCY potential, tbe simulated inter
layer water in talc did not expand indefinitely under 1 
bar pressure, possibly indicating an "ice-like" structure 
as opposed to liquid structure. 

lnterlayer density profiles 

Interlayer density profiles for Na+ and for 0 and H 
are shown in Figures 2 and 3, respectively. These pro
files were calculated with tbe results of tbe MC simu
lations ofthe model elay minerals listed in Table 1 and 
the definitions in Eqs. (1-3). For both the low-charge 
and medium-charge model Wyoming-type montmo
rillonites, the Na+ density profiles reveal two species 
ofadsorbed cation in the monolayer hydrate. One spe
eies is an inner-sphere complex between Na+ and sur
face 0 atoms near a site of isomorphie substitution in 
the tetrahedral sheet (outermost peaks in the two up
permost profiles in Figure 2). The other species is an 
outer-sphere complex between solvated Na+ and the 
siloxane surface (inner peaks in the two uppermost 
profiles in Figure 2). In the absence of cbarge arising 
from the tetrahedral sheet, only outer-sphere com-
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Figure 2. Graphs of PN.(Z) in monolayer hydrates of Wyo
ming-type montmorillonites (upper two rows) and vermicu
lite. 

plexes are found (second row of profiles in Figure 2) 
and, as the layer charge increases, the solvated Na+ 
tend to reside in the midplane between elay mineral 
layers. 

Sposito et al (1983) demonstrated by infrared spec
troscopy that Na+ counter-ions on Wyoming-type 
montmorillonite (x = 0.62) leave the hexagonal cavi
ties in the siloxane surface to become solvated inter
layer species as the elay mineral forms a monolayer 
hydrate (d-spacing = 12.1 A). Pezerat and Mering (1967) 
showed by Fourier analysis of X-ray diffraction pat
terns for a partially-formed monolayer hydrate ofWy
oming-type montmorillonite (x = 0.64, d-spacing = 
12.4 A) that adsorbed Na+ remained very elose to the 
siloxane surface as the elay mineral adsorbed water 
vapor. It is possible that Na+ also contributed to the 
peaks in their electron density profile near the inter
layer midplane, which Pezerat and Mering (1967) at
tributed solely to water molecules. These experimental 
results are in qualitative agreement with the profiles in 
Figure 2. 

The Na + density profile for the model vermiculite 
listed in Table I indicates that only inner-sphere sur
face complexes form with the adsorbed cations. This 
result is expected from the trend observed for the mont
morillonites, given the high tetrahedrallayer charge in 
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Figure 3. Graphs of Po(z) (solid curve) and PH(Z) (dashed 
curve) for the same clay-water systems as in Figure 2. 

vermiculite. The appearance of a doublet, however 
seems to be in contradiction with the X-ray diffraction 
analyses of the monolayer hydrate of Na-vermiculite 
published by Bradley et al (1963), Le Renard and Manny 
(1971), and de la Calle et al (1984), all ofwhom placed 
adsorbed Na+ at the interlayer midplane. Skipper et al 
(1991 a) made the same inference in their neutron dif
fraction study of 11.8 A Na-vermiculite. Although it 
is difficult to resolve diffraction peaks of interlayer Na + 
from those of water molecules, the MC simulation, 
which shows only a small Na + peak at the interlayer 
midplane, may overestimate the response ofthe coun
ter-ions to tetrahedral charge. 

