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THE SURFACE COULOMB ENERGY AND PROTON COULOMB 
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Abstract-This paper describes structural models of four pyrophyllite edge faces: {OlD}, {110}, {l00}, 
and {l30}. Water molecules chemisorbed to Lewis acid sites stabilize edge faces both crystallochemically 
and electrostatically. The detailed assignment of protons to surface oxygens and the orientation of OH 
bond-vectors both influence the surface Coulomb energy. 

The geometry chosen for the electrostatic calculations was infinite pyrophyllite ribbon the thickness of 
a single phyllosilicate layer and the width of 50 to 70 unit cells. Such a phyllosilicate ribbon has only two 
edges, a top and bottom, which were simulated using the edge-face models mentioned above. About 94% 
of the surface Coulomb energy is confined to the edge-face repeat unit. The surface Coulomb energies of 
the four edge faces are on the order of 2-3 nJ/m, varying ± I nJ/m with proton assignment. The Coulomb 
potential, measured either within the layer or parallel to the layer, has a distinct negative trend near the 
edge face that can be traced to chemisorbed water molecules. Finally, the correlation between proton 
Coulomb potentials at the edge face and the coordination environment of the protons is poor, obscured 
by long-range interactions. 
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INTRODUCTION 
silicates. Though their insights have proved valuable 
in later studies of edge faces, they did not propose 

The stability of colloidal clay mineral suspensions is explicit edge-face models. We will see that Grim and 
believed to come from edge-to-face and edge-to-edge Guven (1978) overlooked two important PBCs. 
associations between individual clay mineral platelets The next major contribution is from van Santen 
(Schofield and Samson, 1953, 1954; Swartzen-Allen (1982), who estimated the Madelung potential (i.e., 
and Matijevic, 1974; van Olphen, 1977). Secor and Coulomb energy) of basal and apical oxygens and pro
Radke {1985) recently examined these associations by tons at a smectite edge face. These calculations require 
modeling the diffuse double-layer surrounding thin, detailed, atomic-level models of the edge-face struc
disk-shaped particles. Two other important properties ture. Unfortunately, van Santen neither provides de
of phyllosilicates, pH-dependent surface charge and tails of the model (e.g., bond lengths, bond angles, etc.) 
anion e:xchange capacity, both arise from reactions at that would allow independent evaluation nor identifies 
edge faGes (Schofield and Samson, 1953; Quirk, 1960; which crystallographic edge face is represented by the 
Ferris and Jepson, 1975). This paper investigates the model. 
atomic-level structure and electrostatic properties of White and Zelazny (1988) can be credited with the 
pyrophyllite edge faces. Pyrophyllite was selected be- most exhaustive crystallochemical study of phyllo
cause it is a phyllosilicate whose structure and com- silicate edge faces. Their A-chain model (Figure 2A) is 
position permit a simplified analysis of these proper- an elaboration of the Schofield-Samson model (Figure 
ties, yet it bears sufficient similarities to smectites, lA) and closely resembles that of van Santen (1982). 
micas, and other phyllosilicates to allow extension of The B-chain (Figure 2B) shares characteristics with a 
this analysis to a much broader range of minerals. structure (Figure lB) that White and Zelazny (1988) 

Schofield and Samson (1953) describe perhaps the generously attribute to Muljadi et al. (1966). The A
earliest model of a clay mineral edge face. Their model and B-chain models are derived from PBCs (Hartman 
(Figure lA) illustrated hydrolysis of three types of ox- and Perdok, 1955a, 1955b, 1955c) that run parallel to 
ygens at a general kaolinite edge face: oxygens in the the [110] and [100] directions, respectively, in phyl
basal plane of the tetrahedral sheet bonded to Si only; losilicattls (Grim and Guven, 1978; Hartman, 1982). 
oxygens in the apical plane of the tetrahedral sheet The C-chain (not pictured here) is equivalent by sym
bonded to both Al and Si; and oxygens bonded to Al metry to the A-chain. 
only. Throughout this paper these will be called basal- One way to evaluate the edge-face models of White 
Ob' apical-O., and hydroxyl-Oh oxygens, respectively. and Zelazny (1988) is to consider whether they provide 

Grim and Guven (1978) adopted the periodic-bond- sufficient detail to compute the electrostatic properties 
chain (PBC) theory of Hartman and Perdok (1955a, of edge faces, i.e., whether it is possible to determine 
1955b, 1955c) to explain the crystal habit of phyllo- the coordinates of the atoms at the edge face bounded 
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Figure I . Schematic models of reactive groups at the edge face of kaolinite: A) Schofield and Samson (1953) and B) Muljadi 
et al. (1966). 

by the A- and B-chains. We must assume all atoms at 
the edge face remain in the same relative positions as 
in the bulk layer. Even with this assumption, the ori
entation of OH bond-vectors at the edge face are un
determined. 

Well-crystallized phyllosilicates display a hexagonal 
crystal habit. The edge faces most commonly assigned 
to these hexagonal crystals are the {O I O } and the { IIO} 
(Grim and Guven, 1978; Hartman, 1982). Sun and 
Baronnet (1989a, 1989b) reported hexagonal phlogo
pite crystals whose optical axes indicated the presence 
of {IOO ) and {l30} edge faces. 

The objective of the present study was an analysis 
of the electrostatic properties ofphyllosilicate edge fac
es. Two approaches present themselves: the phenom
enological approach treats the phyllosilicate layer and 
edge face as structureless media for which distinctions 
among crystallographic planes are irrelevant; the at
omistic approach computes the Coulomb potentials 
from detailed structural models. 

The current paper describes structural models, the 
repeat unit contents, and bond-cutting energies offour 
pyrophylliteedge faces: {OlO}, {llO}, {IOO}, and {130}. 
It also provides a crystallochemical rationale for those 
structural models and describes a method for assigning 
the coordinates to all atoms at the edge face, including 
protons. Finally, this paper describes several computed 
electrostatic properties ofphyllosilicate edge faces: sur
face Coulomb energy, the Coulomb potentials of edge
site protons and oxygens, and the distance over which 
phyllosilicate layers are perturbed by an edge face. 

