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MONTE CARLO SIMULATION OF THE TOTAL RADIAL DISTRIBUTION
FUNCTION FOR INTERLAYER WATER IN SODIUM AND POTASSIUM
MONTMORILLONITES
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Abstract—Monte Carlo simulations based on tested water-water, cation-water, and water-clay potential
functions were applied to calculate radial distribution functions for O-O, O-H and H-H spatial correlations
in the interlayer region of the two-layer hydrates of Na- and K-montmorillonite. The simulated radial
distribution functions then were used to compute the total radial distribution function for interlayer water,
a physical quantity that can be determined experimentally by H/D isotopic-difference neutron diffraction.
The simulated total radial distribution functions were compared with that for bulk liquid water, and with
a total radial distribution function determined experimentally for the two-layer hydrate of Na-montmoril-
ionite by Powell ez al. (1997). This comparison suggested that water molecules in the two-layer hydrate
of montmorillonite have nearest-neighbor configurations which differ significantly from the tetrahedral
ordering of nearest neighbors that characterizes bulk liquid water.
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INTRODUCTION

Neutron diffraction studies of interlayer water in hy-
drated 2:1 clay minerals based on isotopic-difference
techniques have provided valuable insight as to the
molecular structure of the electrical double layer on
the surfaces of these minerals (Hawkins and Egelstaff,
1980; Skipper et al., 1991, 1994, 1995¢). Powell er al.
(1997) recently improved on the pioneering work of
Hawkins and Egelstaff (1980) with a H/D isotopic-
difference investigation of water in the two-layer hy-
drate of Na-Wyoming montmorillonite. Their principal
experimental result was a first-order-difference total
radial distribution function for adsorbed D,0O mole-
cules, obtained under conditions in which no D re-
placement of clay mineral H atoms occurred. This ex-
perimental distribution function was compared to a hy-
pothetical model distribution function based on avail-
able neutron diffraction data for bulk liquid water
(Soper and Phillips, 1986). Powell et al. (1997) noted
significant deviations between the interlayer total ra-
dial distribution function for adsorbed water and their
model over intermolecular distances between 1.5-3 10\,
leading them to conclude that the nearest-neighbor co-
ordination of adsorbed water molecules in the two-
layer hydrate differed significantly from the well
known local tetrahedral coordination that exists among
water molecules in the bulk liquid (Beveridge ez al.,
1983; Kusalik and Svishchev, 1994).

This same conclusion was obtained in a variety of
recent Monte Carlo simulation studies of the molecular
structure of interlayer water in the two-layer hydrate
of Na-Wyoming montmorillonite (Chang ef al., 1995;
Boek et al., 1995a, 1995b; Karaborni ef al., 1996).
Chang et al. (1995) and Boek et al. (1995b) both noted
that water molecules in this hydrate were organized
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primarily to accommodate the solvation requirements
of Na* counterions bound in surface complexes on the
basal planes of the clay mineral. Karaborni et al
(1996) commented that water protons were also at-
tracted to surface oxygen ions near tetrahedral charge
sites on the clay mineral to form hydrogen bonds,
whereas water oxygens were attracted to the protons
in structural OH groups at the bottom of the ditrigonal
cavities in the clay mineral surface. This competition
for adsorbed water molecules by counterions, surface
oxygen ions, and OH protons in the clay mineral struc-
ture would tend to disrupt the local tetrahedral coor-
dination among water molecules that characterizes the
bulk liquid.

Chang et al. (1995) calculated radial distribution
functions representing O-O and O-H spatial correla-
tions in interlayer water on Na-montmorillonite as part
of the interpretation of their Monte Carlo simulation
output. These two radial distribution functions, along
with that for H-H spatial correlations, are in fact the
principal contributors to the experimental total radial
distribution function reported by Powell et al. (1997).
The present study was undertaken, therefore, to per-
form Monte Carlo simulations of the total radial dis-
tribution function for interlayer water in the two-layer
hydrate of Na-montmorillonite. The total radial distri-
bution function for interlayer water in K-montmoril-
lonite also was simulated to evaluate more precisely
the effects of cation solvation, which is much weaker
for K* than it is for Na* (Ohtaki and Radnai, 1993).
To examine the inherent quality of our simulations of
interlayer water structure in more detail, bulk liquid
0-0, O-H. and H-H radial distribution functions based
on the model for water molecule interactions used in
our Monte Carlo simulations were compared to recent
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experimental O-O, O-H, and H-H radial distribution
functions for liquid water based on H/D isotopic-dif-
ference neutron diffraction data (Soper et al., 1997).