This issue appears in a more subtle fashion even in 
the first row of density profiles in Figure 2. In nature, 
the distribution ofisomorphic substitutions is likely to 
be disordered, whereas the use of a finite simulation 
cell and periodic boundary conditions perforce will 
introduce an ordering of the positions of these charge 
sites for a MC simulation. In preliminary runs, the 
effects of the positions of the charge sites on the layer 
spacing, average potential energy of interlayer water, 
and even the molecular configuration ofthe water were 
found to be insignificant, whereas for the Na+ distri
bution, the opposite was true. In the case of the mont
morillonites depicted in the top row of Figure 2, we 
would expect to find equal numbers ofNa+ in each of 
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tbe four planes (this is what we mean by "symmetrie" 
in tbe following discussion). However, witb "random" 
layer-charge distributions used in conjunction witb a 
21.12 A x 18.28 A cell, we found tbat tbis counter
ion " symmetry" is broken. We attributed tbis to the 
particular position ofthe tetrahedral substitution sites 
(cf. the second row ofprofiles in Figure 2). We decided, 
therefore, to select more regular distributions of the 
charge sites, to ensure that the top and bottom halves 
of tbe clay mineral layer are equivalent (Skipper et al 
1995). This gave cation density profiles that were, on 
average, "symmetrie" about the midplane of the in
terlayer, but we noted that, even with a regular layer 
charge distribution, individual cation configurations 
were frequently "unsymmetric." We noted also that 
particular Na+ distributions were often rather "Iong
lived", in terms of the number of Monte Carlo itera
tions. This persistence of"asymmetry," which merits 
further investigation by molecular dynamics simula
tion, has undoubtedly contributed to the Na+ distri
butions in tbe top and bottom rows in Figure 2, and 
evidently is exacerbated by increasing tetrahedrallayer 
charge. 

Oxygen (solid curve) and H (dashed curve) density 
profiles for tbe same set of model clay-water systems 
as in Figure 2 are shown in Figure 3. Regardless of 
layer charge or the degree of tetrahedral substitution, 
the principal location of the water moleeules is at the 
midplane. The breadth of the 0 atom peak increases 
with decreasing layer charge and there is growth as well 
in the number ofwater moleeules occupying the hex
agonal cavities in the siloxane surface (the " wings" of 
the 0 atom density profile near z = 4 and 8 A). X-ray 
and neutron diffraction analyses of the monolayer hy
drate of Wyoming-type montmorillonite place the 0 
atoms of interlayer water molecules principally at z = 

5.8 ± 0.1 A (Pezerat and Mering 1967, Hawkins and 
Egelstaff 1980). The breadth of the 0 and H peaks, 
both in the MC simulations and in the diffraction ex
periments, suggests a relatively disordered interlayer 
water structure, although the neutron diffraction data 
suggest that some ofthe water moleeules are "spatially 
correlated with the silicate layers" (Hawkins and Egel
staff 1980). These latter water moleeules could be in 
tbe hexagonal cavities. 

The 0 and H atom density profile obtained by Skip
per et al (1991a) for the monolayer hydrate of Na
vermiculite by neutron diffraction is sbown alongside 
the MC simulation result in Figure 3. The quantitative 
agreement is very good between tbe two profiles and 
with previous studies based on X-ray diffraction anal
ysis (Bradley et al 1963, Le Renard and Mamy 1971, 
de la calle et al 1984). 

Interlayer coordination environments 

Sodium-oxygen radial distribution functions com
puted from the MC simulations using Eq. (4) are shown 
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Figure 4. Graphs of gNao(r) and nNao(R) for Na+ in bulk 
solution and interlayer water. 

in Figure 4 for the model clay minerals listed in Table 
I. For comparison, tbe RDF for Na+ in bulk liquid 
water as calculated from an MC simulation also is 
presented. Tbe primary peak in the RDF occurs at 2.3 
A for bulk solution and for the montmorillonites with
out tetrahedral charge sites, whereas for the clay min
erals witb tetrabedral charge sites, the peak moves pro
gressively toward 2.2 A as the percentage oftetrahedral 
charge increases. Diffraction experiments on bulk so
lutions yield a peak position at 2.35 A (Skipper and 
Neilson 1989), wbile simulations place it in the range 
2.29-2.35 A (Mezei and Beveridge 1981, Chandrasek
har and Jorgensen 1982, Impey et al 1983, Bounds 
1985). Thus, the present results for bulk solution are 
in satisfactory agreement with previous studies. Tbe 
trend with increasing tetrahedral charge suggests direct 
binding between Na+ and siloxane surface 0 atoms, 
and a corresponding dissimilarity with tbe coordina
tion structure in bulk solution. Indeed, on the basis of 
their diffraction experiments with the monolayer hy
drate of Na-vermiculite, both de la Calle et al (1984) 
and Skipper et al(1991a) have concluded that Na+ has 
significant coordination with surface 0 and that there 
are only two water molecules in its first coordination 
sphere. 

