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THE NATURE OF CATION-SUBSTITUTION SITES IN PHYLLOSILICATES 
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Abstract-A fundamental property of electrostatic potentials is their additivity. This study demonstrates 
that the electrostatic potential of a negatively charged, cation-substituted phyllosilicate layer can be 
represented as the sum oftwo potentials. Viewing cation substitution as a defect, one potential is derived 
from the atoms in a charge-neutral, unsubstituted layer such as pyrophyllite or talc. The "neutral-layer" 
potential rapidly decays to zero with distance from the layer and is determined primarily by the atoms 
in the first two atomic planes parallel to the (001) surface, i.e., the basal oxygens and tetrahedral cations. 
The second component, characterized as a "defect" potential, is a long-range potential derived from 
cation-substitution. The model used to compute the electrostatic potentials, a two-dimensional Ewald 
lattice sum, represents the atoms of a single phyllosilicate layer as point charges. 

Key Words-Beidellite, Cation-substitution site, Electrostatic potential, Hectorite, Montmorillonite, Ver
miculite. 

INTRODUCTION 
charge is much more localized on fewer surface oxygens 
than octahedral charge, explaining the stronger H-bonds 

Much of the cation-exchange capacity of smectite of adsorbed H20 on vermiculite." 
and vermiculite is independent of solution pH. This All of these descriptions of cation-substitution sites 
so-called "permanent" surface charge arises from cat- have three common elements. First, the negative charge 
ion substitutions (or less commonly, cation vacancies) associated with cation substitution is, to some un
in the phyllosilicate layers. These cation-exchange sites specified extent, represented as residing on surface oxy
influence many important physical properties ranging gens (i.e., basal oxygens of the tetrahedral sheet). Sec
from swelling and dehydration behavior (cf. McBride, ond, the localization of negative charge on the basal 
1989) to the positioning of interlayer cations (Mathie- oxygens depends on the location substitution site. Neg
son and Walker, 1954; ShirozuandBailey, 1966; Odom, ative charge is characterized as being less localized on 
1984; Slade et a/., 1985) and the structure ofinterlayer the basal oxygens if octahedral substitution is present. 
water (cf. Prost, 1975; Sposito and Prost, 1982). Tet- Third, no physical mechanism is given to explain how 
rahedral-sheet substitution of Si4 + by AP+ in beidellite and to what extent negative charge would reside on the 
and octahedral-sheet substitution of AP+ by Mg2+ in basal oxygens. 
montmorillonite or Mg2+ by Li+ in hectorite are typical From the perspective of solid-state chemistry, cation 
examples. substitution in phyllosilicates does not change the 

Several prominent clay mineralogists have described number of valence electrons in the phyllosilicate layer. 
the nature of cation-substitution sites in phyllosilicates. The number of electrons (i.e., electron-count) is deter
Farmer (1978) stated: " ... the site of substitution is mined by the number of oxygen atoms in the repeat 
of importance because of its effect on the localization unit (Bleam and Hoffmann, 1988). Cation substitution 
of charge on the surface oxygens." With tetrahedral reduces the nuclear charge at the substitution site by a 
substitution, according to Farmer (1978), the negative unit of charge equal to one proton and changes the 
charge resides on the three basal oxygens of the alu- electronegativity of the atom at the substitution site. 
minate tetrahedra, whereas the negative charge resides Reducing the nuclear charge by one unit while leav
on ten basal oxygens (five on either side of the layer) ing the electron-count unchanged means that the excess 
if octahedral substitution is present. Sposito (1984) em- negative charge is actually a positive charge deficit. 
ployed essentially the same reasoning in a discussion Because the substituting atom has an electronegativity 
of the relation between substitution-site location and different from the atom that it replaces, the distribution 
the Lewis basicity of the basal oxygens. The concept of electrons near the substitution site will also be per
of charge localization is also apparent in the statement turbed. Some fraction of the excess negative charge 
by Odom (1984): " ... the tendency for exchangeable remains at the substitution site (i.e., the position oc
cation ordering is not found in octahedrally substituted cupied by the substituting cation), and the remainder 
smectites, since the net charge is more randomly dis- resides on neighboring atoms (both cations and oxygen 
tributed among the surface oxygens." Finally, McBride atoms). 
(1989) described the effect of the substitution site on Bleam and Hoffmann (1988) examined the relation 
the hydrogen bonding between inter-layer water mol- between orbital interactions in cation-substituted phyl
ecules and the silicate sheet in this way: " ... tetrahedral losilicates and the distribution of charge. Aluminum, 
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like silicon, has significant capacity to form chemical 
bonds with oxygen. Bleam and Hoffmann (1988) es
timate that if AP+ substitutes for Si4 +, -60% of the 
excess negative charge resides on the tetrahedral oxy
gens and only -35% remains at the tetrahedral cation 
site. Magnesium atomic orbitals have little tendency 
to interact with oxygen orbitals to form chemical bonds. 
As a result, orbital interactions between magnesium 
and next-nearest-neighbor aluminum atoms becomes 
the only significant mechanism for redistributing charge, 
so that if Mg2+ replaces AP+, -48% of the excess neg
ative charge resides on next-nearest-neighbor alumi
num atoms, and -42% remains at the octahedral cat
ion site (Bleam and Hoffmann, 1988). Kjellander and 
Marcelja (1985) modeled a mica surface using un
charged oxygen and silicon atoms, assigning a unit neg
ative charge to the specific tetrahedral cation position 
at which AP+ replaces Si4

+. This model captures the 
essential nature of cation-substitution sites, its only 
weakness being its complete neglect of charge on atoms 
other than the excess charge at the substitution site. 

