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Treatment of the hydroxyl in structure-energy calculations
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ABSTRACT

Ionic modeling of phyllosilicates and other hydrous minerals requires that a short-range
pair potential for hydroxyl, O>-—H*, be available. Because such a potential cannot be
obtained directly through the modified electron gas (MEG) formalism, we have derived
Born-type short-range hydroxyl parameters by strictly empirical means. These parameters
enable effective O-H modeling for hydroxyls in mica layers and brucite-like sheets and
may well be applicable to hydroxyls in a wider range of environments.

Where pair-specific parameters fitting the Born expression for short-range energy [Wy ;
= \; exp(—r,;/p;)] have been determined for closed-shell cation-oxygen pairs using MEG
theory, p values generally lie between 0.23 and 0.27 A. Using a value for poy of 0.25 A,
we have determined the most appropriate values for Aoy for hydroxyls in three structures—
chlorite, tremolite, and clintonite—whose H positions have been accurately determined
using neutron-diffraction data. A value for Aoy of 30000 kJ/mol closely reproduces O-H
distances and orientations in trioctahedral mica layers and in tremolite. It appears to work
well whenever the hydroxyl oxygen-site potential lies in the range 2.0-2.3 e/A. A lower
Aon value of 24250 kJ/mol closely reproduces the OH configuration in the brucite sheets
of chlg\rite and is more generally suitable when the hydroxyl oxygen-site potential is 1.2—
1.6 e/A.

Calculations with these values on hydroxyl ions in other trioctahedral and dioctahedral
phyllosilicates showed that where agreement with observations based on Fourier difference
maps or previous Coulomb electrostatic calculations was poor, the calculations gave results
more consistent with neutron-diffraction experiments. Two energy minima were found for
H in pyrophyllite, corresponding to OH orientations having ¢*-O-H angles of 6° (essen-
tially the orientation in trioctahedral phyllosilicates) and 116° (an orientation previously
suggested for celadonite and glauconite). In margarite, only one energy minimum exists,
which corresponds to an OH orientation normal for trioctahedral phyllosilicates. In mus-
covite, the calculated OH orientations depend very much on the distribution of Al and Si
over the tetrahedral sites, thus suggesting that infrared-absorption studies and neutron-
diffraction structural determinations of muscovite give only the average of many individ-
ual OH orientations.

INTRODUCTION

Perhaps no one has framed the problem of H in phyl-
losilicate structures quite as succinctly as Giese (1984)
who wrote, “The hydrogen experiences a myriad of elec-
trostatic attraction and repulsion forces.” In the context
of his energy calculations, the forces of repulsion refer to
Coulomb electrostatic repulsions. Coulomb electrostatic
calculations by Giese (1984) and by Bookin and cowork-
ers (Bookin and Drits, 1982; Bookin et al., 1982) were
concerned only with the orientation of OH dipoles and
not interionic O-H distances; reasonable values for the
latter were assumed. An OH dipole was allowed to pivot
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about the oxygen atom until the lowest Coulomb electro-
static energy was found, thus yielding the lowest-energy
orientation for an OH dipole of fixed O-H distance. Our
simulation of phyllosilicate structures requires that we
determine both O-H orientations and distances. In order
to do this, we first had to evaluate empirically an appro-
priate short-range O-H repulsive potential in terms that
could be used in conjunction with other interionic poten-
tials obtained through modified electron gas (MEG) the-
ory (Muhlhausen and Gordon, 1981a, 1981b).

MEG theory provides a nonempirical, purely ionic ap-
proach for performing energy calculations on complicat-
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Fig. . The distribution of oxygen atoms (open circles labeled

1 through 9) relative to H atoms (filled circles labeled 1, 2, 3,
and 4) in chlorite. The labeling of atoms is consistent with that
of Joswig et al. (1980). The z coordinates for the different planes
of atoms are given on the right. Atoms of the same type and
having the same number are related by C-centering. In serpen-
tine, the magnesiums at z = 0 and z = 0.5 are crystallographically
equivalent, such that the c repeat is 7 A, or one-half the 14-A ¢
repeat of chlorite. Hydrogen H1 of the mica layer has thirteen
nearest-neighbor oxygens—including O6 of the hydroxyl pair,
three each of the oxygens of types Ol and 02, and two each of
types O3, 04, and O5. Hydrogen H2 of the brucite layer has six
nearest-neighbor hydrogens—three each of types H3 and H4—
and twelve nearest-neighbor oxygens—including O7 of the hy-
droxyl, three each of the oxygens of types O8 and O9 in the
brucite sheet, and five oxygens of the mica layer (one of type O5
and two each of types O3 and O4). O1 and O2 are apical oxy-
gens; O3, 04, and OS5 are basal oxygens.

ed crystal structures (Post and Burnham, 1986a, 1986b,
1987). Quite simply, the procedure for determining a
structure involves a search, which can be conducted in a
number of ways (Busing, 1981), for the atomic arrange-
ment having the lowest possible cohesive energy. The
contribution, W, to the total cohesive energy by the ion
pair i-j can be written as the sum of two terms:

VVU = Wc,y + WR,zj 0))]

where W, is the Coulomb electrostatic energy and Wy ;
is the short-range repulsive energy. The former is given
by the expression,

Wey=a-q/r; 2

where g; and g, are the formal charges on ions i and j and
r; is the interionic distance. The later term, W, ;, arises
from the overlapping of electron orbitals of neighboring
ions. In their adaptation of MEG theory, Post and Burn-
ham (1986a) used the Born formulation (Born and Huang,
1954) for the short-range repulsive energy,