CRYSTALLOCHEMICAL EDGE-FACE MODELS 

Background 

White and Zelazny (1988) used PBC theory (Hart
man and Perdok, 1955a, 1955b, 1955c, Hartman, 1982) 
to justify which bOI1ds are cut to form a particular edge 
face. Ziolkowski (1986) describes a much simpler 
method that yields identical results: "[TJhe [surface] 
model [is) constructed by cutting the crystal along the 
considered crystallographic plane in such a way as to 
break the weakest bOI1ds, to retain the configuration of 

atoms and bond lengths characteristic for the bulk, and 
to conserve the stoichiometric composition." 

The weakest bonds are those that take the least en
ergy to break. A good estimate of bond energies can 
be made by employing the proportionality (Eq. 1) be
tween bond valences and equivalent bond enthalpy E 
(O'Keeffe and Stuart, 1983; Ziolkowski and Dziembaj, 
1985). 

E =Js (1) 

Though it is simple to evaluate the energy of different 
cuts and arrive at a model meeting the requirements 
specified by Ziolkowski (1986), such an edge face is 
unlikely to exist in the presence of water. 

Cutting of a polar solid leaves cations and anions at 
the cut with a lower coordination number than equiv
alent atoms in the bulk. These undercoordinated cat
ions and anions are Lewis acid and base sites (van 
Santen, 1982; Schindler and Stumm, 1987) that are 
unstable in the presence of water (Schindler and Stumm, 

A 8 
Figure 2. Profile of two 2: 1 phyllosilicate edge faces adapted 
from White and Zelazny (1988). The edge face is on the right
hand side in each illustration with the phyllosilicate layer 
extending to the left. The A-chain (Figure 2A) runs parallel 
to the [110] crystallographic direction arid borders the {II O} 
edge face. The B-chain (Figure 2B) runs parallel to the [100] 
crystallographic direction and borders the {OlO} edge face. 
Shaded circles denote oxygens, open circles are hydroxyls, 
striped circies are water molecules, and small filled circles are 
aluminum atoms. 
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Table IA. Cartesian atomic coordinates for idealized py
rophyllite: d(Si-O) = 1.625 Angstroms; d(AI-O) = 1.909 Ang
stroms; d(H-O) = 0.864 Angstroms; d(O-O) = (8/3)112 d(Si-
0). The layer group c21m forms a rectangular lattice with 
basis {a, b). Tetrahedra are rotated a = 10° and the hydroxyl 
is inclined PHD = 23.1° from the (001). Atomic coordinates 
are in Angstrom units. 

a ~ :~d(O-O) COS" ~ 5.227 Angstroms; b ~ (3)"'a ~ 9.053 Angstroms 

Atom x y 

Al 0.000 1.5096 0.000 
Oapical 1.7421 1.509 0.78048 
Ohydroxyt -0.87112 0.000 0.7804 
H -1.6663 0.000 1.1199 

Si 1.742 1.509 2.405 10 

O'basai 2.0084 0.000 2.947" 
Obasal 0.3025' 2.033 7 2.947 

I {an}; 2 {-aI6); 3 ([ -aI6] - [d(H-O) COSPHO]}; 4 {[aI3] + 
[(1/3)112 d(O-O) sina]); 5 {[a/12] - [(1/12)1/2 d(O-O)sina]); 
6 {bI6}; 7 ([bI4] - [(112) d(O-O) sina]); 8 YO(a/h) = {[d(AI-O)]' 
- [(32127)1!2 d(Si-O) cosal'}'l2; 9 {YO(a!h) + [d(H-O) sinpHo]}; 
10 {YO(ah) + d(Si-O)}; " {YO(a!h) + [(4/3) d(Si-O)]}. 

Table I B. Multiplicity and site symmetry in layer group: 
c2lm. 

Multi- Site 
pli- sym-

Atom city metry Coordinates1 

Al 4 2 (0, y, 0); (0, -y, 0) 
OaPicat 8 1 (x, y, z); (-x, y, -z); (-x, -y, -z); 

(x, -y, z) 
Ohydroxyl 4 m (x, 0, z); (-x, 0, - z) 
H 4 m (x, 0, z); (-x, 0, -z) 
Si 8 1 (x, y, z); (-x, y, -z); (-x, -y, -z); 

(x, -y, z) 
O'baso/ 4 m (x, 0, z); (-x, 0, -z) 
Obasal 8 1 (x, y, z); (-x, y, -z); (-x, -y, -z); 

(x, -y, z) 

I (0, 0, 0)+, (a12, b12, 0)+. 

1987; Davis and Kent, 1990; Parks, 1990). This insta
bility drives the dissociative chemisorption of water 
molecules at Lewis· acid sites at the exposed cut 
(Schindler and Stumm, 1987; Parks, 1990). Dissocia
tive chemisorption of water molecules at the cut will 
be henceforth called healing. 

A cut preserving stoichiometry leaves the surface 
charge-neutral. Healing, which changes the stoichi
ometry ofthe surface repeat unit by an integral number 
of water molecules, also leaves the surface charge-neu
tral. A pristine phyllosilicate edge face that has been 
cut and healed is at the point of zero net proton charge 
(PZNPC; Sposito, 1984). 

Bulk pyrophyllite structure 

Table 1 contains the unit-cell coordinates of the sin
gle-layer pyrophyllite (layer group: c2/m) used in this 
study. Rather than use a crystal structure refinement 
from the literature, this model is useful because it for
mally satisfies the electrostatic valence principle (Pau-

Table 2. Estimated energies (Ziolkowski and Dziembaj, 1985) 
for cutting bonds to form selected pyrophyllite edge-faces. 
Repeat distance along {01O} and {IIO} edge-faces is a. Repeat 
distance along {IOO} and {130} edge-faces is b. 