The purpose of the present study was to use the 
charge distributions in cation-substituted phyllosili
cates to compute the electrostatic potential at the (001) 
surface plane. Some calculations used formal charges, 
whereas others used charges that allowed for charge 
reduction resulting from chemical bonding. The elec
trostatic potential was decomposed into two major 
components using the additive property of potentia Is. 
These two components formed the basis of a simple 
description of the essential properties of the phyllosili
cate surface potential. 

METHOD 

The electrostatic potentials appearing in this paper 
(vide infra) were computed with a two-dimensional 
Ewald lattice sum. Numerous excellent discussions of 
this method are found in the scientific literature (e.g., 
Parry, 1975, 1976; Lee and Choi, 1980; Heyes and van 
Swol, 1981; Smith, 1983). The focus of the present 
study was a single, cation-substituted "2: 1" phyllosili
cate layer. The atoms of this layer and the counterions 
were represented as point charges possessing transla
tional symmetry in two dimensions. 

A lattice sum is the most efficient means of com
puting potentials if a charge array has translational 
symmetry. The number of dimensions having trans
lational symmetry determines the dimensionality of 
the lattice sum; hence, the potentials from a single layer 
of charge require a two-dimensional sum. The special 
techniques for taking advantage of translational sym
metry are the only characteristics that distinguish this 
from the more familiar approach of classical electro
static theory. All the potentials reported in this study 
were for positions lying outside of and parallel to the 
planar array of point charges comprising the phyllosili
cate layer. 

The electrostatic potentials at each point in a rect
angular mesh of points parallel to the (001) surface are 
all that is necessary to prepare a contour map of the 
electrostatic potential (cf. Foot and Colburn, 1988). 
Each map in the present paper required -4200 points 
and was prepared using the graphics program DI-3000 
(version 5.0, Precison Visuals). 

Details of the mineral structures used in this study 
are listed in the Appendix. Chemical bonding results 
from orbital interactions that have the effect of reduc
ing the atomic charges to some extent. The effect that 
this has on the electrostatic potential was estimated 
using extended Hiickel, tight-binding calculations of 
cation-substituted phyllosilicates (Hoffmann and Lips
comb, 1962; Hoffinann, 1963; Whangbo et al., 1979; 
Bleam and Hoffmann, 1988). The critical point is that 
without orbital interactions, cation substitution pro
duces a point defect, whereas with orbital interactions, 
the defect is a localized charge array. 

Two idealized dioctahedral structures were used in 
these calculations to determine the effects of rotation 
and tilting on the structure of the electrostatic surface 
potential. Although the tetrahedra in both dioctahedral 
structures are rotated 10°, one has a corrugated basal 
surface (produced by 4° tilting of tetrahedra) and the 
other does not. 

Unlike other studies of cation-substituted phyllosili
cates (e.g., Banos, 1985; lenkins and Hartman, 1979, 
1980, 1982; Giese, 1979, 1984), tetrahedral and oc
tahedral cations were not assigned statistically aver
aged charges (Table 1). In other words, all the cation 
substitutions were ordered even though such ordering 
is rarely observed in actual diffraction studies (Veitch 
and Radoslovich, 1963; Bailey, 1975; Weiss et al., 
1985). The implications of averaging atomic charges 
are addressed below. 

The electrostatic potential maps all lie 1.98 A above 
the centers of the basal oxygens and are parallel to the 
(001) plane. In the structure having tetrahedral tilting, 
the distance is measured from the basal oxygens lying 
on the "ridges" of the corrugations (i.e., those not lying 
on the mirror plane passing through the M(l) sites). 
Slade et al. (1985) positioned the inter-layer cations 
1.98 A from the basal oxygens in their crystal structure 
refinement of two-layer hydrates of Na- and Ca-ver
miculite. The conclusions derived from these potential 
maps, however, are not sensitive to the precise position 
of the map plane relative to the plane of the basal 
oxygens. 

Finally, mineral names have a special meaning to 
mineralogists and, for this reason, they will not be used 
when referring to the idealized structures (vide infra). 
Three types of cation substitution will be examined: 
(1) tetrahedral-sheet substitution of Si4 + by AP+ in an 
idealized pyrophyllite structure to form pseudo-bei
dellite, (2) octahedral-sheet substitution of AP+ by Mg2+ 
in an idealized pyrophyllite structure to form pseudo-
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montmorillonite, and (3) octahedral-sheet substitution 
of Mg2+ by Li+ in a talc structure to form pseudo
hectorite. There were no changes in the positions of 
the atoms of the parent mineral to form the daughter 
mineral, only changes in the charge assigned to those 
positions, hence, the prefix pseudo-. 