Wrs = Ny-exp(—r,/p;), (3)

and evaluated pair-specific parameters, A, and p,, for a
number of mineralogically important cations and anions.
At present, MEG theory can be applied only to closed-
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shell ions (Muhlhausen and Gordon, 1981a, 1981b). The
method, therefore, cannot be used directly for ion pairs
involving transition elements with unfilled 4 orbitals, or
for pairs involving the hydrogen ion (H*), which has no
filled orbitals. Short-range repulsive energy terms for pairs
involving H can be evaluated only for the hydride ion.
There is no reason to believe, however, that repulsive
energy terms appropriate for H- can be adapted in any
realistic fashion to describe the OH™ pair.

We have considered two common hydroxyl environ-
ments, both of which occur in chlorite (Fig. 1) and ser-
pentine;: OH- in the mica layer and OH- in the brucite
sheet.

Mica-TYPE H

The mica-type H* environment is illustrated by the H
labeled 1 in Figure 1. The H* forms a short bond with
one oxygen, O6, which in turn is coordinated to two or
three octahedral cations (Mg, Fe, Al at z = 0). The O-H
distance is about 0.9 A (Bailey, 1984; Giese, 1984). The
next nearest atoms to the H are twelve oxygens. Six of
these (O1’s and O2’s) are apical oxygens, each coordi-
nated by four cations including one tetrahedral cation (Si
or Al at z = 0.19 in Fig. 1) and two or three octahedral
cations (Mg, Fe, Al at z = 0.0). The remaining six are
basal oxygens (03’s, O4’s, and O5’s), each coordinated
by two tetrahedral cations (Si or Al at z = 0.19). The
nearest-neighbor cations to the H* depend on the orien-
tation of the OH dipole, which in turn depends on the
occupancy of the tetrahedral and octahedral sites (Giese,
1984). Three OH orientations have been described (Giese,
1984), which we refer to as type-0, type-1, and type-2
throughout this paper.

Type-0 OH orientation

In the common dioctahedral micas (WAI/Si = %), ¢*-
O-H angles from 70° to 90° have been suggested on the
basis of infrared-absorption studies (Serratosa and Brad-
ley, 1958; Bassett, 1960; Vedder and McDonald, 1963),
though the evidence is by no means conclusive. By com-
parison with the behavior of trioctahedral micas, the in-
frared-absorption characteristics of dioctahedral micas do
not preclude a range of individual ¢*-O-H angles, even
to the extent that a proportion of the OH dipoles may be
nearly parallel to ¢*. Vedder and McDonald (1963) were
very careful to point out that infrared-absorption spectra
provide direct evidence regarding the orientation of the
OH transition moment, which is only indirectly related
to an average OH orientation. The OH transition mo-
ment may in fact reflect an average of many different,
individual ¢*-O-H angles. On the basis of neutron-dif-
fraction experiments, Rothbauer (1971) determined an
average ¢*-O-H angle of 78° in muscovite. The mean-
square displacements (msd) for H, especially the a*(c* H)
term, are extremely high in relation the msd’s for other
atoms in the structure (Rothbauer, 1971). The value for
#(c* H), 0.071 A2 is more than 3 times greater than
a(c* K), from 4.5 to 9 times greater than the various
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a*(c*,0) terms, approximately 8 times greater than either
of the p*(c*WAI-Si) terms, and 14 times greater than
g¥(c*,9Al). The very high msd’s for H reflect either a wide
range of individual ¢*-O-H angles or a large libration of
the OH dipole.

Type-1 OH orientation

In celadonite (WAL/Si = 0), c*-O-H angles greater than
90° have been suggested (Bailey, 1984; Giese, 1984) such
that two H* ions actually lie within the coordination po-
Iyhedron of the otherwise vacant M1 site.

Type-2 OH orientation

In trioctahedral phyllosilicates, the OH dipole is nearly
parallel to c* (essentially perpendicular to the plane de-
fined by the O1’s and O2’s in Fig. 1). Analysis of infrared-
absorption data lead unambiguously to this orientation
(Serratosa and Bradley, 1958; Bassett, 1960; Rossman,
1984).

Brucite-trYPE H

The brucite-type H* in phyllosilicate structures is il-
lustrated by the H labeled 2 (H2) in Figure 1. This H*
forms a short bond with one oxygen, O7, which in turn
is coordinated to three octahedral cations (Mg, Fe, Al at
z= 0.5 in Fig. 1). The next-nearest atoms to H2 include
six hydrogens (H3’s and H4’s in Fig. 1), six oxygens (O8’s
and O9’s) belonging to the brucite sheet, and at least five
basal oxygens (OS5, two O3’s, two 04’s) belonging to the
mica sheet. The environments of hydrogens H3 and H4
in Figure 1 are similar to the environment of H2 (Joswig
et al., 1980). The brucite O-H vector is nearly parallel to
¢* (essentially perpendicular to the plane defined by the
O7’s, 08’s, and 09’s). Angles of the type O7-H2-05,
which is the obtuse angle between the brucite OH dipole
and the vector between the H* and the nearest basal oxy-
gen in the mica layer, are generally greater than 160° (Jos-
wig et al., 1980; Bailey, 1986).