Bond type and number 
Total energy, 

Edge-face Si-O Al-O nJlm 

{01O} I I 2.274 
{1I0} I I 2.274 
{100} 2 2 2.625 
{130} 2 2 2.625 

ling, 1929). Bond lengths were computed using the 
empirical equation and parameters of Brown and Shan
non (1973). 

The point symmetry of Si- and AI-polyhedra are 
43m (regular tetrahedron) and 3m (trigonal anti-prism), 
respectively. The tetrahedral rotation angle a is 10°. 
Bond lengths in the idealized pyrophyllite compare 
favorably with those in the pyrophyllite-1 Tc refine
ment of Lee and Guggenheim (1981): d(Si-O)lTc, mean 
= 1.62 ± 0,03 A; d(Si-O)c2/m = 1.625 A; d(AI-O)!TC, 
mean = 1.91 ± 0.05 A; d(AI-O)c2/m = 1.909 A. The unit 
cell parameters (a = 5.227 A; b = 9.053 A) are about 
1 % larger than in pyrophyllite-1 Tc (Lee and Guggen
heim, 1981; a = 5.160(2) A; b = 8.966(3) A). The 
orientation of the structural hydroxyl bond relative to 
the plane of the layer was taken to be 23.1° (Giese, 
1979) and d(H-O) set equal to 0.864 A. This H-O bond 
length corresponds to a bond valence of 1.0 valence 
unit (v.u.) (Brown and Shannon, 1973). 

Pyrophyllite {O lO} and {IJ O} edge faces 

Both pyrophyllite {01O} and {1l0} heal by dissocia
tively adsorbing one-half water molecule per tetrahe
dral sheet and one per octahedral sheet, for a total of 
two water molecules per edge-face repeat unit. The 
proposed edge-face repeat unit composition of a cut 
and healed pyrophyllite {I10} or {010} is: 
[AI4 {Sis0 19(OH)2}(OH).(H20)]. The pyrophyllite {11O} 
edge face is represented schematically in Figure 2A and 
{01O} in Figure 2B. 

The energy per repeat unit required to cut the bonds 
and form either {01O} or {11O} edge faces appear in 
Table 2. Two bonds are cut per repeat unit, one Si-O 
bond (1.0 v.u.) and one AI-O bond (0.5 v.u.). The 
energies in Table 2 were computed using Eq. I and 
data from Ziolkowski and Dziembaj (1985). 

A negatively charged site at either pyrophyllite {01O} 
or { 110} can result when a base removes a proton from 
the water molecule coordinating Al at the edge face, 
converting it into a hydroxyl ion. This is illustrated by 
Reaction 2. 

[AI4{Sis019(OH)2}(OH).(H20)]O + Na+ (aq) 
+ OH- (aq) = 

[AI4{Si80 19(OH)2}(OH),]- + Na+ (aq) + H 20 (2) 
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Similarly, a positively charged site can be created when 
an acid adds a proton to the hydroxyl coordinating the 
AI, converting it into a water molecule. This is shown 
in Reaction 3. 

[AI4{SisO[9(OH)2}(OH)4(H20)]O + H+ (aq) 
+ Cl- (aq) = [AI4{SisO[9(OH)2}(OHMH20h] + 
+ Cl- (aq) + H 20 (3) 

The stereographic picture in Figure 3 schematically 
illustrates a mechanism for the hydrolysis of a phyl
losilicate edge face. Similar illustrations could be imag
ined for the other edge faces. Figure 3 illustrates three 
pyrophyllite {01O} repeat units, each in a different state 
of hydrolysis. The center repeat unit could represent a 
hypothetical state prior to hydrolysis, wherein a hy
dronium cation [H30+] bridges two hydroxyl ions at 
the edge face. 

[A14 {SisO[9(OH)2}(OH).{H20)]O + H 2 0 = 

[A14 {SisO[9(OH)2 }(OH)s(H30»)O (4) 

Reaction 2 can be modified using Reaction 4 to rep
resent hydrolysis as the ion exchange of the adsorbed 
hydronium cation with a base cation. Reaction 5 would 
produce the state represented by the bottom repeat unit 
in Figure 3. 

[AI4{SigO[9(OH)2}(OH)s(H30)]O + Na+ (aq) 
+ OH- (aq) = 

[AI4 {SigO[9(OH)2}(OH)5] - + Na+ (aq) + 2 H 20 (5) 

Alternatively, the state pictured in the center repeat 
unit of Figure 3 could be viewed as a hydroxyl anion 
[OH- ] bridging two water molecules at the edge face 
(Reaction 6). 

[AI4{SisO [9(OH)2}(OH).{H20)]O + H 20 = 

[Al4 {SisO[9(OH)2}(OH).(H20)2]O (6) 

By analogy with the example of Reaction 5, Reaction 
3 can be modified using Reaction 6 to represent the 
ion exchange of the hydroxyl anion with an acid anion. 
Reaction 7 would produce the state represented by the 
top repeat unit in Figure 3 when an acid anion under
goes ion exchange with the adsorbed hydroxyl. 

[AI4 {SigO'9(OHh}(OH).(H20h]O + H + (aq) 
+ Cl- (aq) = [AI4{SisO [9(OH)2}(OHMH20)z]+ 
+ CI- (aq)+ H 20 (7) 

Figure 3, interpreted in Reactions 4-7, illustrates 
how hydrolysis can be viewed as an ion exchange re
action in which each edge-face repeat unit is a reactant. 
Depending on the proton affinity of the oxygens, the 
edge face at the PZNPC may consist almost exclusively 
of repeat units represented by the center cell in Figure 
3 or it may consist of equal numbers of the repeat units 
represented by the top and bottom cells in Figure 3, 
the product of Reactions 5 and 7. 