RESULTS 

Electrostatic potential surfaces in 
the (001) surface plane 

Figure I shows the electrostatic potential in the (00 I) 
surface plane 1.98 A from the surface of pseudo-hec
torite. The hexagonal symmetry of the underlying tet
rahedral sheet (layer group symmetry: p6mm) is readi
ly apparent. Careful inspection, however, reveals 
distortion of the electrostatic potential from the ideal 
symmetry of the underlying silicate sheet. Consider 
now the so-called "defect" potential, found by sub
tracting (point-by-point) the potential computed for 
the (00 I) surface of a neutral phyllosilicate layer from 
the potential computed for the (001) surface of a cation
substituted phyllosilicate layer. A "defect" potential is 
shown in Figure 2 in which talc is the neutral mineral 
and pseudo-hectorite is the substituted mineral. The 
pseudo-hectorite structure was derived from the talc 
structure by replacing one of every twelve Mg2+ by an 
Li+, the positions of all other atoms remaining un
changed (cf. Appendix). 

The tetrahedra in the silicate sheet of pseudo-mont
morillonite are rotated by a = 11°. These rotations 
lower the layer-group symmetry of the tetrahedral sheet 
to p3m I. The electrostatic potential above pseudo
montmorillonite (Figure 3) has a symmetry clearly low
er than p3ml. The potential has been distorted from 
the symmetry of tetrahedral sheet. This distortion is 

Figure I. Electrostatic potential map of pseudo-hectorite 
(001) surface, 1.98 A above center of basal oxygens. Contour 
lines are at intervals of 0.05 V. Major contours, identified by 
tic marks pointing toward lower potentials, are at - 1.70, 
-1.45, and -1.20 V. Shaded lines connect positions of basal 
oxygens. Substitution site is indicated by square containing a 
solid circle. Map covers two conventional unit cells, 10.6144 
A by 9.1924 A. 

not so profound as to render the underlying structure 
of the silicate sheet unrecognizable. The "defect" po
tential map (vide supra), prepared by subtracting the 
(001) surface potential of pyrophyllite from the surface 
potential of pseudo-montmorillonite, is essentially 
identical to that in Figure 2. 

Cation substitution in both pseudo-hectorite and 
pseudo-montmorillonite gives rise to a "defect" sur-

Table 1. Atomic charges (in electron units, e) used to compute electrostatic potential maps. 

Atom 

AI 
H 
Li 
Mg 
Oapical 

OhYdrOx.yl 

°ba .. , 
0' ". .. ,17 

Si 

Hectorite 

0.387 
1.000 
1. 760,' 1.720' 

-1.460 
-1.220 
-1.217 

2.385 

Montmorillonite 

2.274,' 2.1142 
0.429 

1.8606 

-1.386 
-1.147,9 -1.20010 

-1.254 

2.489 

Beidellite 

2.259,' 2.4193 

0.419 

-1.386,' -1.5068 

-1.123 
-1.245,11 -1.365'2 
-1.378,13 -1.258" 

2.489,15 2.429 '6 

170'_ denotes a basal oxygen lying in the mirror plane passing through the M(I) site and displaced toward the center of 
the phyllosilicate layer by tilting of the tetrahedra. 
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Figure 2. Electrostatic potential map representing difference 
between pseudo-hectorite (DOl) surface potential and that of 
talc (DOl) surface potential, 1.98 A above center of basal 
oxygens. Contour lines are at intervals of 0.05 V. Major con
tours, identified by tic marks pointing toward lower poten
tials, are at -0.10, 0.00 and +0.10 V. Potential minimum 
(above substitution site at center of map) and potential max
ima (at the four corners of the map) are -0.194 V and +0.159 
V, respectively. Map covers two conventional unit cells, 
10.6144 A by 9.1924 A. 

face potential, which is smooth compared to the po
tential that arises from the silicon and oxygen atoms 
in the first two atomic planes ofthe phyllosilicate layer. 
In actuality, the cation substitutions used in this study 
were not truly point defects. Those oxygen atoms that 
are nearest neighbors of the substitution site carry a 
slightly larger negative charge, and cations that are next
nearest neighbors carry a smaller positive charge rel
ative to the other atoms in the structure (Table 1). 
Strictly speaking, "defect" potentials of the sort ap
pearing in Figure 2 arise from a charge array and not 
from a point defect. 

