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This paper presents an original and useful method for calculating and comparing the
electrostatic component of the lattice energies of families of related, complex structures.
The methodology and use of hypothetical, tractable steps in passing from one structure
to another can be extended to families of crystal structures other than the phyllosilicates.
Calculations made on a single ‘generic’ silicate, KX,X'T,0,,(OH),, enables us to
obtain the lattice energies of 1M aluminium mica, phlogopite, talc, pyrophyllite,
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170 H.D.B.JENKINS AND P.HARTMAN

saponite, beidellite, illite, montmorillonite and hectorite and their fluorinated
analogues. Site potentials are readily obtained when calculations are made in this
manner. Considerable saving of computer time and effort coupled with little sacrifice
of accuracy are a feature of this approach.

The paper further goes on to suggest how comparison of this type of generic
calculation with the results obtained from calculations made on the true individual
phyllosilicate structure can extend the potential information that can be gained
from these studies.

The investigation of substitutional and relaxation energies of the phyllosilicates is
considered. Surface energies (shown to be quadratic functions of ¥ for micas derived from
the structure 4,X,X'T,0,,(OH),, (A =Na or K)) are calculated on the same
principle, from, in this case, a ‘generic’ expanded lattice. The transferability principle
introduced in this work enables us to make specific predictions regarding minerals for
which single crystal X-ray diffraction studies are impractical. We attempt wherever
possible an interpretation of the energies we calculate.

i. INTRODUCTION

Giese and coworkers (Giese 1971; Giese & Datta 1971; Giese et al. 1972; Giese 19734, b, 1974,
19754, b) have used simple electrostatic calculations to explain a variety of features con-
cerning interlayer bonding in kaolinite, dickite, nacrite, diaspore, goethite, groutite, pyrophillite,
muscovite and various other minerals.

Born & Zemann (1964) and Sahl & Zemann (1965) have discussed structural features and
distortions in garnets and zircon with the electrostatic approach. Ohashi & Burnham (1972)
have investigated cation site distribution in pyroxene chains. Hougardy et al. (1976) have
developed an electrostatic potential energy map for the vermiculite interlayer region.

Appelo (1977) has carried out calculations of the electrostatic energy of phlogopite, fluor-
phlogopite and annite. Such studies usually consist of a calculation on the individual minerals
of interest (see Giese 1975a), and by their very nature, require large amounts of computer time
and are expensive to carry out.

The present paper proposes a method by which we can use a single calculation on a carefully
chosen mineral to generate a wealth of information which can in turn produce reliable results
for substitutionally and structurally related minerals, thus rendering separate calculations on
them unnecessary.

The technique derives from the method developed by Jenkins and coworkers for the treatment
of lattice energies of complex salts in that it parametrizes the electrostatic lattice potential energy
asafunction of charge (Jenkins & Waddington 1971, 1972; Jenkins & Pratt 1977). We demonstrate
the approach with reference to some dioctahedral and trioctahedral micas and show that, from
a single calculation, we can estimate electrostatic energies of silicates that can be derived by
processes of substitution from the parent (generic) mineral chosen. We further show the same
principles applied to individual structures and expanded structures can lead to considerations of
hydroxyl orientation energies, surface energies, etc.

Two notes of caution should, however, be injected at this stage. First, while the electrostatic
lattice energies predicted by this approach are, by any standards, very satisfactory, steps discussed
that involve relaxation (symmetry changes or the orientation of OH ions), of necessity involve
the calculation of quite small differences between very large total energies. This, in itself, suggests
that we should be cautious in our interpretation of these relatively small differences. However,
these differences are also influenced by repulsion and dispersion interactions (which are not the
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DIOCTAHEDRAL AND TRIOCTAHEDRAL PHYLLOSILICATES 171

subject of this paper) and may be rather sensitive to them. Thus, while for relaxation energies we
appear to obtain consistent results, until further studies are made (and such are already in
progress) we cannot be sure of the quantitative significance of these energy changes.

The second note of caution concerns the use of the ionic model and its applicability to structures
possessing cations of high formal charge. The models used here and by other workers must be
judged on the results that the calculations based on them ultimately generate. While the ionic
approximation is undoubtedly a compromise, any attempt to institute ‘covalent’ corrections
would, at this stage of the theory, be both untimely and unwise because of the total uncertainty
that would surround such an approach.

What is clear, therefore, is that this paper seeks to establish the basic ideas of our new approach,
offers suggestions as to how intercomparison of various results might be made, but reserves its
view as to the significance of the differences in cnergy calculated until further calculations are
completed.