Figure 3. Stereographic illustration of a 2 : I phyllosilicate 
{O I O } edge face, viewed normal to the edge face with the layer 
oriented vertically in the page. Three edge-face repeat units 
appear in the illustration: an anion-exchange site (top), a neu
tral site (center), and a cation-exchange site (bottom). Num
bers identify the following atoms: 1) hydroxyl oxygen of the 
octahedral layer, 2) hydronium [H30 +] cation, 3) water mol
ecule, 4) exchangeable anion, 5) exchangeable cation, 6) apical 
oxygen linking tetrahedral and octahedral sheets, 7) oxygen 
at the basal plane of the tetrahedral sheet, and 8) silanol at 
the basal plane. 

Pyrophyllite {1 DO} and {13D} edge faces 

The repeat distance along both {I OO} and {130} 
equals the b-dimension of the bulk unit cell (3 " 2a). 
Healing pyrophyllite {lOa} and {130} results in dis
sociative chemisorption of one water molecule per tet
rahedral sheet and two per octahedral sheet, or a total 
of four water molecules per edge-face repeat unit. The 
proposed pyrophyllite {laO} or {130} edge-face repeat 
unit composition following cutting and healing is: 
[AI5{Si IO0 2iOH)4}(OHMH20h]. Unlike {OlO} and 
{ IIO} edge faces, two protons per repeat unit can ad
sorb or desorb from octahedral oxygens at either the 
{ lOa} or the {l30] edge face. 

Pyrophyllite {100} edge face may adopt one of two 
polymorphs. Polymorphic surfaces have identical 
compositions but different structures. The two edge
face polymorphs are designated a (Figure 4A) and f3 
(Figure 4B). Transferring a chain of silicate tetrahedra 
from the upper tetrahedral sheet in the a-polymorph 
(Figure 4A) to the lower tetrahedral sheet converts it 
into the f3-polymorph (Figure 4B). The relative posi
tions of silanol groups and octahedral edge-face oxy
gens are clearly different in these two polymorphs. 

The [110] periodic-bond-chain (PBC) (i.e., the 
A-chain in Figure 2A) and the [010] PBC (i.e., the 
B-chain in Figure 2B) are highlighted in Figure 5A, a 
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A B 
Figure 4. Profile illustrating the two polymorphs of2: I phyl
losilicate {l00} edge face: A) a-polymorph and B) fj-poly
morpho The edge face is on the right-hand side in each illus
tration with the phyllosilicate layer extending to the left. Shaded 
circles denote oxygens, open circles are hydroxyls, and striped 
circles are water molecules. The large circle indicates the chain 
of tetrahedra whose position at the edge face distinguishes the 
A) a-polymorph from the B) fj-polymorph. 

figure similar to that used by Grim and Guven (1978). 
These PBCs can be compared to the [0 10] and [130] 
PBCs highlighted in Figure 5B. The repeat distance 
along the [010] and [130] PBCs are the same, but the 
position of the edge face relative to the mirror plane 
passing through the hydroxyl ions is different. Figure 
5B shows differences between pyrophyllite {l00} and 
{130} edge faces that are not apparent from Figures 
4A and 4B. 

The energy per edge-face repeat unit required to cut 
the bonds and form {l00} or {130} appears in Table 
2. The bond-cutting energies for {IOO} and {l30} are 
related to those for {01O} and {l10} by a factor of (41 
3)' /2, which accounts for the relative number of broken 
bonds and the relative repeat distances ofthe two types 
of edge faces. 

Proton assignment and apparent valences of oxygens 
at pyrophyllite edge faces 

One strategy for assigning protons is to rank the 
reactivity ofthe edge-face oxygens by their unsaturated 
valency /lto (van Santen, 1982). The unsaturated va
lency /lto of oxygens is defined by Eq. 8. 

! ; {z/ v;i - trorma' = ! ; is;} - 2 = to - 2 = /lto (8) 

The symbols in Eq. 8 represent cation formal charge 
(z;), cation coordination number (v;), oxygen formal 
charge (trorma' = 2), bond valence (s;) (Pauling, 1929) 
and apparent valence (O'Keeffe, 1989) or bond valence 
sum (to), The sums in Eq. 8 are over all cations i 
directly bonded to the oxygen. 

Basal oxygens Oba,al at the healed edge of tetrahedral 
sheets are bonded to one Si and one proton (O[H,Sij) 
instead of two Si atoms (O[Si2]), as in the bulk. Re
placing a Si-O bond with a H-O bond results in an 
unsaturated valency /lto of zero for the Obasa" Hydro
lysis by adsorbing a proton (O[H2,Si]; /lto = + 1 v .u.) 

(f ; (130J 

il1 ( H OJ .-. -, --- -.-~ -- -----.. [010 ) . . . . 
--- -...- --- -.-

/ I / 
A B 

Figure 5. lIlustration of a dioctahedral phyllosilicate unit 
cell with the octahedral sites appearing as hexagons (the {DO I} 
plane is in the plane of the page). Open circles indicate hy
droxyl oxygens and filled circles denote apical oxygens ofthe 
tetrahedral sheets (the light and dark shading distinguishes 
the two tetrahedral sheets). Periodic Bond Chains (PBCs) con
sisting of chains of comer-sharing tetrahedra are indicated by 
heavy lines, the associated crystallographic directions [hkO] 
indicated by labeled arrows. The [100] and [110] PBCs (Figure 
SA) border the {DID} and {lID} edge faces, respectively, and 
were identified by Grim and Guven (1978). The [010] and 
[130] PBCs (Figure 5B) border the {IOO} and {130} edge faces, 
respectively. 

or desorbing one (O[Si]; /lto = -1 v.u) would require 
an extremely low or high pH. 

The unsaturated valency /lto of octahedral oxygens 
at an edge face cannot be zero unless bond-length re
laxation is permitted. The typical hydroxyl oxygen 
0hydrOXYI at the healed edge of a dioctahedral sheet will 
be coordinated to one Al and one proton (O[AI,H]) 
resulting in an unsaturated valency /lto of - 112 V.U. 