The electrostatic potential in the (001) plane, 1.98 
A from the basal oxygens and outside of the pseudo
beidellite structure, is shown in Figure 4. The structure 
of the pseudo-beidelIite (and the pyrophyllite from 
which it was derived) differs from that of pseudo-mont
morillonite in that the tetrahedra are tilted 4°. Note 
that only two potential minima, ascribed to the alu
minate basal oxygens, are apparent in the pseudo-bei
dellite (00 I) plane and are the result of tilting tetrahedra 
4°. The electrostatic potential map clearly illustrates 
the significance of the tilting distortion. The structure 
of the underlying tetrahedral sheet is virtually unrec
ognizable in Figure 4, yet the "defect" potential for 
pseudo-beidellite is as smooth as the one shown in 
Figure 2. 

Figure 3. Electrostatic potential map of pseudo-montmo
rillonite (001) surface, 1.98 A above center of basal oxygens. 
Tetrahedra are rotated 11°. Contour lines are at intervals of 
0.05 V. Major contours, identified by tic marks pointing toward 
lower potentials, are at -1.98, -1.73 , -1.48 and -1.23 V. 
Shaded lines connect positions of basal oxygens. Substitution 
site is indicated by square containing a solid circle. Map cov
ers two conventional unit cells, 10.37455 A by 8.98463 A. 

Electrostatic potential transects in 
the (001) surface plane 

The potentials plotted along a transect in the (001) 
plane, passing directly over the substitution sites in 
pseudo-montmorillonite and pseudo-beidellite, illus
trate further the relative magnitudes of the "neutral 
layer" and "defect" potentials [Figures 5 (upper) and 
5 (lower)] . Three curves are present in each illustration. 
The "neutral" curve is the potential along the transect 
in the (001) plane 1.98 A from the basal oxygens of 
pyrophyllite from which the substituted mineral was 
derived. The "charged" curve is the potential along the 
same transect for either pseudo-montmorillonite [Fig
ure 5 (upper)] or pseudo-beidellite [Figure 5 (lower)]. 
The "defect" potential is simply the "charged" poten
tial minus the "neutral" potential. 

The distance between the plane of the counter-ions 
and the plane passing through the basal oxygens is the 
same in both illustrations, but the distance between 
the substitution site and the counter-ion is 4.957 A in 
octahedrally substituted pseudo-montmorillonite [Fig
ure 5 (upper)] and 2.465 A in tetrahedralIy substituted 
pseudo-beidellite [Figure 5 (lower)], a difference of2.491 
A. The "defect" potential above tetrahedralIy substi
tuted phyllosilicates [Figure 5 (lower)] has a barrier 
height of - 1.5 V separating substitution sites, whereas 
the electrostatic potential above neutral-layer pyro-
phyllite has a relief -0.5 V. . 
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Figure 4. Electrostatic potential map of pseudo-beidellite 
(001) surface, 1.98 A above center of basal oxygens. Tetra
hedra are rotated 11° and tilted 4°. Contour lines are at in
tervals of 0.10 V. Major contours, identified by tic marks 
pointing toward lower potentials, are at -5.0, -4.5, -4.0 
and - 3.5 V. Shaded lines connect positions of basal oxygens. 
Substitution site is indicated by square containing a solid 
circle. Map covers two conventional unit cells, 10.37455 A 
by 8.96276 A. 

Electrostatic potentia Is normal to 
the (001) surface plane 

The potential measured normal to the (001) plane, 
outside of cation-substituted phyllosilicates, is the sum 
of two potentials. One potential arises from the silicon 
and oxygen atoms in the first two atomic planes of the 
tetrahedral sheet and is the same for both neutral-layer 
(e.g. , talc and pyrophyllite) and charged-layer minerals 
(e.g. , hectorite, montmorillonite, and beidellite). The 
second component of the surface electrostatic potential 
is due to the cation-substitution point defect. 

Figure 6 shows the electrostatic potential of a single 
pseudo-montmorillonite counter-ion as a function of 
the distance separating the phyllosilicate layer from the 
plane containing the counter-ions. The z-axis is taken 
to be normal to the (001) plane with the origin at the 
octahedral-cation plane (i.e., the plane containing the 
substitution sites). The curve labeled with open squares 
was computed by assigning formal charges to all the 
atoms in the layer, whereas the curve labeled with solid 
squares employed computed charges (cf. Table 1). Both 
of these curves approach -00 as z approaches zero, 
whereas at large z values, the curve becomes linear and 
thereby approaches +00. 

These two curves express the self-potential of a pos
itive point charge in a two-dimensional, infinite plane 
of positive point charges separated by a distance z from 
a single pseudo~montmorillonite layer. Both the pos
itively charged counter-ions and the negatively charged 
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Figure 5. Electrostatic potentials in (001) surface plane above 
phyllosilicate layers, 1.98 A above center of basal oxygens: 
(upper) octahedrally substituted pseudo-montmorillonite and 
(lower) tetrahedrall}"substituted pseudo-beideUite. "Charged" 
labels potentials along transect passing above substituted site 
of the given phyllosilicate. "Neutral" labels potentials above 
pyrophyllites, from which the two substituted minerals were 
derived (see text), along transects appropriate to position of 
the substitution. "Defect" labels potentials computed by sub
tracting the "neutral" curve from the "charged" curve for 
each type of substitution. 