Tbe running coordination number of 0 about Na + , 
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Figure 5. Graphs of !!Go_(r) and naa(R) for water moleeules 
in the bulk liquid and in interlayer water. 

obtained by integration as in Eq. (5) is shown in the 
lower half of Figure 4. Within a radius of 3 A (the 
position of the first minimum in the RDF), there are 
six water molecules in the solvation complex of Na+ 
in bulk solution, the same number as found typically 
by experiment or simulation (Bounds 1985). This 
number increases to seven as the layer charge of the 
model clay minerals decreases, with the effect of tet
rahedral substitution being to retard this increase. De
tailed examination of the simulation results reveals 
that about 60% of the 0 atoms at the highest coordi
nation number are in water molecules, with the re
mainder derived from the clay mineral. This percent
age declines to about 33% for vermiculite, as stated 
above. Thus, there are important differences between 
Na + in bulk solution and in interlayer water with re
spect to the structure of the local coordination envi
ronment. 

Figure 5 shows the 0-0 RDF for bulk water and the 
same five model clay minerals as in Figure 4. In bulk 
water, 1kx>(r) indicates the relative placement ofwater 
molecules about a reference molecule, with the first 
peak (denoted a) indicating the nearest-neighbor po
sition and the second (denoted b), the position ofnext
nearest neighbors. The first peak is known from dif
fraction experiments and simulations to occur near 2.8 
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Figure 6. Graphs of ~H(r) and naHeR) for water 0 atoms in 
the bulk liquid and in interlayer water. 

A (Beveridge et al 1983), while the broad second peak 
is centered near 4.5 A, in agreement with the Me sim
ulation results in the present study. For interlayer wa
ter, the two peaks in the 0-0 RDF occur at these same 
two values, but the second peak is much better defined 
than it is for bulk water. The fact that the second peak 
is at 4.5 A instead of 5.6 A (= 2 x 2.8 A) means that 
orientational correlations among the water molecules 
are important; the fact that the second peak is relatively 
sharper for interlayer water implies that tetrahedral 
coordination of the water molecules is relatively en
hanced (more "ice-like") as compared to bulk water 
(Beveridge et al 1983). The coordination number in 
the first hydration shell (R = 3.4 A) about a water 
molecule in the bulk liquid is near five, whereas that 
for interlayer water molecules is about twice this value 
at R = 3.8 A (the position ofthe first minimum in the 
RDF), irrespective of clay mineral charge character
istics. The larger noo-value reflects the substantial near 
presence of clay mineral 0 atoms to interlayer water 
molecules. 

Figure 6 shows the O-H RDF for the same six sys
tems as in Figure 5. In bulk water, ~)H(r) has a peak 
(denoted a), indicating the average O ... H hydrogen 
bond distance to be 1.9 A, and a second peak (denoted 
b) at 3.3 A reflecting nearest-neighbor OH spatial cor-
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relations (Beveridge et al 1983). Given the 104.52° 
angle between OH bonds oflength 0.9572 A in a water 
molecule (Buckingham 1987), linear hydrogen bonds 
would lead to a second peak in ~H(r) at r = 3.2 A (cf. 
the inset at the upper right in the graph of &>H(r) in 
Figure 6). The O-H RDF show maxima at 1.9-2.3 A, 
3.4-3.5 A, and 4.3-5.0 A, implying longer hydrogen 
bonds than in bulk water, but a closer approach of 
next-nearest-neighbor 0 to a reference water molecule. 
The coordination of two H atoms with each 0 atom 
in bulk water is apparent from the plot of the running 
coordination number (lower half ofFigure 6, noH(R = 