Charge neutrality at a healed pyrophyllite {01O} at the 
PZNPC requires at least one water molecule coordi
nated to Al at the edge face. 

The unsaturated valency /lto of an oxygen bonded 
to one Al and two protons (O[AI,H2]) is + 1J2 V.U. Sim
ilarly, protonated apical oxygens Oap;cal (O[AI,H,Si]) at 
healed pyrophyllite {llO}, {lOO} or {l30} edge faces 
have an unsaturated valency /lto equal to +112 V.U. 

Healed pyrophyllite edge faces at the PZNPC, accord
ing to the simple crystallochemical model presented 
here, will always have one octahedral-sheet oxygen with 
an unsaturated valency /lto equal to +112 V.U. and a 
second with /lto equal to -112 V. U. 

The two potentially over-/underbonded oxygens at 
the pyrophyllite {01O} edge face are equivalent. How
ever, the active-site oxygens at the pyrophyllite {llO} 
edge face are not equivalent, resulting in two proton
assignment permutations: O[AI,H2] plus O[AI,Si]; or 
O[AI,H] plus O[AI,H,Si]. There are four active oxygens 
at both pyrophyllite {lOO} and {130}. Two O[H,AI] 
and two O[Si,AI] at pyrophyllite {IOO} permit three 
distinct proton-assignment permutations for each 
polymorph. Three O[H,AI], two in equivalent posi
tions and a third in a unique position, and one O[Si,AI] 
at the pyrophyllite {130} allow four distinct proton
assignment permutations for each polymorph. 
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COMPUTATIONAL DETAILS 

The one-dimensional lattice sum 

The electrostatic calculations in this paper assume 
atoms are dimensionless points charges. The charge 
assigned each atom equals its formal charge. With the 
exception of protons bonded to oxygens at the very 
edge of the layer (see below), the positions of all atoms 
remain fixed at their bulk unit-cell positions (Table 2). 

Edge effects are modeled using the geometry illus
trated in Figure 6. A single pyrophyllite layer is rep
resented by a one-dimensional, infinite ribbon or lath 
with a finite width, W. Ribbon width W comprises an 
integral number n of bulk unit cells lying between two 
identical edge faces. 

W = ndbu1k + 2d.dge face (9) 

The distance dbu1k in Eq. 9 is the bulk repeat unit dis
tance normal to the edge face, dedge face is the width of 
the surface repeat unit normal to the edge face, and n 
is an integer. 

The ribbon has translational symmetry along its in
finite z-axis, with repeat distance a. A one-dimensional 
lattice sum is appropriate for a periodic array of charge 
with this geometry. The one-dimensional lattice sum 
used to calculate the Coulomb potentials and energies 
in this paper was derived by Harris (1972, 1975) and 
improved by others (Andre et at., 1978; Fripiat and 
Delhalle, 1979; Delhalle et aI., 1980). A complete dis
cussion of the method is found in these references. 

Optimizing OH bond-vectors at the edge face 

Giese (1976, 1979, and 1984) demonstrated the im
portance of hydroxyl-bond orientations in the stability 
of minerals. This paper uses optimized OH bond-vec
tor orientations to allow for this effect on surface en
ergy. The simplex optimization procedure described 
by Press et al. (1989) and used here, optimizes the 
orientation of all edge face OH bond-vectors simul
taneously. The H-O-H bond angle of water molecules 
was set at 104.5° and all M-O-H bond angles (0 co
ordinates a single M, M = Al or Si) were set at the 
tetrahedral angle (109.4 7°). In short, only the equatorial 
angle (the azimuthal angle being fixed) of each hydroxyl 
bond was optimized. The OH equatorial bond orien
tations were optimized against the total Coulomb en
ergy of a pyrophyllite ribbon consisting of one bulk 
and two edge-face cells (W = dbu1k + 2dedge face). 

Reference potentials of protons and oxygens in ice 

Ice was chosen as the reference state for protons and 
oxygens adsorbed at the edge faces. The electrostatic 
self-potentials for protons and oxygens were computed 
using the Ewald (1921) lattice sum and coordinates 
reported by Leadbetter et al. (1985). The mean self
potential of the oxygens in ice IX is + 31. 72 volts. The 
mean self-potential ofthe protons is -20.74 volts. 

edge-face 

Figure 6. A schematic illustration of the one-dimensional, 
infinite ribbon used to simulate a phyllosilicate edge face for 
the purpose of computing Coulombic potentials with a one
dimensional lattice sum. The phyllosilicate consists ofa single 
layer oriented so that the {DOl} crystallographic plane is in 
the xz-plane. The ribbon is periodic in the z-direction, with 
repeat distance a. The ribbon has infinite length in the z-di
rection, but finite width W in the y-direction, normal to the 
edge face. The width W counts two edge-face repeat units 
(width: dedger.ce) and an integral number n of bulk repeat units 
(width: dbu1k). The integer n is varied until the potentials of 
ions in the center of the ribbon no longer change with in
creasing n. 

RESULTS AND DISCUSSION 

OH bond-vector orientations at edge faces 

Stereographic illustrations of selected edge faces with 
optimized hydroxyl-bond orientations appear in Fig
ures 7-10. There is usually more than one crystallo
chemically-equivalent way to assign protons to oxy
gens at an edge face. The proton assignments appearing 
in Figures 7-10 represent those assignments that yield 
the most negative surface Coulomb energies. 

These OH bond-vector orientations (Figures 7-10) 
are appropriate for a point-charge model of healed edge 
faces in contact with a vacuum. The presence of fluid 
or solid water would certainly change OH bond-vector 
orientations from that pictured here. They do, how
ever, provide some insight into the effective range of 
electrostatic interactions at the surface of a polar co
ordination compound. 