substitution defect are arranged in a rectangular lattice 
(layer-lattice symmetry: p2mm), with the positive 
charges lying directly above the negatively charged de
fects. The linear portion of both pseudo-montmoril
lonite layer curves, which approaches +00 at large z, 
extrapolates to the finite potential, V(z = 0)4,or ~ -4.98 
V. The repeat unit for pseudo-montmorillonite is de
fined by the lattice vectors: a = 10.37544 A, b = 8.98463 
A. Potentials for these two curves are not plotted for 
z < 5.0 A, because in that range the counter-ions enter 
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Figure 6_ Squares label the electrostatic self-potential of a 
positive point-charge lying in a rectangular plane-lattice of 
positive point-charges positioned directly above cation-sub
stitution sites in a single layer of pseudo-montmorillonite. 
Circles label electrostatic self-potential of a single positive 
point-charge positioned directly above a negative charge dis
tributed unifonnly over a rectangular region. Assigning fonnal 
(open squares) and computed (solid squares) charges to atoms 
in pseudo-montmorilloniteyields slightly different curves. Di
mensions of rectangular lattice of point-positive charges, di
mensions of repeat unit in pseudo-montmorillonite, and di
mensions ofunifonn-rectangular charge distribution are equal: 
a = 10.37455 A and b = 8.98463 A. 

the layer and the counter-ion self-potentials are no 
longer physically meaningful. 

A third potential curve (labeled with open circles) is 
also illustrated in Figure 6. The limit of this potential 
curve as z approaches +00 is zero. It is finite and neg
ative at z = O. This curve is the z-dependent self-po
tential of a single point charge above a uniformly 
charged planar distribution of equal and opposite charge 
[Appendix, Eq (A.5)]. Using a circular disk of radius, 
R = (ab!?r)'!., or a rectangle of area, n = ab, gives nearly 
the same result. For a rectangular charge distribution 
having the same dimensions as the pseudo-montmo
rilIonite repeat unit (vide supra), V(z = O)Point ::=: 

-5 .25 V. 
Two curves (open and solid squares), representing 

the electrostatic potential normal to the pseudo-bei
dellite layer, are shown in Figure 7. The z-axis is nor
mal to the (001) plane, with the origin taken to be the 
plane containing the tetrahedral cations, i.e., the plane 
containing the substitution sites. The curves in Figure 
7 are analogous to those in Figure 6. These curves give 
the self-potential of a counter-ion positioned directly 
over the substitution site in pseudo-beidellite. The lin
ear portion ofthis curve extrapolates to a finite poten
tial, V(z = O)Layer ::=: -4.42 V. The repeat unit for pseu
do-beidellite is defined by the lattice vectors a = 

10.0 
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Figure 7. Squares label electrostatic self-potential of a pos
itive point-charge lying in a rectangular plane-lattice of pos
itive point-charges positioned directly above cation-substi
tution sites in a single layer ofpseudo-beidellite. Circles label 
electrostatic self-potential of a single positive point-charge 
positioned directly above a negative charge distributed uni
fonnly over a rectangular region. Assigning fonnal (open 
squares) and computed (solid squares) charges to atoms in 
pseudo-beidellite yields slightly different curves. Dimensions 
of rectangular lattice of point-positive charges, dimensions of 
repeat unit in pseudo-beidellite, and dimensions ofunifonn
rectangular charge distribution are equal: a = 10.37455 A and 
b = 8.96276 A. 

10.37544 A and b = 8.96276 A. Potentials do not 
appear for z < 2.0 A because for these values the coun
ter-ions enter the layer and the potentials are no longer 
physically meaningful. The curve labeled with open 
circles in Figure 7 represents the z-dependent self-po
tential of a single point charge above a uniformly 
charged planar distribution of equal and opposite 
charge. Using a rectangular charge distribution [Ap
pendix, Eq. (A.5)] having the same dimensions as the 
pseudo-beidellite repeat unit, the limiting potential is: 
V(z = O)Point ::=: -5.26 V. 

DISCUSSION 

Physical mechanisms for the redistribution of charge 

Only two ways exist by which charge can be redis
tributed in a solid material: (1) induced polarization 
arising from the electronic polarizability of atoms, and 
(2) orbital interactions. Electronic polarization of an 
atom, a displacement of the electron cloud relative to 
the nucleus induced by the local electric field intensity, 
causes a charge separation only on the order of the 
diameter ofthe atom (cf. Kittel, 1986), i.e., - 2.5 A for 
oxygen. Orbital interactions are capable of displacing 
modest amounts of electron density over slightly larger 
distances, equivalent to next-nearest neighbor cation-
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cation distances, which in phyllosilicates is - 3.0 A 
(Bleam and Hoffmann, 1988). 

Electronic polarization of oxygen can lead to signif
icant charge displacement given the magnitude of the 
electrostatic field intensity attainable within polar in
organic crystals (Bertaut, 1978), the electronic polar
izability of oxygen (cf. K.i ttel, 1986) and the ionic radius 
of oxygen. Computing the charge displacement by this 
mechanism is beyond the scope of this study and re
quires an estimate of the electric field intensity normal 
to the (001) surface. 