TOTAL RADIAL DISTRIBUTION FUNCTION

The measured intensity of neutron diffraction by an
aqueous system, after instrumental calibration and cor-
rections for unwanted scattering events, yields infor-
mation about the spatial distribution of atoms in the
system through the relationship (Enderby and Neilson,
1981):

Fr(k) = dm— ==
(k) m kr

v ¢y)

N (¥ in k
f G222 gr
o
where NF (k) is the intensity of neutron diffraction at
wavenumber k£ > 0, N is the total number of atoms in
a system with volume V = 4mR%*/3 and

Gir) = X 3 cucsbubslgu() = 1] 2)
is termed the total radial distribution function (Soper,
personal communication, 1998), whose Fourier trans-
form in Equation (1) is proportional to F (k). The ex-
perimental context for Equation (1), isotopic-differ-
ence neutron diffraction, is reviewed by Skipper et al.
(1991, 1994) for applications to hydrated 2:1 clay
minerals, and by Enderby (1983), Neilson and Ender-
by (1989), Skipper and Nielsen (1989) and Ohtaki and
Radnai (1993) for applications to aqueous solutions.

The total radial distribution function G(r) provides
a relative measure of the likelihood of coherent neu-
tron scattering at wavenumber k by atoms located at a
distance r from some atom placed at the origin of co-
ordinates (Enderby and Neilson, 1981). Equation (2)
shows that G(r) depends on the atomic fraction of the
scattering atom cg, on its coherent scattering length b,
and on the radial distribution function g.,(r), which is
defined implicitly by the equation (Enderby and Neil-
son, 1981):

Ny

dn,, = 41'r7gw(r)r2 dr. 3)
In Equation (3), dn,, is the average number of B-spe-
cies atoms within a spherical shell of radius r and
thickness dr enclosing an a-species atom which has
been placed at r = 0, and N, is the total number of
atoms in the system of volume V. Thus g..(7) is the
relative probability that a B atom resides within dr at
a radial distance r from an « atom centered at the
origin of coordinates (Allen and Tildesley, 1987). It is
normalized such that

N, [*
Np(p) = 4177 f 8up(r)r? dr €]
0
is the number of B atoms around the central a atom
within a sphere of radius p < R (Beveridge et al,
1983). As r T R, g,,(r) ~ 1 in an isotropic system
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(where T means “approaches from below’’), signify-
ing a uniform distribution of § atoms around the cen-
tral o atom, and G(r) in Equation (2) correspondingly
goes to zero, indicating no likelihood of coherent neu-
tron scattering by atoms far from that placed at the
origin of coordinates.

The physical role played by G(7) in Equation (2) is
as a relative probability for finding any 3 atom that
appears non-randomly at a distance r from an o atom
placed at the origin, depending on the relative popu-
lation of each type of atom (c, or c,) and on its ability
to scatter neutrons coherently (b, or b,). Effective con-
tributions to G(r) and, therefore, to neutron diffraction,
come from atoms that are abundant, with large coher-
ent scattering lengths, and which have strong spatial
correlations with atoms of any of the species consid-
ered. In applications to neutron diffraction by the at-
oms in the interlayer region of a hydrated clay mineral,
Equations (1) and (2) implicitly must be averages over
spatial correlations that depend on the direction from
a central atom, as well as on the intermolecular dis-
tance, given the constrained geometry of clay interlay-
ers. Thus, G(r) and its component radial distribution
functions are interpreted structurally as angularly-av-
eraged quantities when applied to species in clay in-
terlayers.