Hydroxyl bonds orient under the influence of a local 
electrostatic potential. The orientations of silanol bonds 
are remarkably insensitive to alternative proton as
signments at the octahedral edge-face oxygens, giving 
some indication of just how localized these electrostatic 
potentials actually are. The local structure of water at 
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Figure 7. Stereographic illustration ofthe pyrophyllite {O I O} 
edge face showing optimized OR bond-vector orientations. 
Oxygens (shaded circles) labeled with letter (a) have an un
saturated valency At equal to -liz v.u.; those labeled with 
letter (b) have an unsaturated valency At equal to + liz v.u.; 
otherwise, their unsaturated valency At equals zero. 

the edge face, itself responding to both the structure of 
bulk liquid water and the presence of a solid surface, 
will determine the actual hydroxyl-bond orientations 
in fully hydrated systems. 

Surface Coulomb potentials and energies at edge faces 

The surface Coulomb energy of clean-cut phyllo
silicate edge faces are not representative of the surface 
Coulomb energies of healed edge faces. Healing has a 
profound and unexpected effect on the surface Cou-

Figure 8. Stereographic illustration of the pyrophyllite {11O} 
edge face showing optimized OR bond-vector orientations. 
Oxygens (shaded circles) labeled with letter (a) have an un
saturated valency At equal to -liz v.u.; those labeled with 
letter (b) have an unsaturated valency At equal to +1f2 v.u.; 
otherwise, their unsaturated valency At equals zero. 

Figure 9. Stereographic illustration of two polymorphs of 
the pyrophyllite {IOO} edge face, showing optimized OR bond
vector orientations: A) a-polymorph, and B) i3-polymorph. 
Oxygens (shaded circles) labeled with letter (a) have an un
saturated valency At equal to -1f2 v.u.; those labeled with 
letter (b) have an unsaturated valency At equal to +1f2 v.u.; 
otherwise, their unsaturated valency At equals zero. 

lomb energy, which goes beyond the obvious reduction 
in the unsaturated valency Ato of surface oxygens. 

The surface Coulomb energy r Coulomb is computed 
from the self-potentials {<f>J of the ions at and near the 
edge face relative to their self-potentials in the layer 
far from the edge face. The self potential <f>i is the Cou
lomb potential at an ion i due to all other ions in the 
system. This is expressed in Eq. 10. 

rCoulomb = (1f2)[~;qi{ct>'i - <f>bJ + ~jqj{ct>'j - ct>icej }] (10) 

The first sum in Eq. 10 is over ions of the edge face 
whose self-potential at the surface <f>'; is evaluated rel
ative to its self-potential within the phyllosilicate layer 
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Figure 10. Stereographic illustration of the pyrophyllite {130} 
edge face, a-polymorph. The {j-polymorph is not illustrated. 
Oxygens (shaded circles) labeled with letter (a) have an un
saturated valency tit equal to - 1f2 v.u.; those labeled with 
letter (b) have an unsaturated valency ~t equal to + 1f2 v.u.; 
otherwise, their unsaturated valency tit equals zero. 

rf>b;, far from the edge face. The second sum is over the 
protons and oxygens of dissociati vely chemisorbed wa
ter molecules whose self-potential at the surface rf>Sj is 
evaluated relative to their self-potential rf>;cej in bulk 
ice. Ion charges are denoted as q;. 

The terms from Eq. 10 can be regrouped in Eq. 11 
to yield two sums whose terms represent the individual 
ion contributions q;~rf>/2 to the surface Coulomb en
ergy r Coulomb' 

r Coulomb = [~; { q;~rf>layer;}/2 + ~j{ qj ~rf>sorbedj} l2] (11) 

The first sum on the right-hand side of Eq. 11 is over 
the ions i of the phyllosilicate layer. The second sum 
in Eq. 11 is over the protons and oxygens j chemisorbed 
during healing. The choice of reference state for chemi
sorbed water molecules strongly influences the com
puted surface Coulomb energy. 

The surface Coulomb energies r Coulomb for each pos
sible proton assignment atthe pyrophyllite {O 1O}, {l1O}, 
{l00} and {130} edge faces are listed in Table 3. The 
surface Coulomb energies r Coulom b range from - 1.794 
nJ/ m to - 3.639 nJ/m, indicating that healing via water 
chemisorption leads to a modest stabilization of these 
edge faces. Alternative proton assignments result in 
variations of the surface Coulomb energy covering a 
range of as much as 1.33 nJ/m. 

Though certain proton assignments appear to be fa
vored, variations of 1.33 nJ/ m may not be significant 
compared to thermal energy. If this range is not phys
ically significant, then the relative stability of one edge 
face over another may not be significant with the sole 

Table 3. Surface-excess Coulomb energies of pyrophyllite 
edge-faces in the PZNPC-state. Repeat distance along {OlO} 
and {IIO} edge-faces is a. Repeat distance along {lOO} and 
{130} edge-faces is b. 

Energy, 
Edge-face Proton assignment nJ/m 

{OlO} I. 0IAI,2H]; OIAI,H] -1.794 

{IIO} 2, 0IAI.2H]; 0IAI,S;] -2.296 
{IIO } 3. OIAI,H]; 0IAI.H,S;\ -2.912 

a-{lOO} 4. 20'AI.H]; 20\AI,H,S;] -2.161 
a-I 100} 5. O'A I,2Hj; O'AI,Sij; OIAI,H) ; O[A I.H ,Si) -3.074 
a-{100} 6. 20\AI,2H\; 201AI,S;( -3.488 

{j-{lOO} 7, 20IAI.H\; 20IAI,H,S;\ -2.393 
{j- { 100} 8. O[Al,2H ] ; O[AI,Sij; OIA I,H); O IAl,H,Si j -3.583 
{j- { 100} 9. 20IAI.2H\; 20IAI,S;\ -3.402 

{l30} 10. 20,AI,H\; 0',AI,2H]; O\AI,H,S;] -2.730 
{130} II. OIAI,2H]; OIAI,H]; O\AI,H]; O\AI,H,S;( -2.881 
{130} 12, O[Al,2H]; O[AI,H); O'[Al.2H); OrAl,SiJ -3,639 
{l30} 13. 20\AI,2H]; O'\AI,H]; 0IAI,S;\ -2.857 

The cations coordinating each oxygen are listed in square 
brackets in the "Proton assignment" column. Water mole
cules may form by protonating a hydroxyl at three possible 
positions at the pyrophyUite {130} edge-face. The oxygen of 
one (inner) position at the {130} is marked with an apostrophe 
(0') in the "Proton assignment" column to distinguish it from 
the other two (outer) positions. 

exception of the relatively modest instability of the 
{01O} relative to the other edge faces listed in Table 3. 