Redistribution of charge via orbital interactions re
duces ionic charges and thereby decreases the electro
static potentials within the crystal to about half the 
magnitude found using formal charges. It has little ef
fect, however, on the potential experienced by a coun
ter-ion located outside the phyllosilicate layer (see Fig
ures 6 and 7). 

Implicit in the creation of a cation-substitution de
fect is the fact that the electron count in the unit cell 
remains unchanged. This is because the number of 
occupied electronic states, set by the oxygen atom con
tent of the repeat unit, remains unchanged (Bleam and 
Hoffmann, 1988). The only change (neglecting for the 
moment electronic polarization and orbital interac
tions) is that at the site of the substitution, the core 
charge of the atom (nuclear charge minus the total 
number of electrons in the core energy shells) is low
ered. Typically, this positive charge deficit is equal to 
the charge of one proton. Orbital interactions and elec
tronic polarization shift the valence electrons screening 
the core charges of the atoms within the layer, but they 
do not cancel the charge. 

Components of the electrostatic surface potential 

The electrostatic potential maps (Figures 1, 3, and 
4) show how the detailed structure of the self-potential 
includes both short-range and long-range components. 
The short-range component is determined by the at
oms in the first two atomic planes. The long-range 
interaction ofthe counter-ion is with the positive-charge 
deficit. This is more or less the model Kjellander and 
Marcelja (1985) used in their simulation of the diffuse
double layer. The oxygen and silicon atoms of the sil
icate sheet in the Kjellander-Marcelja model of (00 1) 
plane of mica are neutral and have no effect on the 
dynamics of the system, except through the "core-re
pulsion" potential assigned to them. By neglecting the 
charge on these atoms, the Kjellander-Marcelja model 
neglects important contributions to the phyllosilicate 
(001) surface potential. 

The intuitive analyses of Low (1962) and Bo1t(1979) 
were correct, in that the charge need not be "smeared 
out" to give rise to a more or less equipotential surface. 
Figures 5 (upper), 6, and 7 clearly demonstrate that the 
long-range component of the electrostatic potential (i.e., 

the "defect" potential) has already become nearly equi
potential, for the extent of substitution used in this 
study (see Appendix), :::::2.5 A from the basal oxygens 
of an octahedrally substituted phyllosilicate (001) sur
face. At separations exceeding :::::7.5 A between the 
plane containing the substitution sites and the plane 
containing the counter-ions, i.e., about three oxygen 
diameters, the difference between tetrahedrally and oc
tahedrally substituted systems is negligible. Thus, the 
potential of an interlayer ion in pseudo-montmoril
lonite separated from the surface by one water layer 
(i.e., d(OO 1) ::::: 15 A) is equivalent to the potential of 
an interlayer cation in pseudo-beidellite separated from 
the surface by two water layers (i.e., d(OOl) ::::: 20 A). 

Of course, the phyllosilicate (001) surface potential 
is only one factor influencing the structure of the in
terlayer water and cations. Whereas positioning an in
terlayer cation directly above a substituted aluminate 
tetrahedron is clearly not an unstable arrangement, as 
originally thought by Farmer and Russell (1971), a 
detailed critical analysis ofinterlayer models (e.g., Ma
thieson and Walker, 1954; Shirozu and Bailey, 1966; 
Prost, 1975; Fripiat et al., 1980; Conard et al., 1984; 
Slade et al., 1985) must rest on calculations that include 
two phyllosilicate layers, counter-ions, and water mol
ecules. 

Ordered vs. disordered cation substitutions 

Jenkins and Hartman (1982) modeled such a system, 
but they used an approximation that may prejudice 
certain of their results, i.e., all structural cations in a 
given (001) surface plane were assigned statistically 
averaged charges. Statistically averaged charges were 
also used in the study of expansion energies that led 
Jenkins and Hartman (1980) to conclude that it took 
less energy to expand a tetrahedrally substituted phyl
losilicate than one that was octahedrally substituted. 
This conclusion is a direct result oftheir use of averaged 
charges. 

Two simple examples clarifY the meaning of statis
tically averaged charge. For a beidellite structure hav
ing x tetrahedral substitutions per formula unit (i.e., 
Mx[AI2(Si4_xAlxOlO)(OHhD, all tetrahedral cations are 
assigned the same charge: qtet = [(16 ~ x)/4]. All oc
tahedral cations in montmorillonite having x substi
tutions per formula unit (i.e., Mx [AI2_xM~(Si401O)
(OH)2D are assigned the charge: qoct = [(6 - x)I2]. 