2. SyMBOLS

Aiirimnp charge independent coefficient in electrostatic lattice potential energy equation
dn thickness of slice parallel to face (/kl)

E; interaction energy (per molecule or formula unit) between zeroth and ith layer
(hKI) indices specifying crystal face

i, Jyk,l,m,n,p indices representing exponents of charges at various sites (= 0, 1 or 2)

(r,5) coordinates of ionic chain parallel to direction [uvw]

O’ hydroxyl oxygen atom within the mica

dav 9% 9> 91> .
gsi» 90> Jo-  chargeson Al, K, F, H, Si, O and hydroxyl O’ atoms

g charge on atom T occupying tetrahedral site

Jx charge on atom X occupying dioctahedral site (see X)

gx charge on atom X’ occupying trioctahedral site (see X’)

T tetrahedral site within the mica (usually corresponding to Si;Al or Si, group)

[uvw] specified direction in crystal

Upis attachment energy when one slice of thickness dy; crystallizes on face (hkl)

Usiec electrostatic lattice potential energy

Unyp electrostatic energy calculated by adiabatic substitution of charges while
retaining site symmetry of generic structure

Uretax relaxation energy (= Urge— U;lyp) :

Uguns ‘adiabatic’ substitutional energy at a site or sites corresponding to retention of
site position

Uy energy released when one slice of crystal is formed from its constituent ions

Usurt surface energy of mica

U e electrostatic energy of structure calculated on basis of experimentally determined
structural and positional parameters

A interaction energy between ionic chains

Uset, electrostatic relaxation energy (rotating or tilting, contraction or expansion) of
tetrahedra in going from one structure to another

Uou electrostatic relaxation energy associated with movement of hydroxyl group

position from one structure to another

I1-2
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172 H.D.B.JENKINS AND P.HARTMAN

Upg*™* specific electrostatic relaxation energy change as OH goes from position « to the
normal to perpendicular position

Upst monoclinic—triclinic transition energy

U, specific electrostatic relaxation energy of octahedral positions in mica

V; site potential at ion j

Vi a1 potential of ion j with respect to slice in which it lies

V}, att® potential of ion j with respect to all slices (EEICZ) ::) i

v, unit cell volume

x fraction of sites (Na or K) occupied by atoms compared to theoretical maximum
(0<x<1)

X site filled with Mg in trioctahedral mica and with Al in dioctahedral mica

X’ site filled with Mg in trioctahedral mica and empty in dioctahedral mica

defined for hectorite as fraction of Li atoms resident at X' site (0 < y < 1)
number of molecules per period [zvw] in ionic chain

NQ

3. THEORY

The transformation of a trioctahedral mica KX,X'T',0,,(OH), into a dioctahedral mica
KX,T,0,,(OH), can be considered to involve two stages. First, an X’ atom is removed from the
sites (0, %, %) and (3, 0, %), the process being carried out (@) so as to preserve electroneutrality:

Ix+ 29}_( = 6, (1)
and (b) in such a way that all other atoms remain on their lattice sites. Secondly, the atoms in the
resulting dioctahedral silicate rearrange their positions while achieving a total lattice energy
minimum. Let us associate a substitutional energy, Uj,;,s, with the first process and a relaxation
energy, Uqx, With the second. A rearrangement of the tetrahedra and OH groups within the
mica can accompany these changes. We shall express the total electrostatic lattice energy of the
above structures in the general form

2 (2-4) (2= (2—K) 2=1) (2—m) (2—n) )
Uelec = 2 I Z E 2 2 Aiiklmnp Qf{q%(qlfg' 9%9’6‘4’6' qi){’ (2)
I ST T
where the coefficients 4,3, are charge independent coefficients and ¢x, ¢x, ¢x' 915 05 9o’
and ¢y are the charges on the potassium, dioctahedral X site, trioctahedral X' site (i.e. the extra
site occupied by an atom in a trioctahedral mica when compared with a dioctahedral mica),
T site (which may be Si,, Si3Al, etc.), oxygen, hydroxyl oxygen (O’) and hydrogen sites.