METHODS
Total radial distribution functions

Total radial distribution functions were calculated
with Equation (2) for interlayer water in the two-layer
hydrates of Na- and K-montmorillonite and for bulk
liquid water. The coherent scattering lengths tabulated
by Skipper et al. (1995¢) for H (—3.74 fm), D (6.67
fm), and O (5.81 fm) were used in all computations.
Atomic fractions for atoms in the montmorillonite hy-
drates were calculated with the formula:

__« atoms per unit cell
e 64.75

(&)

o denotes the type of atom (H, O, or O, for O in the
clay mineral) and denominator represents 40.75 atoms
in the unit cell or dehydrated Wyoming montmorillon-
ite (Mp5[Si;75Al,5] (Al; sMgo5)O5(OH),; M = Na or
K) plus 24 atoms in interlayer water per unit cell of
the clay mineral. This latter number is based on eight
water molecules per unit cell in the two-layer hydrate,
which is equivalent to a gravimetric D,0O content of
0.218 kg kg ! (Na-clay) or 0.214 kg kg~' (K-clay).
The atomic fractions used for bulk liquid water were
¢p = 0.6667 and ¢, = 0.3333, as follows from the
chemical formula of D,0.

Table 1 lists values of the coefficients c,cyb,b, that
appear in Equation (2) and were used in the calculation
of G(r) for the montmorillonite hydrates or for bulk
liquid water. The coefficients pertaining to the two-
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Table 1. Coefficients used to calculate G(r) for the two-layer
montmorillonite hydrate or for bulk liquid water (Units of
barns, 1 b = 100 fin?). The symbol O2 refers to clay mineral
O atoms.

Two-layer hydrate!

cptbp? 2cpcobpbo 2¢pCaosbpbo 2¢pcybpby
0.0272 0.0237 0.0710 ~0.0076
co’bg’ 2¢oc0:b0”

0.0052 0.0309

Bulk liquid water

cptbp? 2epcobpbo co*bo

0.1978 0.1722 0.0375

! Strictly speaking, G(r) for the two-layer hydrate should
include terms for spatial correlations between D or O in D,O
and the cations in the clay mineral structure. The correspond-
ing coefficients, however, are all smaller in absolute value
than the coefficient 2cpcybpby above, except for the coeffi-
cient 2¢pcsbpbg; (=0.01637) which multiplies a radial distri-
bution function nearly equal to 1.0 (no spatial correlation),
thus giving a negligibly small contribution to G(r).

layer hydrate differ from those used by Powell e al.
(1997), who set the denominator in Equation (5) equal
to 69.25, corresponding to 9.5 water molecules per
unit cell instead of 8, thus resulting in different values
for the atomic fractions from those used in the present
study. This larger number of water molecules per unit
cell adopted by Powell et al. (1997) appears to be an
error, because it corresponds to a gravimetric D,O con-
tent of 0.258 kg kg~! for Na-montmorillonite, whereas
an experimentally-measured D,O content of only
0.205 = 0.005 kg kg~! was reported by Powell et al.
(1997), which is equivalent to 7.5 water molecules per
unit cell. The coefficients c,czb,b, in Table 1 pertain-
ing to G(r) for bulk liquid water also differ from those
used by Powell et al. (1997), who elected to include
atomic fractions for the clay mineral structural O at-
oms along with those for water molecule O atoms to
calculate a hypothetical model G(r) instead of the true
G(r) for the bulk liquid phase.

Two working forms of Equation (2) were used in
the computation of G(r) for r in the range 1.5-6.0 A.
For the two-layer hydrates of Na- and K-montmoril-
lonite,

G,(r) = 0.0947g,4(r) + 0.03618,0(r)

+ 0.0272g44(r) — 0.1579 6)
whereas for bulk liquid water,
G,(r) = 0.1722g,,(r) + 0.0375g0,(r)
+ 0.1978g,,(r) — 0.4075 N

where the numerical prefactors derive from appropri-
ate combinations of the coefficients in Table 1. The
radial distribution functions in Equation (6), which do
not distinguish between O and 02, were calculated by
Monte Carlo simulation following the phase-space
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sampling strategy outlined by Chang et al. (1997). The
radial distribution functions used in Equation (7) were
both calculated by Monte Carlo simulation and taken
from smoothed experimental results reported recently
by Soper et al. (1997) in their extensive reanalysis of
isotopic-difference neutron diffraction studies of D,0O/
H,O mixtures.

Monte Carlo simulations

Monte Carlo (MC) simulations of interlayer water
structure in two-layer montmorillonite hydrates were
performed on Cray J90 supercomputers at the National
Energy Research Scientific Computing Center using
the code MONTE. Skipper et al. (1995a, 1995b) have
discussed the application of MONTE to simulate in-
terlayer configurations in hydrates of Wyoming mont-
morillonite. Chang et al. (1997) outlined a strategy for
obtaining efficient convergence in MC simulations of
these hydrates using MONTE and an isothermal-iso-
stress ensemble (T = 300 K, o, = 100 kPa).