Jenkins and Hartman (1980) expressed the interac
tion energy of a counter-ion with a substituted phyl
losilicate layer having charge density p = -q/ab as: 

U(z) ::::: [-qp/z] (1) 

which makes the self-potential of the counter-ion: 

V(z) ::::: [-p/z]. (2) 

Eqs. (1) and (2) cannot be correct expressions for a two-
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dimensional, infinite layer of charges. The limit as z 
approaches + 00 should be + 00 (see Fripiat et al., 1977; 
Watson et aI., 1981), whereas the limit as z approaches 
zero should be a negative but finite value [see Eq. (A5)]. 
Eq. (2) fails at both limits. 

In the configuration used by Jenkins and Hartman 
(1980), either all of the charge is in one rectangular 
region (Poet = -q/ab) at a distance Zoet = I + d from 
the counter-ion (i.e., octahedral substitution) or the 
charge density is equally spread over two rectangular 
regions (Ptet. I = P~t. 2 = -q/ 2ab) at distances Ztet. I = I 
and Z~t , 2 = I + 2d (i.e., tetrahedral substitution). In 
the Jenkins and Hartman (1980) model of tetrahedral 
substitution, a particular counter-ion can be in close 
contact with only one of the two regions, the closest 
approach to the remaining half ofthe layer charge being 
z = 2d. The counter-ion of an octahedrally substituted 
phyllosilicate is always found at a lower potential rel
ative to the counter-ion of a tetrahedrally substituted 
phyllosilicate using the Jenkins and Hartman (1980) 
charge distribution. Using either Eq. (A2) or Eq. (A5), 
this consequence of using averaged charges can be ver
ified. 

In reality, the charge is not averaged over all cations, 
there being no physical basis for such an averaging. 
Counter-ions at a given hydration state can always ap
proach a tetrahedral site more closely than an octa
hedral site and thus attain a more negative electrostatic 
potential. 

Lewis basicity of basal oxygens 

Sposito (1984, 1989) discussed the character of the 
phyllosilicate (001) surface cation-substitution sites in 
terms of the siloxane cavity, i.e., the 6-fold rings in the 
tetrahedral sheet. The basal oxygens in the 6-fold ring 
unquestionably present a geometry suitable for cation 
coordination, yet crystal structure refinements of hy
drated vermiculite (Mathieson and Walker, 1954; Shi
rozu and Bailey, 1966; Slade et al., 1985) indicate that 
interlayer cations commonly lie above the substituted 
tetrahedra. The nature of the electrostatic potential at 
the (001) surface is probably more important than the 
geometry of the 6-fold ring in determining the posi
tioning of the interlayer cation. 

The Sposito (1984, 1989) model also considers the 
Lewis base character of the basal oxygens. The bond
strength sum for basal oxygens bridging aluminate and 
silicate tetrahedra is ro = 1.8 valence units (Pauling, 
1929). The bond strength sum of basal oxygens in oc
tahedrally substituted phyllosilicates does not differ 
from the bond strength sum for basal oxygens in py
rophyllite and talc because cation substitutions affect 
only those cation-oxygen bonds within the coordina
tion polyhedra containing the substituting cation. The 
electrostatic valence principle and valence bond theory 
(Pauling, 1929; Brown, 1978) predict that the Lewis 

character of neutral and octahedrally substituted phyl
losilicates should be comparable. 

Brown (1978) assigned -0.2 valence units to the 
O· .. H bond of an oxygen receiving a normal hydrogen 
bond. The Lewis basicity of basal oxygens ranges from 
that found in neutral-layer and octahedrally substituted 
phyllosilicates to that found in tetrahedrally substitut
ed phyllosilicates. The basal-oxygen basicity in the for
mer is so weak that the oxygens cannot effectively re
ceive a hydrogen bond (i.e., ro = 2.0 valence units), 
whereas the aluminate oxygens in the latter would rank 
as good hydrogen bond receptors. Increased Lewis base 
strength of aluminate oxygens results from the in
creased electron population in tetrahedral oxygens co
ordinating aluminum, estimated to be -12% relative 
to pyrophyllite or talc (B1eam and Hoffmann, 1988). 
Electronic polarization (vida supra) produces no vari
ation in the Lewis basicity of basal oxygens, because 
it is no more than a shift in the center of gravity of 
charge. 

Electrostatic field intensity flux 

Potentials are additive, allowing a separation of the 
"charged-layer" potential into "neutral-layer" and 
"defect" components. The "charged-layer" potential 
is most easily viewed as a "neutral-layer" potential 
perturbed by a "defect" potential. The flux of the elec
trostatic field intensity increases as the distance sepa
rating the test charge and the substitution site de
creases. The nonuniformity of the flux in the (001) 
surface is more pronounced at small separations. The 
relation between the electrostatic field intensity flux 
and charge separation is expressed in the electrostatic 
potential maps as a distortion of the "neutral-layer" 
potential caused by the cation-substitution defect. The 
distortion of the electrostatic potential is more extreme 
for tetrahedral substitution than for octahedral substi
tution. In other words, as the substitution site is ap
proached, the number of electrostatic field lines per 
unit area increases. What has been described as "lo
calized charge" (Farmer, 1978; Sposito, 1984; Odom, 
1984; McBride, 1989) is more correctly termed "in
creased electrostatic field flux." 