CALCULATIONS
Choice of poy

Post and Burnham (1986a) used MEG theory to derive
values for A\, and p, for a variety of mineralogically im-
portant cation-oxygen pairs. The procedure employs a
charged spherical shell of radius r,, centered on the oxy-
gen nucleus, that serves to stabilize the O*~ species. Fol-
lowing Muhlhausen and Gordon (1981a), the radius of
the spherical charged shell for a particular oxygen is se-
lected so that the shell potential at the oxygen nucleus
equals the oxygen-site potential; cation-oxygen and O-O
short-range interaction parameters depend on the oxygen
shell radius. Values for r,, in silicate minerals typically
range from about 0.9 A to about 1.15 A, reflecting oxy-
gen-site potentials in the range from 0.9 to 1.1 e/A. Ex-
amination of a variety of p, values (Post and Burnham,
1986a), plotted in Figure 2 as a function of #,,,, where Z
= O, Cl, or F, reveals a number of features: (1) In the
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Fig. 2. Plot of p values for various cation-anion pairs, as a
function of the shell radius of the anion, r,. The plot includes
data from Post and Burnham (1986a) plus some new determi-
nations by one of us (J.E.P.).

range of common r,,, p; values (except for px ) all lie
between 0.23 A and 0.26 A; (2) for cation-oxygen pairs,
values of p; do not depend strongly on either the periodic
row or group of the cation; (3) p, values for cation-Cl and
cation-F pairs are systematically lower than the p, values
for cation-O pairs. These observations indicate that p;
depends essentially on the anion; changes from cation to
cation are small by comparison. On the basis of these
observations, we suggest that a value for py ,; of 0.25 A
is reasonably appropriate.

Evaluating Ao,y

We evaluated the short-range OH energy terms, Wy oy
(Eq. 3), for three phyllosilicate structures in which the H
positions are accurately known. The three structures in-
clude chlorite (Joswig et al., 1980), tremolite (Hawthorne
and Grundy, 1976), and clintonite (Joswig et al., 1986),
all of which have been refined using neutron-diffraction
data. Given an acceptable poy value and well-known H*
positions, our calculations permit us to obtain appropri-
ate Aoy values.

Using the table of values for A, and p, in Post and
Burnham (1986a), it is a simple matter to demonstrate
that short-range repulsive energy terms, W5, become
negligible for interionic separations greater than about
1.5 times observed nearest-neighbor distances. On the
other hand, the Coulomb electrostatic terms, W, are
significant far beyond the range of nearest-neighbor dis-
tances. For these reasons, we adopted the following for-
mulation for the site energy of H*:

W(H) = WC,OH + WR,OH + E Wc,(H...x)a 4

where W oy and Wy, refer to the hydroxyl ion and
Wem. , refers to the Coulomb electrostatic energy of H*
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TasLe 1. Calculated OH distances and orientations compared
with structural determinations based on neutron-dif-
fraction data
Observed Calculated
Brucite OH in chlorite (after Joswig et al., 1980)
A (kJ/mol) - 24250
W(H), site energy (kJ) — —-10893
No. of neighboring oxygens — 13
No. of neighboring hydrogens — 6
H2-07 (A) 0.958 0.96
H2-05 (A) 1.983 1.96
07-H2-05 angle (9 163.7 172.8
H2-07-05 angle (%) 11.0 48
Mica OH in chlorite (after Joswig et al., 1980)
A (kJ/mol) - 30000
W(H), site energy (kJ) — -13075
No. of neighboring oxygens — 13
H1-06 (A) 0.956 0.95
¢*-O-H angle () 0.0 0.3
Mica OH in clintonite (after Joswig et al., 1986)
X (kJ/mol) = 30000
W(H), site energy (kJ) — —12414
No. of neighboring oxygens . 13
Neighboring cations — Ca
O-H (&) 0.943 0.95
¢*-0-H angle (%) 0.6 19.6
Ca-0O-H angle () 179.9 154.3

Mica OH in tremolite (after Hawthorne and Grundy, 1976)

X (kJ/mol) — 30000
W(H), site energy (kJ) — -13159
No. of neighboring oxygens — 13
O-H (&) 0.959 0.95
a*-0O-H angle (%) 0.2 35

Note: The labeling of atoms corresponds to labeling in Fig. 1.

paired with any ion i, except the hydroxyl oxygen. For
practical purposes, we truncated the summation of Wc,
terms to include only H . . . i distances shorter than about
4.5 A. The summations include all the nearest oxygens
in addition to the hydroxyl oxygen. For trioctahedral
structures, suitable convergence did not require inclusion
of nearest-neighbor cations, other than the six nearest-
neighbor hydrogens in the case of the brucite environ-
ment. But for dioctahedral structures, reasonable results
were achieved only when nearest-neighbor octahedral and
tetrahedral cations were included.

The calculations were performed using the computer
program QUICKSITE, written in Turbo Pascal for the Mac-
intosh by one of us (R.N.A., from whom the program can
be obtained). For any atom, the program determines the
position of minimum site energy, given fixed positions
for all neighboring atoms included in the energy calcu-
lation. Pairwise energy terms, W (Eq. 1), can be summed
over any number of nearest and nonnearest neighbors.
The search for the lowest-energy configuration uses a
“modified simplex method” (Cooper, 1981), which is
similar to a Rosenbrock search (Busing, 1981). The sim-
plex and Rosenbrock methods share the advantage that
“saddles™ in the energy map are ignored.