Potential functions based on the MCY model (Mat-
suoka et al., 1976) were used to represent all relevant
interactions: clay-clay, clay-counterion, clay-water,
counterion-counterion, counterion-water, and water-
water. The mathematical form of the potential func-
tions used was:

& (44
Ury) = > >, | — Aye 8o + Cye Pl (8)
i=1 j>i i
where g, is the effective charge on a site in a water
molecule, in an interlayer cation, or in the clay mineral
structure, r; is the intersite separation distance and the
parameters A, B, C, and D describe short-range inter-
actions. Values of all parameters in Equation (8) for
Na- and K-montmorillonite hydrates were given by
Skipper et al. (1995a) and Chang et al. (1998), re-
spectively. The advantages and limitations of the MCY
model for simulating montmorillonite hydrates were
discussed in detail by Skipper et al (1995b) and
Chang et al. (1997).

The simulation cell comprises two clay mineral
half-layers sandwiching the interlayer space. The cell
holds eight crystallographic unit cells; thus it has an
area of 21.12 X 18.28 A2 Isomorphic substitutions of
AD* for Si**, and of Mg?+ for AI**, create two tetra-
hedral negative-charge sites and four octahedral neg-
ative-charge sites in the layer structure which are bal-
anced by monovalent counterions, as indicated by the
unit-cell formula given below Equation (5). Sixty-four
water molecules, corresponding to a two-layer hydrate
of montmorillonite (Bérend et al., 1995), were ran-
domly placed within the interlayer region of the sim-
ulation cell. The simulation cell is repeated infinitely
in every direction via three-dimensional boundary
conditions. A real-space cutoff of 9 A is employed for
all short-range interactions, while a three-dimensional
Ewald sum technique is used for calculating long-
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Figure 1.

range coulomb interactions (Allen and Tildesley,
1987).

Simulation strategies

For simulations of the montmorillonite hydrates,
two different initial conditions were employed: (1) all
interlayer cations are placed at the midplane between
the two clay layers (which is also the central plane of
the simulation cell), and (2) four of the interlayer cat-
ions are positioned at the midplane over sites of iso-
morphic substitution in the octahedral sheet whereas
the two remaining cations are placed close to the clay
mineral surface near sites of isomorphic substitution
in the tetrahedral sheet.

In a first optimizing part of the computation,
(50,000 steps for Na-montmorillonite or 10,000 steps
for K-montmorillonite), only water molecules were
permitted to move while the layer spacing (16 A) and
the interlayer cations remained fixed. In the next
(50,000 or 10,000) steps, water molecules moved and
the clay layer was permitted to move in the z direction
{normal to the clay layer). In the next part of the com-
putation (100,000 or 200,000 steps), water molecules,
cations, and the clay layer were allowed to move in
every direction, with the upper clay layer moved one
step in any one direction for approximately every five
movements of interlayer water molecules. In the next
1,000,000 steps and for the final part of the compu-
tation (500,000 steps), the same conditions as given in
the 100,000 (or 200,000)-step computation were ap-
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Composite graph of the RDFs representing O-O, O-H, and H-H spatial correlations in MCY water (MC simulation).

plied, with the last 500,000 steps used for data anal-
ysis. For all parts of the computation, data were col-
lected for averaging after every 500 steps. Final output
included total potential energy, layer spacing (under
100 kPa applied normal stress), and radial distribution
functions of interlayer water molecules. Simulations
begun with the initial condition (2) above always pro-
duced the lower and more stable potential energy and
layer spacing. Therefore, they were chosen for the fi-
nal data analysis.

Simulations of bulk liquid water were carried out in
an isothermal-isochoric (NVT) ensemble using the
MCY potential function with a real-space cutoff of 8
A. A total of 267 water molecules were simulated in
an 8000 A’ cubic box (corresponding to a fixed density
of 0.9976 Mg m~?). Simulations with 1.2 to 1.7 million
total steps were performed at 300 K. The last 500,000
steps were used for data analysis.