It will be clear that the transformation of an OH silicate into the corresponding F silicate
(assuming no relaxation energy) is achieved by putting ¢o- = ¢y = — 1 and ¢y = 0 in the above
expression. The energy of substitution of Al by Mg is obtained from the differences in Uk,
calculated when ¢x = 3, ¢gx- = 0 (dioctahedral silicate) and when ¢x = ¢x, = 2 (trioctahedral
silicate). Taking a statistical average }(3¢g; + ¢,,) corresponding to ¢, = 3.75 for the arrangement
where T = Si; Al, we can obtain Uy, for a process where SizAl is replaced by Si, by considering
Usiee (g7 = 4) — Ugtee(gr = 3.75); the associated removal of K atoms corresponds to reducing
¢k from 1.0 to zero. It should be noted moreover that, for example,

a[]elec 2 (2—_—“5) @2-H@2—-K@2-D (2—m)(2~n)_ G1) G & o omom
Vk = (—“a ) =X ¥ ¥ ¥ X ¥ X Yjump® Vekx 919696 70 (3)
I Uxx'd7d0%0"dy =0 §=0 k=0 1=0 m=0 n

=0 p=0
t+j+k+ltmtntp=2
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174 H.D.B.JENKINS AND P. HARTMAN

is the conventional site potential of the potassium atom, Vg, as customarily defined. It is our
contention that the expression of the electrostatic energy of minerals in the form of equation (2)
is particularly revealing as far as cation and anion substitutional (electrostatic) exchange energies
are concerned, and that combination with calculations on the individual structures produced
can lead to the quantification of the energy changes in the silicates.

Table 1 shows, assuming that there is no relaxation of atoms from the K, X, X', T, O, O’ and
H sites of the parent hypothetical mica KX,X'T,0,,(O'H),, how other related di- and tri-
octahedral micas can be conceived as being derived from the parent as a result of specific assign-
ment of the site charges.

The computations described in this paper evaluate the coefficients 4 for both hypo-
thetical (i.e. derived by substitution without relaxation) and true (i.e. from crystal structure data)

1jklmnp

di- and tri-octahedral micas and from these computations conclusions are drawn as to the
magnitudes of the electrostatic components of the substitional, exchange, surface and reorien-
tational energies.

4. CALCULATIONS
Hypothetical structures

Hypothetical mica structures KX,X'T,0,,(OH), based on the generic structure, 1M
aluminium mica KAILT,0,,(OH), whose coordinates are given in table 2, are studied. This
structure is based on that reported (Sidorenko et al. 1975) to have space group C2. Since, in
accordance with the observed symmetry of phlogopite (McCauley et al. 1973) we would expect
a space group G2/m, and since the deviations of the reported 1M Al mica structure from C2/m
are small, we have introduced a mirror plane. The hypothetical mica structure of table 2 is
derived from the Sidorenko e/ al. (1975) structure by replacement of the four Al atoms by four
atoms X in equivalent positions and addition of a further two atoms X’ in positions (0, §, ) and
(%,0,%), and in the subsequent calculation by maintaining the charges of X and X', ¢x and ¢x-
such that condition (1) holds. Equation (2) gives the electrostatic energy of such a structure in an
appropriate form for our development, and the values of Ajjrtmnyp coeflicients are given in column 4
of table 3. Energies calculated from these coefficients will be referred to as ‘hypothetical’ in the
sense that true structures, although similar to those we shall derive by site substitution, have
slightly different atomic positions. If we make the site substitutional changes indicated by the
charge assignments in table 1, the equation (2) reduces in the individual cases to those given
below. Following the substitutional scheme in table 1 and putting ¢g = 0, ¢y = 4, ¢x = ¢x- = 2,

Jo = — 2, equation (2) reduces to:
. 2 (2—1)(2—k) (2~D (2—m) (2 —n)
Upeteo(tale, Mg,51,0,4(OH),) = X
J=0 k=0 1=0 m—=0 n—0 p=0
jtktl+mt+ntp=2

( - 1)m 2@ Fletm) Aojklmnp qg' q%a (4)

The condition ¢x = 0, ¢p = 4, ¢x = 3, ¢x» = 0, ¢o = —2 leads to

2 (2—9) (2—K) (2=D) (2—m)
Uelec(pyrophyuitea AIZSI4010(OH)2) = E Z Z (_ 1)m 3j2(2l+m)A0jolnmp qg'?%,
0 R0, S ®
and condition ¢g = 1, ¢y = 3.75, gx = 3, ¢x» = 0, ¢o = — 2 leads to

2 (2—1)(2—1)(2-0)(2—m)(2—n)
lec(1IM Al-mica, KAL(Si; AI) O;,(OH),) = ¥ ¥ X X X X
t=0 j=0 1=0 m=0 n=0 p=0

i+jt+ltmtntp=2

X (= 1) 390 2005 ot 46 g5 (6)

U,

e
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this equation reduces to equation (7) for phlogopite when x = 1 (Na = K) and to equation (4)
for talc when x = 0.