2.5 A) "" 2), while a somewhat larger coordination of 
Habout 0 occurs in interlayer water. The case ofver
miculite is interesting, in that the first two peaks in 
&>H(r) appear at the same positions as for bulk water 
(and with 2 H per 0 atom), but a third peak occurs at 
4.3 A, indicating close proximity of a next-nearest
neighbor 0 atom, possibly in the siloxane surface of 
the clay mineral. This possibility is consistent with 
hydrogen bonding to the siloxane surface, a conclusion 
supported by the trend ofincreasing r-value at the third 
peak with decreasing layer andJor tetrahedral site charge 
in the clay mineral. 

Additional insight as to the orientations ofinterlayer 
water molecules can be obtained by examining the 
functions P(O) and P(<Jl) defined in Eqs. (6) and (7). 
These functions, as computed in the MC simulations 
for the five model clay minerals described in Figures 
2-6, are shown in Figure 7. In order to interpret the 
graphs, it may be noted that maxima at 0 = 52° and 
<Jl = 38° are expected ifa water molecule is oriented as 
in Figure 1; maxima at 0 = 90° and <Jl = 0° are expected 
if a water molecule orients with its dipole moment 
vector parallel to the siloxane surface; and maxima at 
0= 128° and <Jl = 38° are expected ifthe molecule orients 
with its OH bond perpendicular to the siloxane surface 
opposing the one depicted in Figure 1 (i.e., a counter
clockwise rotation by 75.5°, the supplement ofthe tet
rahedral angle 104.5°). Evidence for all of these ori
entations can be seen in Figure 7. It appears in addition 
that the montmorillonites contain interlayer water 
molecules oriented with their dipole moment vectors 
perpendicular to the siloxane surface (0 = 0°, <Jl = 90°). 
The trend is to favor orientation parallel to the siloxane 
surface (0 = 90°) as the percentage oftetrahedral charge 
decreases. 

CONCLUSIONS 

Monte Carlo simulations ofNa-saturated Wyoming
type montmorillonite and vermiculite following the 
methodology ofSkipper et al (1994) have yielded layer 
spacings, average potential energies, and molecular 
structure information for the dehydrated forms and 
monolayer hydrates of these clay minerals that are in 
good semiquantitative to quantitative agreement with 
a variety of experimental results. This good agreement 
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Figure 7. Graphs of P(O) and P(q,) (Equations 6 and 7) for 
interlayer water in model day mineral systems (Table 1). 

lends credence to the simulation approach adopted and, 
in particular, to the potential functions utilized to rep
resent water-water, Na + -water, and Na + Iwater-clay 
mineral interactions. The monolayer hydrate offers an 
especially stern test ofthese potential functions because 
its essentially two-dimensional structure differs con
siderably from that in bulk aqueous solution. 

The qualitative picture of interlayer water that 
emerges from the MC simulations is that ofwater mol
ecules affected significantly by the magnitude and dis
tribution of layer charge in the clay mineral. As layer 
charge increases, water molecules tend to increase their 
occupation of the interlayer midplane and adopt an 
orientation with their dipole moment vectors parallel 
to the siloxane surface. As the percentage oftetrahedral 
layer charge increases, these molecules are induced 
to interact more with the siloxane surface 0 atoms 
(evidently through hydrogen bonding), orienting them
selves with an OH directed at an 0 atom near a tet
rahedral site. The effect on adsorbed Na+ from in
creasing layer charge or percentage oftetrahedral charge 
sites is to induce the formation ofinner-sphere surface 
complexes. 

Taken as a whole, the MC simulations point to the 
need for careful X-ray and neutron diffraction exper
iments on aseries of monolayer-hydrate montmoril-
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lonites whose layer charge and percentage tetrahedral 
charge are varied systematically. The pioneering efforts 
ofPezerat and Mering (1967) and Hawkins and Egel
staff (1980) could be much improved upon by present 
diffraction technology. 
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