For each reference structure, we determined the mini-
mum site-energy position of H*, using up to 19 nearest-
neighbor oxygens and hydrogens, depending on the local
H environment. The value for A;; was adjusted manually
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in successive runs until the H coordinates coincided as
closely as possible with observed coordinates. In subse-
quent tests performed on dioctahedral structures, the H*
position was refined by using up to 30 nearest-neighbor
cations and oxygens.

REsuLTSs

Table 1 gives a comparison between our best calculated
H~ positions and observed H* positions; it also lists the
Aou used for each “best” calculation. In the observed
chlorite structure (Joswig et al., 1980), the three sym-
metrically distinct brucite-type H* sites have similar co-
ordination geometries. We varied Aoy for only one of these,
labeled H2 by Joswig et al. (1980). The calculated O7-
H2-05 angle (see Fig. 1) is closer to 180° than the ob-
served angle. Even so, the calculated position for H2 dif-
fers from the observed position by only 0.1 A. Our cal-
culated position for the one mica-type H*, identified as
H1 by Joswig et al. (1980), is essentially the same as the
observed position.

Our calculated H position (Table 1) differs significantly
from the observed H position for the hydroxyl in clin-
tonite (Joswig et al., 1986). The observed position (x =
0.5966, y = 0.5, z = 0.3001) is on the mirror plane in
space group C2/m. The very high mean-square displace-
ment parallel to b* for the H, a?(b*,H) = 0.250 A2, sug-
gests that individual hydrogens in the structure may not
lie on the mirror plane and thus that individual unit cells
do not have C2/m symmetry. The C2/m position would
then represent an average of two or more H positions
lying off the mirror plane. Our calculations were not con-
strained by C2/m symmetry and yielded an off-mirror
position (x = 0.5644, y = 0.4708, z = 0.3053) consistent
with this interpretation. Averaging our calculated position
with a mirror-related one yields coordinates rather close
to those reported by Joswig et al. (1986).

For the mica-like hydroxyl in tremolite, the observed
H+* position (Hawthorne and Grundy, 1976) and our cal-
culated position differ by only 0.06 A.

From analysis of data in Table 1, we conclude that (1)
The same \;; — 30000 kJ/mol—works acceptably well for
mica-type hydroxyls in three otherwise dissimilar struc-
tures; (2) the calculations reproduce O-H distances to
within 1% of observed values; (3) angular relationships
are difficult to reproduce exactly, but the greatest dis-
crepancy, in clintonite, may reflect the existence of po-
sitional disorder in the reference structure; and (4) with
regard to brucite-like hydroxyls in chlorite, a lower Aoy
value of 24250 kJ/mol reproduces the O-H distance to
within 0.04%.

Calculations by one of us (C.W.B.) show that hydroxyl
oxygens in different mica-type environments have com-
parable site potentials, within the range 2.0-2.3 e/A. We
assert that when the site potential for the hydroxyl oxygen
is in this range, a value for Aoy of 30000 kJ/mol should
give reasonable results regardless of the structural con-
text. On the other hand, oxygens in brucite-like environ-
ments (in lizardite or in chlorite) have significantly lower
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TaBLE 2. Calculated O-H distances and orientations for trioc-
tahedral phyllosilicates, compared with determinations
based on X-ray diffraction data

Observed Calculated

Talc (after Rayner and Brown, 1973) without neighboring cations

A (kJ/mot) — 30000
WH), site energy (kJ) — —-13185
No. of neighboring
oxygens — 13
Neighboring cations — —
x(H) 0.2246* 0.2310
yH) 0.1677* 0.1569
Z(H) 0.2091* 0.2135
O-H (A) 0.9” 0.95
¢*-O-H angle () 0 6.2
Talc (after Rayner and Brown, 1973) with neighboring cations
A (kJ/mol) — 30000
W(H), site energy (kJ) — 540
No. of neighboring
oxygens —_ 13
Neighboring cations — 3Mg, 6Si
Xx(H) 0.2246* 0.2276
YH) 0.1677* 0.1670
Z(H) 0.2091* 0.2164
O-H (&) 0.9" 0.97
¢*-0-H angle (°} 0 0.5
Mica OH in chlorite (after Bailey, 1986)
A (kJ/mol) — 30000
W(H), site energy (kJ) — —13061
No. of neighboring
oxygens — 13
Xx(H) 0.3670 0.3781
HH) 0.3314 0.3326
ZH) 0.1405 0.1396
O-H (&) 0.9644 0.95
¢*-O-H angle (%) 0.58 4.8
Brucite OH in chiorite for Bailey’s (1986) H4 hydrogen
A (kd/mol) - 24250 21750
WH), site energy (kJ) —= —10874 —10943
No. of neighboring
oxygens — 13 13
No. of neighboring
hydrogens — 6 6
x(H) 0.6181 0.6288 0.6288
yH) 0.1525 0.1472 0.1503
Z(H) 0.3730 0.3618 0.3719
H4-09 (A) 0.8102 0.98 0.83
H4-04 (A) 2.1267 1.95 2.10
09-H4-04 angle () 164.88 171.0 170.4

site potentials, from 1.2 to 1.6 e/A; hence the most ap-
propriate Aoy value under these circumstances ought to
be correspondingly lower. Such direct proportionality be-
tween anion site potential and A is consistent with vari-
ation in other cation-anion pairs (Post and Burnham,
1986a) and is expected on theoretical grounds.