Under the substitution gg = %, ¢y = 4, gx = (2—0.5x+ 0.5xy), ¢x = (2—xy), go = —2 with
K = Na, equation (2) generates the electrostatic energy for ‘ collapsed’ hectorite having Li atoms
at both X and X' sites:

Usjec (‘ collapsed’ hectorite, Na,Mgq 4 4Ly M8 gy Ly, S1,0,4,(OH),)

2 (2—1)(2—1) 2=k (2-1) (2—m) 2—n) , ) )
=2 X X ¥ X X X (—1)m20myi(2-0.5x+0.5x9)7 (2 — x9)* Ajitmnp 76 s

%

p &

- i 20, TR A (12
S E The substitution of y = 1 into equation (12) generates the situation where ‘collapsed’ hectorite
2
= Q) i
T O TABLE 3. A;j30,/ (k] mol~') AS OBTAINED BY DIRECT CALCULATION
= FROM THE ATOMIC POSITIONS GIVEN IN TABLE 2
:El (2 Aijpimny/ (k] mol-1)
v8 - A -
T — expanded expanded
8 L-) L hypothetical hypothetical hypothetical
RILO 1M Al mica 1M mica 1M mica 1M mica
O (2 interaction (table 2) (table 2) (table 8) (table 8)
§'§ ijklmnp involved C = 1012 A C=1012A C=1532A C=2024A
B 2000000 KK 254.4 254.4 513.3 508.8
1100000 KX 619.2 619.2 1227.8 619.2
1010000 KX’ 0 309.0 613.3 309.0
1001000 KT 276.2 276.2 1146.3 275.6
1000100 KO 795.8 795.8 3008.3 795.4
1000010 KO’ 524.2 524.2 1106.6 524.2
1000001 KH 486.5 486.5 1057.2 486.5
0200000 XX 300.8 300.8 —336.4 —939.7
0110000 XX’ 0 —416.0 —1053.3 —1656.6
0101000 XT 884.5 884.4 —930.9 —2995.1
0100100 XO 319.8 319.8 —4297.2 —9500.9
0100010 X0’ —1008.2 —1008.2 —2227.8 —3407.6
0100001 XH —515.8 —515.8 —1710.3 —2879.0
4
< 0020000 X'X! 0 254.4 95.1 —~55.7
— E 0011000 X'T 0 455.9 —451.9 —1484.0
< 0010100 X0 0 423.4 —1885.4 —4487.2
>_‘ >-4 0010010 X0’ 0 —421.0 —1030.7 —1620.7
O = 0010001 X'H 0 —772.3 —1369.6 —1954.0
e =
— 0002000 TT 1814.1 1814.1 734.8 —983.1
= 0001100 TO —980.8 —980.8 —6538.0 —15204.1
af@ 0001010 TO’ 833.9 833.9 ~870.9 —2882.9
~ 0001001 TH 716.7 716.7 ~939.3 —~2928.1
=34 0000200 00 6290.2 6290.2 ~854.9 —11787.4
1ofe) 0000110 00’ 1228.5 1228.5 —3112.7 —8184.5
Ei: 0000101 OH 1091.0 1091.0 —3127.8 —8141.9
QOuw
7 x0 0000020 00’ 486.3 486.3 —95.6 —672.4
92 0000011 O'H —1695.5 —1695.5 —2834.1 —3976.9
EE 0000002 HH 592.7 592.7 35.4 —530.0
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has Li atoms solely at the X' sites (i.e. corresponding to the empty octahedral positions of our
1M Al mica). The corresponding electrostatic energy is given by

Uy 1ec(‘collapsed’ hectorite, Na, Mgq_, Li, Si,0,,(OH),)

2 (2—9 (2= 2=k (2= (2-m)(2—n) oD o & "
= 2 Z Z Z Z Z 2 <_ 1)m2(7+m+ >x@(2—x) AijklmanO'Q%’ (13)
i=0 j=0 k=0 1=0 m=0 n=0 p=0
i+j+Ek+l+mtntp=2
and the corresponding substitution of y = 0 into equation (12) generates the situation where
‘collapsed’ hectorite has Li atoms solely at the X sites (i.e. corresponding to the Al positions in

our 1M Al mica), in this case the electrostatic energy is given by:

Uy1e0(‘collapsed’ hectorite, Na,Li,Mgq_,,Si,0,,(OH),)