RESULTS AND DISCUSSION
Bulk liquid water

Radial distribution functions (RDFs) for O-O, O-H,
and H-H spatial correlations in bulk liquid water are
shown in Figures 1 and 2. The RDFs obtained in the
present study by MC simulation based on the MCY
model appear in Figure 1. The average internal energy
of MCY water in our simulation was found to be
—8.47 * 0.07 kcal mol~!, which may be compared to
—8.7 = 0.1 kcal mol~! obtained in a MC simulation
using the MCY model by Beveridge et al. (1983) and
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Figure 2. Composite graph of the RDFs representing O-O, O-H, and H-H spatial correlations in liquid water as determined

experimentally by Soper et al. (1997).

to the experimental value they give, —10 kcal mol-!.
Comparison of Figure 1 with Figure 2, which shows
RDFs for liquid water based on a recent refinement of
neutron diffraction data obtained using the H/D con-
trast variation method (Soper et al., 1997), indicates
that the MCY model, when constrained to the exper-
imental liquid density, reproduces peak positions in the
RDFs extremely well, but gives peaks that are some-
what higher than those in the experimental RDFs. The
effect of this latter small discrepancy is seen quanti-
tatively in Table 2, which lists intermolecular nearest-
neighbor coordination numbers calculated by numeri-

Table 2. Intermolecular coordination numbers! for bulk lig-
uid water and for adsorbed water in the two-layer hydrates
of Na- and K-montmorillonite.

Noo Tnin(A) Nou Foia(A) Ny Toin(A)
Experimental (Soper et al., 1997)
5.4 3.50 2.0 2.45 53 295
MCY water

52 340 2.1 2.50 6.0 3.00
Na-montmorillonite hydrate

9.7 4.00 1.6 2.50 6.1 3.20
K-montmorillonite hydrate

6.3 3.70 1.4 2.50 4.0 3.10

! Intramolecular contributions (2.0 for N, and 1.0 for N,,)
have been subtracted from the value of the integral in Equa-
tion (4), with its upper limit set at p = r,.
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cal quadrature according to Equation (4) using the
RDFs in Figures 1 and 2. The MCY model predicts
Ny, and N, rather well, but overpredicts Ny, by
~13%, implying that local spatial ordering as predict-
ed by the MCY model is somewhat different from
what actually exists in liquid water (Beveridge et al.,
1983; Kusalik and Svishchev, 1994). Nonetheless, Fig-
ures 1 and 2, along with the results in Table 2, attest
to the essential reliability of the MCY model, at least
for predicting RDFs and nearest-neighbor coordination
numbers.

Interlayer hydrate water

The RDFs calculated by MC simulation for inter-
layer water in the two-layer hydrates of Na- and K-
montmorillonite are shown in Figures 3 and 4, respec-
tively. The equilibrium layer spacings predicted in the
simulation results [15.0 = 0.1 A (Na), 155 = 0.2 A
(K)] are in good agreement with the average of the
published experimental values for two-layer hydrates
of Na- or K-montmorillonite, 15.6 + 0.5 A (Posner
and Quirk, 1964; Calvet, 1972; Cebula et al, 1980;
Zhang and Iow, 1989; Fu et al, 1990; Slade et al,
1991; Bérend er al., 1995). The amplitudes of the in-
terlayer water RDFs relative to those for bulk liquid
water reflect differences in spatial correlations, simu-
lation cell volume, and atomic composition. The much
larger distance to the first minimum of g,(7) in inter-
layer water (r;, =~ 3.7-4.0 A) signals an important
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Figure 4. Composite graph of the RDFs representing O-O, O-H, and H-H spatial correlations in interlayer water in the two-

layer hydrate of K-montmorillonite, as calculated by MC simulation.

https://doi.org/10.1346/CCMN.1999.0470209 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1999.0470209

198

e

G(r) (b sr™)

Sposito, Park and Sutton

Clays and Clay Minerals

--—MCY water
----- Liguid water
=—=Two layer hydrate (Na)

= = = Two layer hydrate (K)

2.00 3.00

Figure 5.
water (simulated) and for liquid water (experimental).