TRANSFERABILITY OF OH SHORT-RANGE
POTENTIALS TO OTHER
TRIOCTAHEDRAL STRUCTURES

The transferability of the proposed values for A,y and
pox from one structure to another can be assessed by car-
rying out similar calculations on additional structures. In
this context, we report the results of attempts to predict
H positions in talc (Rayner and Brown, 1973), another
chlorite (Bailey, 1986), and lizardite (Mellini and Zanaz-

TABLE 2.—Continued

Observed Calculated
Brucite OH in chlorite for Bailey’s (1986) H2 hydrogen

X (kJ/mol) —_ 24250 21000
WH), site energy (kJ) — — -11216
No. of neighboring

oxygens — 13 13
No. of neighboring

hydrogens — 6 6
X(H) 0.0816 — 0.0449
yH) 0.3356 — 0.3381
Z{H) 0.3681 — 0.3721
H2-07 (A) 0.8942 — 0.90
H2-05 (A) 2.0192 — 2.03
07-H2-05 angle (°) 176.67 — 163.8

Mica OH in lizardite (after Mellini and Zanazzi, 1987)

X (kJ/mol) — 30000 22400
W(H), site energy (kJ) — —13077 -13318
No. of neighboring

oxygens — 13 13
x(H) 0.0 —0.0001 0.0
¥H) 0.0 —0.0002 0.0
Z(H) 0.2 0.1765 0.203
O-H (&) 0.7840 0.95 0.76
c*-O-H angle (°) 0 0 0

Brucite OH in lizardite (after Mellini and Zanazzi, 1987)

M (kJ/mol) — 24250 27400
W(H), site energy (kJ) — -10727 -10661
No. of neighboring

oxygens — 13 13
No. of neighboring

hydrogens — 6 6
Xx(H) 0.58 0.6345 0.6274
yH) 0.0 —0.0001 0.0
Z(H) 0.738 0.7121 0.7305
H2-07 (&) 1.1675 0.90 1.04
H2-05 (&) 1.8857 2.14 2.01
07-H2-05 angle () 169.36 171.7 172.2

Note: The atoms are identified according to the labeling in Fig. 1.
* Taken as the initial position; no observed position available.

zi, 1987). These three structures were determined using
X-ray diffraction data. Our initial H* positions for chlo-
rite and lizardite were those reported by Bailey (1986)
and Mellini and Zanazzi (1987), respectively, from Fou-
rier difference maps; for talc, we selected an initial posi-
tion yielding O-H parallel to c* and 0.9 A long. Results
of our calculations are reported in Table 2.

Talc calculations were performed both with and with-
out the nine nearest-neighbor cations, which include three
magnesiums and six silicons. The calculated O-H dis-
tances differed by only 0.02 A, whereas the orientation
of the O-H bond differed by about 5.7°. The calculated
position for the mica-type H* in chlorite is comparable
to the position suggested by Bailey (1986).

Mellini and Zanazzi (1987) reported an unusually short
O-H distance, 0.784 A, for the mica-type OH in lizardite.
Using Aon = 30000 kJ/mol, we calculate an O-H distance
more in line with those observed in other structures (Ta-
ble 1). The very short observed O-H distance was repro-
ducible only by using a substantially reduced value for
Aou. Given the uncertainties in interpreting small elec-
tron-density residuals in Fourier difference maps, it is not
at all clear that the H position reported by Mellini and
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TasLe 3. Calculated O-H distances and orientations for diocta-
hedral phyllosilicates

Initial Min 1 Min 2

Pyrophyllite (after Lee and Guggenheim, 1981)

A (kJ/mol) — 30000 30000
WH), site energy (kJ) — 2668 2597
x(H) 0.1406 0.1224 0.2503
yH) 0.1062 0.1036 0.1830
Z(H) 0.1268 0.0579 0.2147
O-H (A) 0.9575 1.02 0.99
¢*-O-H angle (%) 78.0 115.8 6.1
Margarite (after Guggenheim and Bailey, 1975)
A (kJ/mol) — — 30000
WH), site energy (kJ) — — 2504
x(H) 0.8970 — 0.9362
WH) 0.1370 — 0.0511
Z(H) 0.0830 — 0.0988
O-H (A) 0.9414 — 0.98
¢*-O-H angle (9 46.18 — 13.0
Muscovite {(after Richardson and Richardson, 1982)
A (kJ/mol) — 30000 30000
W(H), site energy (kJ) — 2406 2367
Xx(H) — 0.8582 0.9675
¥H) — 0.1478 0.0673
z(H) — 0.0286 0.0988
O-H (&) — 1.01 0.96
¢*-0O-H angle (°) — 116.1 3.9

Note: In muscovite the charge was set at +3.75 on each of the six
nearest-neighbor tetrahedral cations.

Zanazzi (1987) is correct. It is noteworthy that a Aoy of
30000 kJ/mol consistently produced expectable O-H dis-
tances, even in lizardite.