Pyrophyllite {I OO} and {130} edge faces adsorb twice 
as many water molecules per repeat unit than the {01O} 
and {l10} edge faces, yet the repeat distance of the 
former is 1.732 times the latter. This higher site density 
accounts for part of the stability that {100} and {l30} 
edge faces exhibit relative to the {OlO} and {llO} . 

Figures llA and liB illustrate the variation in the 
surface Coulomb energy r Coulomb with distance from 
the edge face. This is done by plotting qi~rf>i for selected 
ions i as a function of repeat unit position. These figures 
quantify the range of the edge-face perturbation ex
tending into the layer. Approximately 94 ± 3% of 
r Coulomb comes from ions in the edge-face repeat unit 
and another 4 ± 2% of r Coulomb from ions in the out
ermost bulk repeat unit. The initial decrease in r Coulomb 

with distance from the edge face into the layer is rapid, 
followed by a more gradual decrease that may extend 
to a depth of 25 to 35 repeat units (200 to 300 Ang
stroms) from the edge face. 

Figures IIA and lIB illustrate another important 
phenomenon. Surface oxygen anions always destabilize 
r Coulomb, while cations at the surface always stabilize 
r Coulomb' Atomic charge qi and the magnitude of the 
self-potential rf>i are directly related. This is reflected in 
the magnitude of qi~rf>i for individual ions. Protons 
(Figure 11 B) contribute much less to edge-face r Coulomb 

stabilization than, say, Si cations (Figure lIA). 
The relative contributions of cations and anions to 

the surface Coulomb energy r Coulomb illustrated in Fig-
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Figure II. Surface-excess Madelung energy (electron volts) 
of selected ions as a function of repeat unit position: A) silicon 
and oxygen ions and B) protons and oxygen ions. The edge
face repeat unit is designated "0," while successive bulk repeat 
units are assigned negative numbers to indicate relative po
sition. Symbol "Oh" indicates hydroxyl oxygens and "Oa" 
indicates apical oxygens. 

ures ItA and liB are a consequence of the healing of 
the edge face by the chemisorption of water. The self
potentials of both cations and anions at the cut edge 
face will be lower in magnitude relative to the bulk 
layer resulting in a positive r Coulomb' This is because 
ions at the cut surface ofa polar solid have fewer neigh
bors than bulk ions (Parry, 1975). 

The situation is much different at the healed surfaces 
of polar coordination compounds where chemisorbed 
water restores the full coordination of surface cations. 
The healing of pyrophyllite edge faces results in a net 
stabilization of qAl/lct>Al and qs;/lct>s;' Protons at the edge 
face also exhibit self-potentials that are usually more 
stable than in the bulk layer. This probably occurs 
because surface protons are involved in fewer repulsive 
cation-cation interactions at the edge face than in the 
bulk layer, where numerous AJ3+ and Si4+ atoms occur 
in the second coordination sphere. 

3 
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Figure 12. Coulombic potential of a test charge along a tran
sect parallel to pyrophyllite {OOI } and normal to a-{ lOO} 
(Figure 9A). Distance of test charge from the plane of basal 
oxygens equals 1.7957 A. The plane of outermost basal oxy
gen atom is defined to be the origin, negative distance indi
cates positions above the pyrophyllite layer, while positive 
distance indicates positions beyond the edge face (the scale 
along the z-axis marks bulk unit cells). The edge face repeat 
unit extends from -7.538 A to about the position of the dot
dashed line, which marks the position of the outermost silanol 
proton. 

Oxygen self-potentials ct>laye,o are lower in magnitUde 
at the edge face, yielding a positive qo/lct>o that desta
bilizes r Coulomb ' The self-potentials of edge-face cations 
are higher in magnitude, yielding a negative q;/lct>; that 
stabilizes r COUlomb. This effect is reflected in the Cou-
10m b potential along a transect parallel to the {OO I}, 
normal to the {hkO} edge face, and extending across 
the edge face to a region beyond the phyllosilicate layer 
(Figure 12). 

Above the phyllosilicate layer, the Coulomb poten
tial oscillates, the relative highs occur at the center of 
the ditrigonal ring and the relative lows occur above 
basal oxygens (Bleam, 1990). The oscillating Coulomb 
potential develops a gradual, negative trend as the edge 
face is approached, which parallels the trends exhibited 
by cations in Figures IIA and liB. Immediately at the 
edge face, the Coulomb potential turns sharply positive 
and gradually returns to a zero potential far from the 
edge face . The sharp change from negative to positive 
Coulomb potentials results from silanol protons at the 
edge face (marked by the dot-dashed line) and the ab
sence of oxygens. 