2 (2—1)(2—7) @2—k)(2=1) (2=m) (2—n) ) )
= Z Z 2 Z 2 Z 2 (“ 1)m2(m+2l+k)xz(2 - 0'5x)7 Aiiktmnp qg,qpﬁ’ (14‘)
i=0 j=0 k=0 1=0 m=0 n=0 p=0
t+i+k+l+mtntp=2
If g = %, gp = 4, ¢x = (83— 0.5%), ¢gx- = 0, g = —2 and K = Na, equation (2) generates the

electrostatic energy for ‘collapsed’ montmorillonite:

Upee(‘collapsed’ montmorillonite, Na, Al,_,Mg,Si,0,,(OH),)

2 (2-9)(2-)NQC-(2-m)(2-n)
=3 3 X X X X (-1)m2mxi(3—0.52)" dijonunp 46 4T (15)
o i pThth 5T #=o
which reduces, when x = 0, to equation (5) for pyrophyllite.

The advantage which the above equations give when parametrized, over previous individual
mineral calculations, is that from the coeflicients in column 4 of table 3 we are able to generate
all the electrostatic energies for the non-expanded structures in table 4, with the resulting 12-fold
saving in computer time. Evaluation of the electrostatic energies as given in equations (4)—(15)
gives the electrostatic lattice potential energies of ‘adiabatic’ structures obtained by removing
atoms from the parent KX,X'T,0,,(OH), silicate, without the usual accompanying change in
atomic coordinates.

In addition to these ‘derived’ electrostatic energies generated by the scheme in table 1, we
can carry out calculations for true structures for which X-ray data are available.

True structures

Table 5 gives details of the sources of crystal structure data used to obtain electrostatic (charge
independent) energy equations for true mica structures.

In the case of talc, the hydrogen coordinates, based on the structure of Raynor & Brown (1973),
were taken to be (0.2276, 0.1677, 0.2198) and, in the case of pyrophyllite, the hydrogen coordi-
nates, based on the structure of Wardle & Brindley (1972) were taken to be (0.148, 0.104, 0.159),
in accordance with the work of Giese. In the case of phlogopite the O’ (hydroxyl oxygen) positions
were taken from the work of McCauley et al. (1973) on fluorphlogopite, the hydroxyl oxygen
atoms being placed at the fluorine atom positions. The additional hydrogen positions were
assumed to be (0.0992, 0.0000, 0.3015).

In the above talc and phlogopite structures, the O—H dipole is perpendicular to the mica layer

12 Vol. 293. A
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TABLE 4. ELECTROSTATIC ENERGIES CALCULATED BY ‘ADIABATIC’ SUBSTITUTION
OF ATOMIC CHARGES IN EQUATION (2) WITH COEFFICIENTS FROM TABLE 3

equation
derived  Agumnp
substitution made from (2) from
p A \ used in  table 3, Ueof
Ix gx  4x gp do g0’ gu calculation column 1 (kJ mol-1) notes
) 0 2 2 4 -2 -2 1 ) 2 78336.3  talc
> | 0 2 2 4 -2 -2 1 (4) 3 78341.0  expanded talc
N 0 2 2 4 —2 -2 1 (4) 4 78343.2 expanded talc
— 0 2 2 4 -2 -1 0 (4) 2 72805.3 fluortalc
< 0 2 2 4 -2 -1 0 (4) 3 72810.4  exp. fluortalc
— 0 2 2 4 2 -1 0 (4) 4 72812.0  exp. fluortalc
olm 0 3 0 4 -2 -2 1 (5) 2 82792.3  pyrophyllite
e 5 0 3 0 4 -2 -2 1 (5) 3 82797.9  exp. pyrophyllite
0 3 0 4 -2 -2 1 (5) 4 82799.9  exp. pyrophyllite
=i 0 3 0 4 2 -1 0 ) 2 76066.3  fluorpyrophyllite
L O 0 3 0 4 —2 -1 0 ) 3 76072.0  expanded
=w fluorpyrophyllite
- 0 3 0 4 -2 -1 0 (5) 4 76073.5 expanded
5 Z fluorpyrophyllite
= o 1 3 0 375 R (6) 2 79355.2 1M Al mica
= 1 3 0 375 -2 -2 1 (6) 3 79135.8  exp. 1M Al mica
025 1 3 0 375 -2 -2 1 (6) 4 79135.9  exp. IM Al mica
8« 1 3 0 375 -2 -1 0 (6) 2 72638.2 1M Al-fluormica
= <Zz ¥ 3 0 3.75 -2 -1 0 (6) 3 72417.5 exp. 1M Al fluormica
- 3 3 0 3.75 -2 -1 0 (6) 4 72417.1  exp. 1M Al fluormica
ol 1 2 2 375 -2 -2 1 (1) 2 74891.8  phlogopite
3 2 2 3.75 -2 -2 1 (7) 3 74671.5  exp. phlogopite
% 2 2 3.75 -2 -2 1 (7) 4 74671.8  exp. phlogopite
1 2 2 3.75 -2 -1 0 (7 2 69369.2  fluorphlogopite
3 2 2 3.75 -2 -1 0 (7) 3 69148.5 expanded
fluorphlogopite
3 2 2 3.75 -2 -1 0 (7) 4 69148.2 expanded
fluorphlogopite
0.1 3 0 3.975 -2 -2 1 9) 2 82421.8  ‘collapsed’ beidellite
0.05 3 0 3.975 -2 -2 1 9) 3 82428.9  beidellite
0.05 3 0 3.975 —2 —2 1 9) 4 82430.7  beidellite
0.1 3 0 3.975 -2 -1 0 9) 2 75696.6  ‘collapsed’
fluorbeidellite
0.05 3 0 3.975 -2 -1 0 (9) 3 75703.8 fluorbeidellite
P | 005 3 0 3.975 -2 -1 0 (9) 4 75705.0  fluorbeidellite
<« 0.9 3 0 3715 -2 -2 1 (10) 2 79672.6  illite
—J] ! 0.45 3 0 3.775 —2 -2 1 (10) 3 79499.2  exp. illite
< 0.45 3 0 3.775 —2 -2 1 (10) 4 79499.5  exp. illite
S P 0.9 3 0 375 -2 —1 0 (10) 2 72954.1  fluorillite
O = 0.45 3 0 3.775 -2 -1 0 (10) 3 72780.2  exp. fluorillite
m =5 0.45 3 0 3.775 -2 -1 0 (10) 4 72779.9  exp. fluorillite
—
= O
E 9; and the O—H distance has been taken as 1.000A.1 In pyrophyllite the O—H distance is take