Bailey (1986) provided atomic coordinates for three
symmetrically distinct brucite-type hydrogens in chlorite.
We report in Table 2 our determination of atomic coor-
dinates for the hydrogens associated with the shortest and
longest O-H distances. For the hydroxyl with the shortest
O-H distance, using Aoy = 24250 kJ/mol gave a distance
consistent with the distances reported in Table 1. Again,
as with lizardite, the very short observed O-H distance
was approachable only when we used an even lower value
for Aou. In the second case, for the longest observed O-H
distance, when we used Ay, = 24250 kJ/mol, no mini-
mum could be located at all. The H, under the influence
of the other oxygens, drifted to an unreasonable distance
away from the hydroxyl oxygen. The observed structure
could be reproduced, however, by reducing Aoy to 21000
kJ/mol. The behavior of the H atom in these two cases
suggests that a somewhat reduced Aoy, as low as 21000
or 22000 kJ/mol, may be appropriate for some brucite-
type OH pairs in chlorite. As was mentioned earlier, these
low values for A reflect the unusually low site potentials
for oxygens in brucite-type hydroxyl environments (1.2—
1.6 e/A).

TRANSFERABILITY OF OH SHORT-RANGE
POTENTIALS TO DIOCTAHEDRAL STRUCTURES

Calculations were performed on three additional di-
octahedral phyllosilicates: pyrophyllite (Lee and Guggen-
heim, 1981), margarite (Guggenheim and Bailey, 1975,
1978), and muscovite (Richardson and Richardson, 1982).
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Coordinates for H in margarite were predicted by Giese
(in Guggenheim and Bailey, 1975) on the basis of Cou-
lomb electrostatic calculations; these are the initial H co-
ordinates reported for margarite in Table 3 (¢*-O-H =
46.2°). Later, Giese (1979) offered a revised orientation
for hydroxyl in the same margarite (c*-O-H = 84.2°). In
separate Coulomb electrostatic calculations, referred to
the same margarite, Bookin and Drits (1982) offered a
third orientation with ¢*-O-H = 70.0°.

Except for Al-Si ordering in margarite (Guggenheim
and Bailey, 1975), the unit layer in each of these struc-
tures has approximately C2/m symmetry. The OH dipole
lies approximately in the pseudo—mirror plane, which is
close to (110) in muscovite and margarite and to (110) in
pyrophyllite. In most of the calculations, the OH dipoles
remained relatively close to the pseudo—mirror plane.

Our calculations (Table 3) were carried out with 16
nearest-neighbor oxygens, the six nearest octahedral alu-
minums, the six nearest tetrahedral cations, the nearest
other H, and, in the cases of margarite and muscovite,
the nearest interlayer cation (Ca>* or K*). Among the 16
nearest-neighbor oxygens were included all six oxygens
forming the coordination polyhedron of the vacant M1
site. The H whose position we refined was related to the
nearest other H by inversion through the vacant M1 site.
In marked contrast to the trioctahedral phyllosilicate cal-
culations, reasonable OH orientations and O-H distances
could not be determined unless the tetrahedral and oc-
tahedral cations were included. This difference in behav-
ior simply reflects the fact that in trioctahedral phyllo-
silicates, the symmetry of the cation distribution is similar
to that of the anions; thus they both influence the orien-
tation of the OH dipole in more or less the same way. In
dioctahedral phyllosilicates, however, one-third of the
octahedral sites are vacant, and the influence of the cat-
ions on the orientation of the OH dipole is very different
from that of the anions.

Pyrophyllite

For pyrophyllite, the initial c*-O-H angle (78°) was set
close to an anticipated result (Giese, 1984). The initial
position is not critical, however, so long as it is not too
far removed from a possible position. Calculations using
Aon of 30000 kJ/mol indicated two minimum-energy OH
orientations (Min 1 and Min 2 in Table 3), neither of
which corresponded to the anticipated type-0 OH ori-
entation. One local minimum, Min 2 (Table 3), is con-
sistent with OH orientations in trioctahedral phyllosili-
cates (type-2), whereas the other local minimum, Min 1,
is consistent with the OH orientation in celadonitic micas
and glauconite (type-1). Figure 3 is a contour map of site
energies for H in the unit-layer pseudo-mirror plane,
(110). Note that the two minima are at opposite ends of
a long narrow energy trough, the axis of which is rela-
tively flat. The initial, anticipated H position, consistent
with determinations based on Coulomb electrostatic
energies alone (Giese, 1984), lies essentially on the axis
of the low-energy trough but between the two minima,
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Fig. 3. Map of calculated site energies (Ao = 30000 kJ/mol)

for different H positions in the (110) plane of pyrophyllite. Con-

tour interval for the solid contours is 50 kJ; dotted contour is

for 2680 kJ. Large open circle is the oxygen of the hydroxyl;

three small, filled circles show the initial H position and the
calculated H positions for the minima reported in Table 3.

hence at a higher energy. Local minimum Min 2 has a
lower energy relative to Min 1; hence it is the primary
minimum; minimum Min 1 is a secondary minimum.

Margarite

In spite of our best efforts to perturb the initial H po-
sition or adjust Aoy, the calculated H position in marga-
rite persisted in coinciding with an energy minimum of
type-2 (Min 2, Table 3), in the trioctahedral configura-
tion. This result contradicts conflicting H positions based
on Coulomb electrostatic interactions alone (Guggen-
heim and Bailey, 1975; Giese, 1979; Bookin and Drits,
1982), and highlights well the errors than can result from

0.10¢c

0.05¢

0.00c
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neglecting short-range OH repulsive energy terms in cal-
culations of structure configuration.