Coulomb potentials of protons and ion-exchange sites 
at edge faces 

Van Santen (1982) proposed ranking the surface ac
tivity of protons and oxygens by their Coulomb po
tentials. Van Santen (1982) did not use a lattice sum 
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Figure 13. Coulombic potentials of A) protons and B) oxy
gens at the phyllosilicate edge faces illustrated in Figures 7-
10, plotted against the oxygen unsaturated valency ~to. The 
unsaturated valency ~to in B is the value assigned to the 
oxygen itself, while in A it is the value assigned to the oxygen 
to which the proton is bound. The line in B is the best fit 
linear model through the data points. 

to compute Coulomb potentials, relying instead on the 
Evjen (1932) method. Glasser and Zucker (1980) and 
Coker (1983) have severely criticized the approxima
tions Evjen (1932) used, casting some doubt on the 
results reported by van Santen (1982). The correlation 
between proton Coulomb potentials and other indi
cators of reactivity, such as oxygen coordination (Rus
sell et al. , 1975) and the bond valence sum (Pauling, 
1929; Hiemstra et at., 1989), has never been examined. 

Unsaturated valency ~t (Eq. 8) is a measure of the 
crystallochemical stability of the oxygen and, hence, 
the activity of the site. Some hydroxyl ions at the py-

rophyllite {llO}, {lOO}, and {130} edge faces are co
ordinated to two AI, just as in the bulk layer, yet the 
OH bond-vector reorients under the influence of the 
electrostatic field at the edge face. These structural hy
droxyls have an unsaturated valency ~to equal to zero. 
Silanol oxygens at the edge faces also have unsaturated 
valencies ~to equal to zero. 

From Figure 13A, we can see that the Coulomb po
tential of those protons bound to oxygens with an un
saturated valency ~to of -V2 v.u. is more negative 
compared to protons bound to oxygens with an un
saturated valency ~to equal to zero and +112 v.u. There 
appears to be no difference between the Coulomb po
tentials of protons bound to oxygens with an unsatu
rated valency ~to equal to zero and those equal to +112 
v.u. 

Figure 13A demonstrates that the Coulomb potential 
of a proton is sensitive to a more extensive environ
ment than is reflected by the immediate coordination 
of the oxygen to which it is bound. Differences in the 
proton environment induce a spread of proton poten
tials spanning 6 volts from - 19 to - 25 volts, a vari
ation of about ± 1 S%. Proton Coulomb potentials are 
not reliable indicators of H-O bond strength because 
they are sensitive to longer range influences. 

The correlation of surface-oxygen unsaturated va
lency ~So with the oxygen Coulomb potential is much 
better (Figure l3B) than with the proton Coulomb po
tentials (Figure 13A). Still, the range of Coulomb po
tentials experienced by oxygens whose unsaturated va
lency ~to equals zero overlaps markedly with oxygens 
with an unsaturated valency ~to equal to +112 v.u. 

CONCLUSIONS 

The surface Coulomb energy is sensitive to OH bond
vector orientations; therefore, these bond vectors must 
be optimized to give a consistent estimate of the surface 
Coulomb energy. About 94% of the surface Coulomb 
energy arises in the edge-face repeat unit and another 
4% in the outermost bulk repeat unit. In fact, the great
est contribution comes from the oxygens and protons 
at the edge face. Permutations in proton assignment to 
crystallochemically equivalent sites accounts for a 1.33 
nJl m variation in the surface Coulomb energy of a 
given edge face . This range is comparable to differences 
in the surface Coulomb energy between different edge 
faces. 

The characteristics distinguishing {OlO} and {llO} 
edge faces from {lOO} and {l30} edge faces are these. 
The total bond energy needed to cut the pyrophyllite 
layer and form either { 100} or { 130} edge faces is about 
16% higher (Table 2) than needed to form either {O 1O} 
or {II O}. This difference is small, but perhaps enough 
to account for the predominance of {OIO} and {l1O} 
edge faces over{ 100} and {130} in nature. A minimum 
of four water molecules must chemisorb per {100} or 
{ 130} surface repeat unit to heal those edge faces, com-

https://doi.org/10.1346/CCMN.1993.0410305 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1993.0410305


Vol. 41, No.3, 1993 Surface energy of pyrophyllite edges 315 

pared with only two per {01O} or {l1O} surface repeat 
unit. These extra water molecules effectively stabilize 
the surface Coulomb energy of the two former edge 
faces with the result that the surface Coulomb energies 
of the {11O}, {100}, and {130} are equivalent. The 
{O IO} appears to be less stable than the other three 
edge faces (Table 3). 

The surface Coulomb energies listed in Table 3 are 
for edge faces at the point of zero net proton charge. 
If the {01O} and {l1O} edge faces were fully hydrolyzed 
through reactions such as 2 or 3, the maximum edge
face charge density would be 0.307 nC/m, compared 
with 5.04 nC/m at either the {l00} or {130}. Relative 
edge-face stability may derive from the density of charge 
sites. The current study does not model hydrolysis and 
cannot compare the relative stability of charged edge 
faces. 

Healing via dissociative chemisorption of water 
molecules results in a net stabilization of cation qi~cf>i 
energies, while oxygen qi~cf>i energies remain destabi
lized at the surface. The qi~cf>i energies of cations and 
anions are destabilized at the clean -cut surfaces of polar 
crystals because attractive interactions are lost from 
the first coordination sphere of both types of ions upon 
cutting. Healing restores the principal attractive inter
actions for the cations, but fails to do so for the out
ermost anions. 

Proton Coulomb potentials show poor correlation 
with the unsaturated valency ~S-o of the oxygen to which 
it is bonded. Unsaturated valency ~S-o is an indicator 
of the immediate bonding environment, while Cou
lomb potentials respond to sufficient long-range inter
actions to obscure details of the local environment. 
The correlation between oxygen Coulomb potentials 
and their unsaturated valency ~S-o is somewhat better. 

Finally, statistical mechanical simulations of ion and 
water interactions with smectite tactoids could employ 
the edge-face models and infinite-ribbon geometry used 
in this study. The simulation geometry would consist 
of one or more parallel smectite ribbons. The width of 
the ribbons could be chosen to eliminate edge effects 
at the ribbon center. These simulations could generate 
the positions of counter-ions, co-ions, water molecules, 
and surface OH bond-vector orientations using the edge
face models described in this study. 
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