to be 0.969 A and the O—H dipole makes an angle of 64° with the normal to the mica layer. I
the 1M Al mica the O—H distance was again assumed to be 1.000A, and the angle between th
O—H dipole is inclined at 78° to the normal of the mica layer.

The calculations for the true structures of table 5 lead to equations of the general form of (2
with the specific coefficients listed in table 6 for talc, pyrophyllite and 1M Al mica.
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TABLE 6. 4,33, (k] mol™) COEFFIGIENTS AS OBTAINED FROM INDIVIDUAL
CALCULATIONS ON TRUE STRUCTURES CONTAINING OH GrouUP
(Equations for associated fluorine analogues are obtained by: halving the coefficients A4, 4400105 401000100 400100105
Aooo1010 and Agge01105 quartering the coefficient Agge90s0 and by setting to zero the coefficients 4; 000015 Ao1000015

00100015 00010015 400001015 Ao0e0011 and Ago00002-)
values of 4;jimnp/ (k] mol—1)
A

~ N
talc pyrophyllite 1M Al mica
P interaction X, X’Si,04,(OH), X,54,0,0(0H),  KX,(Si,Al)Oy0(OH),
) ijklmnp involved (X =X’=Mg, T=Si) (X =Al, T=S5i) (X =Al, T =Si,Al)
h |
— 2000000 KK 0.0 0.0 254.4
< > 1100000 KX 0.0 0.0 619.2
> 1010000 KX’ 0.0 0.0 0.0
@) : 1001000 KT 0.0 0.0 276.2
e = 1000100 KO 0.0 0.0 795.8
25 U 1000010 KO’ 0.0 0.0 524.2
: O 1000001 KH 0.0 0.0 486.5
=wv 0200000 XX 384.1 387.8 300.8
:fl [7,] 0110000 XX’ —316.6 0.0 0.0
J % 0101000 XT 1072.5 1070.0 884.5
E == 0100100 XO 985.0 764.6 319.8
Q-L-) " 0100010 X0’ —772.1 —872.3 —1008.2
85) 0 0100001 XH 74.8 —241.3 —515.8
(@)
=2 0020000 XX’ 271.2 0.0 0.0
= = 0011000 X'T 536.0 0.0 0.0
0010100 X0 479.2 0.0 0.0
0010010 X'0O’ — 386.1 0.0 0.0
0010001 X'H 35.9 0.0 0.0
0002000 TT 1793.9 1844.2 1814.1
0001100 TO —1062.5 —796.4 —980.8
0001010 TO’ 990.6 991.4 833.9
0001001 TH 607.2 779.6 716.7
0000200 00 6355.5 6592.5 6290.2
0000110 oo’ 1589.5 1572.0 1228.5
0000101 OH 1402.3 . 1361.8 1091.0
) 0000020 [e)(e) 573.0 560.2 486.3
P 0000011 O'H —1296.2 —1555.3 —1695.5
[ 0000002 HH 809.9 732.3 592.7
4=
2 18 Since phlogopite contains Mg atoms in both the X and X' sites, and since in our calculationst
- 5 no distinction was made between Mg in X and Mg in X', the equation for phlogopite was not
s ® evaluated strictly in accordance with equation (2), in that, for example, the coefficients 4, 49000
=w and 4, 410000, TEPresenting the K-X and K-X' interactions, were evaluated as a single coefficient