Muscovite

Although well documented as an incorrect procedure
(e.g., Post and Burnham, 1987), we initially assigned each
tetrahedral cation in muscovite a hybrid charge of 3.75,
consistent with an Al/Si ratio of 5. Only energy minima
of types 1 and 2 were located (Table 3). An energy min-
imum of type-0 could not be found by varying Aoy. Sub-
sequently, calculations were performed for 18 different
arrangements of Al and Si over the six tetrahedral sites
(Fig. 4a) closest to the H. The eighteen arrangements (de-
scribed in Table 4 in conjunction with Fig. 4a) included
all possible Al-Si orderings consistent with the aluminum
avoidance principle (Loewenstein, 1954; Herrero et al.,
1985; Sanz et al., 1986). All calculations used Ay = 30000
kJ/mol. For each Al-Si ordering, calculations were per-
formed using two starting positions for H, close to posi-
tions analogous to the type-1 and type-2 minima in py-
rophyllite. Results of these calculations are presented in
Figure 4 and Table 4.

Analysis of Figure 4 and Table 4 yields several impor-
tant features: (1) The minimum-energy position for H
depends very much on the distribution of Al and Si over
the tetrahedral sites closest to the H. Primary and sec-
ondary energy minima are possible and are consistent
with either of two general OH orientations like the two
OH orientations identified for pyrophyllite (Fig. 3). (2)
There are thirteen Al-Si orderings that have both a pri-
mary and a secondary minimum. There are five Al-Si
orderings that have only one minimum. (3) With one
exception, when there are two minima for a given Al-Si
ordering, the type-2 minimum (c*-O-H < 30°) is pri-
mary, and the type-1 minimum (c*-O-H > 90°) is sec-
ondary. This includes all of the orderings of 2Al + 4Si
and four of the six orderings of 1Al + 5Si. In the excep-

0.2b

— [110]-»

Fig. 4. (a) Projection onto (001) of the six tetrahedral sites
(open squares) closest to the H (small, filled circle) in muscovite.
The OH pair (the open circle is the oxygen) lies in (110), the
trace of which is shown as a dotted line. Labeling of the tetra-
hedral sites refers to Table 4. (b) Projection onto (110) of cal-
culated minimum-energy positions for H (small, filled and open
circles). Many of the Al-Si orderings described in Table 4 have
two minimume-energy positions for H (Table 4). For each such
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case, the minimum having the lower energy is represented by a
small filled circle, and the minimum having the higher energy is
represented by a small open circle. The large, open circle is the
oxygen of the OH pair. Two clusters of positions are identified
as Min 1 and Min 2, which correspond respectively to two types
of energy minima. (¢) Projection down the c¢ axis of the calcu-
lated positions for H (small, filled circles).
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TaBLe 4. Calculated O—H distances and ¢*-O-H angles for different arrangements of Al and Si on tetrahedral sites in muscovite

Tetrahedral sites

O-H ¢*-0O-H Type of WMH)
Case 1 1A 1C 2 2A 2C A © minimum (kJ}
3Al + 3Si
1 Al Al Al Si Si Si 0.97 1.4 2 1692
2 Si Si Si Al Al Al 0.98 3.5 2 1692
2Al + 4Si
3 Al Al Si Si Si Si 0.96 249 2 2149
1.00 106.3 1 2234
4 Al Si Al Si Si Si 0.99 12.8 2 2129
5 Si Al Al Si Si Si 0.98 11.7 2 2091
1.01 121.6 1 2316
6 Si Si Si Al Al Si 0.98 11.3 2 2105
0.99 116.7 1 2263
7 Si Si Si Al Si Al 0.96 27.5 2 2140
0.96 93.46 1 2164
8 Si Si Si Si Al Al 1.02 22.6 2 2147
0.97 101.2 1 2203
9 Al Si Si Si Al Si 0.97 3.9 2 2150
1.00 112.4 1 2280
10 Si Al Si Al Si Si 0.95 3.8 2 2148
0.98 112.6 1 2224
11 Si Si Al Si Si Al 0.97 4.3 2 2133
0.98 105.4 1 2207
1Al + 5Si
12 Al Si Si Si Si Si 1.02 112.0 1 2549
13 Si Al Si Si Si Si 0.97 17.9 2 2568
1.04 121.2 1 2590
14 Si Si Al Si Si Si 0.99 19.5 2 2529
1.05 125.2 1 2628
15 Si Si Si Al Si Si 0.97 21.4 2 2569
1.02 114.3 1 2595
16 Si Si Si Si Al Si 0.99 21.6 2 2533
1.05 125.7 1 2631
17 Si Si Si Si Si Al 1.02 1124 1 2543
65i
18 Si Si Si S Si Si 1.12 130.0 1 2959
0.95 6.2 2 3041

Note: The labeling of sites is explained in Fig. 4a. For each of the cases 1, 2, 4, 12, and 17, there is only one energy minimum.

tional 6Si case (18 in Table 4), the low energy of the type-1
OH orientation must be due in large part to repulsion
by the interlayer K+ cation, because a high sum of tetra-
hedral cation charges alone does not, by analogy with
pyrophyllite, favor the type-1 OH orientation. (4) In the
five cases where only one energy minimum was identi-
fied, the H* proceeded to the same minimum position
regardless of its starting position. Both Al-Si orderings of
3Al + 3Si yielded type-2 minima (the trioctahedral con-
figuration). Not surprisingly, when the sum of the cation
charges is low, a type-2 minimum is permitted by virtue
of reduced repulsion between the tetrahedral cations and
the H. By analogy, it is tempting to explain the primary
type-1 minima of the ordering cases 12 and 17 (Table 4)
as the result of increased repulsion due to the high sum
of tetrahedral cation charges in these 1Al + 5Si arrange-
ments. But here the relationship is not so clear because
four of the 1Al + 5Si orderings have primary type-2 min-
ima. (5) In Figures 4b and 4c, each of the small, filled
circles gives the H position for a primary minimum. Only
three of the primary minima are consistent with a type-1

OH orientation. Only one secondary minimum (small,
open circles) is consistent with the type-2 OH orientation.
The distribution of primary and secondary minima in
Figures 4b and 4c suggests that the type-2 OH orientation
(c*-O-H < 30°) should be more important than the type-1
OH orientation whenever there is Al in one or more tet-
rahedral sites.