Negative potentials in the (001) plane occur not be
cause the layer charge is localized on the basal oxygens, 
but rather because the surface oxygens producing those 
potentials are not screened. The notion that cation sub
stitution causes negative charge to reside on the basal 
oxygens is inaccurate. Consider the difference between 
the curves due to computed (open squares) and formal 
(solid squares) charges in Figures 6 and 7. This differ
ence in counter-ion electrostatic self-potentials for these 
two alternatives for assigning ion charges arises from 
differences in the charge distribution at the defect. If 
formal charges are used, the cation-substitution defect 
consists of a point positive-charge deficit at the sub-
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stitution site, the charges on the oxygen atoms remain 
unchanged in this substitution model. The potential 
using computed charges (Table 1) represents a substi
tution model, in which the defect is actually an array 
of charges consisting of a partial charge at the substi
tution site, with the remainder assigned to the oxygens 
immediately surrounding it and the cations next-near
est neighbors to that site. Although the potentials ex
perienced by the atoms within the phyllosilicate layer 
are substantially different in the two models, the coun
ter-ion potentials are virtually identical. 

APPENDIX 

Mineral structures 
The pseudo-hectorite (M. [Mg3 _ xLi.(Si.0 1O)(OHH x = 0.25) 

structure was derived from the refinement of talc by Perdi
katsis and Burzlaff( 1981). The pseudo-montmorillonite (Mx ' 

[A12_xMgx(Si.0 IO)(OH)2], x = 0.25) and pseudo-beidellite (Mx' 

[AI,(Si._ xAlxO IO)(OH)2]' x = 0.25) structures were derived 
from the refinement of pyrophyllite by Lee and Guggenheim 
(1981). Tetrahedral rotation was 11° in both derivations. 

The !etrahedra of the silicate sheets have point group sym
metry 43mi the octahedra are flattened and have point group 
symmetry 3m. Neglecting cation order, the layers themselves 
have layer group symmetry c2/m, whereas the tetrahedral 
sheets have layer group symmetries p6mm. p3m I and cl m I 
in pseudo-hectorite, pseudo-montmorillonite and pseudo
beidellite, respectively. Important distances in J>seudo-hec
torite are: d(Si-O) = 1.625 A; d(X-O) = 2.098 A; d(O--H) = 

0.864 A (X = Mg, Li). Important distances in pseudo-mont
morillonite and pseudo-beidellite are: d(T -0) = 1.618 A; d(X-
0) = 1.912 A; d(O--H) = 0.864 A (T = Si, AI; X = Mg, AI). 

The tetrahedra are tilted 4°, as found by Lee and Guggen
heim (1981), in tetrahedral sheet of pseudo-beidellite. The 
tetrahedra in pseudo-montmorillonite are not tilted because 
even in celadonite both octahedral sites are the same size 
(Bailey, 1975; Weiss et al.. 1985). 

Electrostatic potential Junctions 

If a charge, - q, is uniformly distributed over a circular disk 
of radius R, the charge density per unit area is: p = -qhrR2. 
The electrostatic potential at a position z above the center of 
this charge distribution is: 

i
2'iR 

V(z) = (p/4l1"Eo) 0 0 [r(z2 + r2)-'h] dr dO 

V(z) = (p/4l1"Eo)[ - 2l1"z + 2l1"(Z2 + R2)'h] 

V(z = 0) = (p/4l1"Eo)[2l1"R] = -q/(2l1"EoR). 

(A. I) 

(A.2) 

(A. 3) 

If a charge, -q, is uniformly distributed over a rectangle 
of dimensions a and b, the charge density per unit area is: p 
= -q/ab. The electrostatic potential at a position z above the 
center of this charge distribution is: 

V'(z) = (p/4l1"Eo) 1:: 1:: [X2 + y2 + Z2)-'h] dx dy. (AA) 

Integrating and simplifying using the function ttz) = (a2/4 
+ b2/4 + Z2)'h yields: 

V'(z) = (p/4l1"Eo){2z arctan[( -al2 - b/2 + ttz»/z] 
- 2z arctan[(al2 - bl2 + ttz»/z] 
- 2z arctan[( -al2 + bl2 + ttz»/z] 
+ 2z arctan[(al2 + bl2 + ttz»/z] 

- b In[ -al2 + ttz)] + b In[al2 + ttz)] 
-aln[-bl2 + ttz)] + aln[b/2 + ttz)]}, 

(A.5) 

and 

V'(z = 0) 
= (p/4l1"Eo){ - b In[ -al2 + ttO)] + b In[al2 + ttO)] 

-aln[-bl2 + ttO)] + aln[bl2 + ttO)]}. 
(A.6) 

The limit as z ~ 00 for both Eq. (A.2) and Eq. (A.5) is 
clearly zero, as expected. These potential functions show that 
a single point charge in contact with a uniform planar charge 
distribution is at a finite potential, the exact value of which 
depends on both the area and the configuration of the uniform 
planar charge. 
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