departure from local tetrahedral ordering among inter-
layer water molecules, which often have several oxy-
gen ions in the clay mineral surface along with water
oxygen atoms as nearest neighbors within a sphere of
radius 4 A. By contrast, a water molecule in the bulk
liquid is typically surrounded by four to five nearest
neighbors within a smaller sphere of radius 3.5 A [cf.
Figures 21 and 22 in Beveridge et al. (1983)]. In their
MC simulations of ionic solutions based on the MCY
model, Mezei and Beveridge (1981) observed that this
local tetrahedral coordination environment was re-es-
tablished for water molecules outside the octahedral
solvation shells of Na* and K*. For interlayer water,
however, the clay mineral surface intervenes. Table 2
quantifies these considerations by demonstrating the
greater number of nearest-neighbor O (N,,) and the
smaller number of hydrogen bonds per O (N,) in in-
terlayer water as compared to bulk liquid water.
Differences in g,o(r) between Figures 3 and 4 in-
dicate that interlayer water is less well organized in
the K-montmorillonite hydrate than in the Na-mont-
morillonite hydrate. For K-montmorillonite (Figure 4),
following the first peak in g,.(7) there is scarcely a
minimum, the depth of which is known to be greater
as the degree of local tetrahedral coordination among
water molecules increases (Kusalik and Svishchev,
1994). [Note also that this minimum is deeper in liquid
water (Figure 2) than in MCY water (Figure 1).]
Therefore, interlayer water in K-montmorillonite,
more so than in Na-montmorillonite, does not mimic
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Graph of G(r) for interlayer water in the two-layer hydrate of Na- or K-montmorillonite (simulated), for MCY

well the local coordination structure in bulk liquid wa-
ter. This situation is likely an effect of the weak sol-
vation of K* (Ohtaki and Radnai, 1993), which per-
mits the clay-mineral surface to have greater influence
on the structure of interlayer water. Consistently with
this hypothesis, Mezei and Beveridge (1981) observed
no direct effect of K* solvation on the bulk water
structure in their MCY-model MC simulations of ionic
solutions.

Total radial distribution functions

Figure 5 shows total radial distribution functions
based on Equation (6) or (7) and the appropriate RDFs
in Figures 1 to 4. The differences between G, (r) for
MCY water and liquid water occur mainly from the
relatively large weight given in Equation (7) to guu(7),
which is the RDF least well-predicted by the MCY
model (cf. Figures 1 and 2; column 5 in Table 2). A
similar discrepancy exists for the second peak in
Zou(1), producing in the MCY prediction of G (r) near
r = 3.4 A, a palpable difference from the value for
liquid water. It is noteworthy in this context that g,(7)
contributes little to G,(r) because of its small weight
in Equation (7).

The values of G,(r) predicted for the two montmo-
rillonite hydrates in Figure 5 lie above those of G, (7),
a feature that can be attributed to the larger amplitudes
of the two principal contributing RDFs. Powell et al.
(1997) calculated a hypothetical G (r) based on the ¢
and b coefficients that normally would be used for
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G,(r). Thus, they artificially included clay-mineral
structural O and H, instead of using coefficients per-
taining only to liquid water (Table 1), with the result
that G,(r) and their hypothetical G (r) showed rela-
tively few differences. In the present study, deviations
between G,(r) and G,(r) do occur because of spatial
correlations with the clay mineral structure O and H
that do not, of course, exist in bulk liquid water.

The shape of the simulated G,(r} for either mont-
morillonite hydrate is similar to that of G,(r) measured
by Powell et al. (1997; Figure 5). For example, a well
defined peak in the simulated G,(r) is predicted near
r=1.9 /D\, reflecting O-H spatial correlations, and this
peak appears as well in the measured G,(r), as does
the peak predicted to arise near r =~ 3.3 A. Near r ~
2.5 A, however, the measured distribution function
shows a shoulder feature like that in G,(r), whereas
the simulated distribution function does not. Alterna-
tively, the experimental G,(r) must be a convolution
of spatial correlations for interlayer water with those
for water adsorbed on external surfaces and in micro-
pores. These latter two types of adsorbed water, which
are more likely to be similar to the bulk liquid in struc-
ture, were not considered in our MC simulations.
Overall, comparing the shapes of G,(r) and G (r) in
Figure 5, we conclude, in agreement with Powell et
al. (1997), that important differences in structure be-
tween adsorbed interlayer water and bulk-liquid water
should exist over the range of » between 1.5-3.0 A.
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