representing the K~Mg interation. The same is true for the X-X, X-X’, X'-X' interactions
(Mg-Mg); X-T, X'-T (Mg-T); X-0O, X'-O (Mg-O) and X-H, X'-H (Mg-H) interactions.
Since the results are not easily accommodated into the format of table 6 we present them
separately for phlogopite:

+ Parametrization of equation (16) could have been performed in such a way as to separate Mg(X) and Mg(X’)
contributions.

=l )
3z
20
=
.
oS
K<O
om
4
T
O =
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Usee (phlogopite, true structure) = 253.3¢x 2 + 235.0¢yc ¢y + 891.1¢5c gy + 74769 9o
+511.79% gor + 259.1qx gy + 1774465 + 1407.4g4 gx
—1037.1¢1 g + 898.3¢y gor + 570.4¢ gy + 180.7¢%
+908.9¢x 7o — 1436.1¢x g — 138.3¢x gy + 6202.8¢3
+1283.2¢0 g0 + 1240.99¢ qy; + 477.9¢%, — 1436.440, g5
+765.2%. (16)

The specific substitutions indicated in table 7 lead to the true electrostatic energies and to the

derived (figures in parentheses) electrostatic energies for the minerals indicated, from the
coeflicients in table 6 (and for phlogopite, equation (16)).

TABLE 7. ELECTROSTATIC ENERGIES CALCULATED FROM TRUE STRUCTURES

(Values marked with an asterisk are calculated by adiabatic substitutions in equations of the form of equation (2)
with the coefficients given in table 6, i.e. by assuming no relaxation energy.)

substitution made mineral for which

p —A \ generic electrostatic energy
gk 4x  4x  qr do 4o  qu structure U,/ (k] mol-?) is calculated

0 2 2 4 -2 -2 1 talc 79599 talc

0 2 2 4 -2 —1 0 talc 73099 fluortalc

0 3 0 4 -2 -2 1 talc (83673%) (pyrophyllite)

0 3 0 4 -2 -1 0 talc (75147%) (Aluorpyrophyllite)
0 3 0 4 -2 -2 1 pyrophyllite 83337 pyrophyllite

0 3 0 4 -2 -1 0 pyrophyllite 76348 fluorpyrophyllite

1 3 0 3.75 -2 -2 1 1M Al mica 79359 1M Al mica

1 3 0 3.75 -2 -1 0 1M Al mica 72641 1M Al fluormica

1 2 2 3.75 -2 -2 1 phlogopite 74915 phlogopite (OH)

1 2 2 3.75 -2 -1 0 phlogopite 68645 fluorphlogopite

0 2 2 4 -2 -2 1 phlogopite (78 608%*) (talc)

0 2 2 4 -2 -1 0 phlogopite (72168%) (fluortalc)

Expanded hypothetical structures

The first calculation of the electrostatic contribution to interlayer bonding was performed by
Giese (1974) for the dioctahedral mica muscovite 2M,. His method is based on the comparison
of the energies of a normal mica and of an expanded structure, the expansion of the structure
being carried out in such a manner as to move the separate layers apart from each other until no
further change in lattice energy was obtained on still further expansion of the layers. During this
process, it is assumed that the layer itself remains intact, while the interlayer potassium ions were
divided between the two separating layers in an ordered way. An interlayer separation of about
5 A appeared to be sufficient to make the remaining interlayer bonding almost negligible (i.e.
no further change of electrostatic lattice energy occurred on expansion).

According to Giese, the difference between the lattice energies of the actual and the expanded
structures gives the surface energy. This is an approximation, since if we write E; as the inter-
action energy per molecule (or formula unit) between the zeroth and the ith layer, then Giese’s
method calculates 3 £;. Since the actual surface or cleavage energy is the energy required to

divide the infinitely thick crystal into two halves along the cleavage plane, it is given by the sum-
mation, X 1E;, which equals X E; only if higher terms can be neglected. This is indeed the case

for mica where the layer is stﬁciently thick, or for NaCl where, in the cleavage plane (001), all
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182 H.D.B.JENKINS AND P. HARTMAN

ions lie in a plane. However, this is not always the case and other methods have been developed
to deal with such cases (e.g. the Madelung method as discussed by Hartman (1973)). An ideal
approach to the estimation of the surface energy would include a consideration of the role and
contribution made by repulsion and dispersion energies.