The common 1:3 ratio of tetrahedral Al to Si cannot
be satisfied by any of the four compositions described in
Table 4. If the compositionally extreme situations—6Si
and 3Al + 3Si—are discounted as statistically unimpor-
tant, then a structure having the common Al/Si ratio
would consist of equal numbers of two compositionally
distinct kinds of six-membered tetrahedral rings, 2Al +
4Si and 1Al + 5Si. All of the former yielded primary
minima of type-2. At least half of the six-membered rings
in an extended sheet of tetrahedra would have associated
hydrogens in positions consistent with minima of this
type. The remaining hydrogens, in 1Al + 5Si tetrahedral
rings, could be at primary minima of either type-2 or
type-1. However, if the different 1Al + 5Si orderings are
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equally likely, then most of the associated hydrogens
would be at minima of type-2. Presumably the C2/c-av-
eraged position for H in muscovite would be somewhere
in the range of the type-2 OH orientations (c*-O-H <
30°). This contradicts predictions based on calculations
using Coulomb electrostatic terms alone (Giese, 1979,
1984; Bookin and Drits, 1982; Bookin et al., 1982) in
which the O-H distances were not varied. It is important
to observe, in Figure 3, that a circle, centered on the
oxygen and having a radius defined by the distance to the
false type-0 minimum, intersects neither the type-1 min-
imum nor the type-2 minimum. But the lowest energy
on the circle, though not particularly well defined, ap-
pears to be closer to the false minimum. Thus a mapping
of Coulomb electrostatic energy alone in the vicinity of
the hydroxyl would be unlikely to reveal the two energy
minima.

CONCLUSIONS

1. Values for p, for cation-anion pairs depend most
strongly on the anion. For ion pairs involving oxygen, p
values are between 0.23 A and 0.27 A over a wide range
of shell radii for oxygen. We believe a value of 0.25 A
for poy 1s reasonable.

2. Using poy = 0.25 A, Aoy is about 30000 kJ/mol for
hydroxyls in the mica-type environment. These values
for poy and Ay, work well when the site potential for the
hydroxyl oxygen is close to 2 ¢/A, which is the situation
for mica-type hydroxyls in a wide range of structures,
including chlorite, lizardite, tremolite, talc, clintonite, py-
rophyllite, margarite, and muscovite. Neither the occu-
pancy of the octahedral site (dioctahedral versus triocta-
hedral) nor the nature of the interlayer region (brucite
sheet versus A sites with vacancies or K+ or Ca?* ions)
seems to have much influence on the most appropriate
value of Aoy for hydroxyls in mica-type environments.

3. Using pon of 0.25 A, Aoy is about 24250 kJ/mol for
hydroxyls in the brucite-type environment. These values
may be appropriate when the site potential for the hy-
droxyl oxygen is in the range of 1.2-1.6 e/A. The most
appropriate value for Aoy is subject to greater variation
in brucite-type hydroxyls than in mica-type hydroxyls.

4. Two OH orientations are possible in dioctahedral
phyllosilicates. The different orientations are distin-
guished by different ¢*-O-H angles: greater than 90°, as
in celadonitic or glauconitic micas, or close to zero, as in
trioctahedral phyllosilicates. The two orientations corre-
spond to two possible energy minima. Both kinds of en-
ergy minima were identified in pyrophyllite; the primary
minimum has a ¢*-O-H angle of approximately 6°. Only
one energy minimum, having the trioctahedral OH con-
figuration, was identified in margarite (c*-O-H = 13°).

5. The orientation of the OH dipole in muscovite de-
pends on the distribution of Al and Si on the six nearest
tetrahedral sites. Only two general OH orientations seem
to be important: ¢*-O-H < 30° and ¢*-O-H > 90°. In
most cases having Al in one or more tetrahedral sites, the
primary energy minimum has the orientation with ¢*-O-
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H < 30°. With no tetrahedral Al, as in celadonite, the
primary energy minimum coincides with the latter ori-
entation having ¢*-O-H > 90°. By all indications, most
of the OH dipoles in muscovite should be oriented such
that the ¢*-O-H angle is less than 30°. The presence of
secondary energy minima separated by low-energy bar-
riers from nearby primary minima suggests that under
suitable excitation conditions, the OH dipole may very
well exist in orientations with ¢*-O-H > 90°. It may be
that lattice strains due to local ordering of tetrahedral Al
and Si create just such circumstances. If so, then in the
C2/c-averaged structure for muscovite, the OH orienta-
tion may be controlled by the proportions of many dif-
ferent, individual OH orientations like those represented
by the primary and secondary minima in Figure 4 and
Table 4. An average OH orientation with the c*-O-H
angle between 70° and 90° (Giese, 1979, 1984; Bookin
and Drits, 1982; Bookin et al., 1982) may be reasonable.
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