Jenkins & Thakur (1979) are currently investigating the possibility of estimating these non-
electrostatic contributions to the lattice energy of silicates, and some progress in this direction can
already be reported.

In his subsequent work, Giese (19754, 5) has calculated the electrostatic energies of normal
fluorine and hydroxyl silicates, and for the same structures separated by 9A. In this way, he
obtains estimates of the interlayer bonding for both dioctahedral and trioctahedral micas.
Pyrophyllite, muscovite 2M,, phlogopite and talc are all treated in this way.

In spite of the limitations alluded to above, the results generated by such studies are of
inherent interest. Since it is the purpose of the present studies to contribute to this general theme,
we have performed calculations for expanded mica structures derived from the hypothetical
structure of table 2. In contrast to Giese, we divided the interlayer potassium ions between the
two separated layers, giving each potassium ion a charge of ¢x. As a result, the space group
symmetry changes from C2/m to Cm although care has been taken to give a separate layer the
symmetry 2/m. The number of sites for which we have to calculate coefficients is doubled by this
approach. Giese’s alternative approach leads to an overall symmetry in the expanded structure
corresponding to Pm, and, at the same time, quadruples the number of sites requiring consider-
ation and would lead to a corresponding increase in the necessary computational effort. The
results from Giese’s study should reduce to those of the present study by superimposing a structure
consisting of ions with a charge of —4¢x on the potassium ions present in Giese’s method and

TABLE 8. STRUCTURES USED FOR EXPANDED HYPOTHETICAL 1M MIcAs
DERIVED FROM Al MICA STRUCTURE (TABLE 2)

15 A expanded 20 A expanded
number mica coordinates mica coordinates
in unit charge - A N p A N
ion type cell on ion x y z x y 2
K 2 qx 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
K 2 qx 0.0000 0.0000 0.6606 0.0000 0.0000 0.5000
T 4 Gy 0.5803 0.1704 0.1524 0.5803 0.1704 0.1153
T 4 gy 0.4197 0.1704 0.5082 0.4197 0.1704 0.3847
X 4 gx 0.0000 0.1689 0.3303 0.0000 1.1689 0.2500
X’ 2 gx’ 0.0000 0.5000 0.3303 0.0000 0.5000 0.2500
H 2 qu 0.2739 0.0000 0.2472 0.2739 0.0000 0.1871
H 2 qu 0.7261 0.0000 0.4134 0.7261 0.0000 0.3129
O 2 90 0.5159 0.0000 0.1215 0.5159 0.0000 0.0920
(0] 2 ' 0.4841 0.0000 0.5391 0.4841 0.0000 0.4080
O 4 ' 0.6520 0.1906 0.2592 0.6520 0.1906 0.1962
O 4 90 0.3480 0.1906 0.4014 0.3480 0.1906 0.3038
O 4 do 0.8283 0.2259 0.1093 0.8283 0.2259 0.0827
(0] 4 90 0.1717 0.2259 0.5513 0.1717 0.2259 0.4173
O’'(H) 2 g0’ 0.0939 0.0000 0.2611 1.0939 0.0000 0.1976
O'(H) 2 e 0.9061  0.0000  0.3995 19061  0.0000  0.3024
cell dimensions: cell dimensions:
A = 5.186 cosa = 0.0000 A= 5186 cosa = 0.0000
B =8.952 cos ff =—0.2051 B = 8.952 cosf =—0.2051

C = 15.320 cosy = 0.0000 C = 20.240 cosy = 0.0000
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ions with a charge +4¢x on the sites not containing K+ions in the ordered arrangement assumed
by Giese.

The coordinates of the expanded structures are obtained by separating the layers along the
direction of the ¢ axis. This means that in expanding structures only the unit cell dimension ¢
changes, and for the atomic coordinates only z changes. The transformation changes the z
coordinates into zcyq/¢hew and, in order to avoid polarity of the latter, the last digit of the new
z coordinate has been adjusted so as to secure twofold symmetry in the separate layers.

The new coordinates are given in table 8. Table 3 (columns 5 and 6) gives the coefficients
Ajjrmnp APPropriate to equation (2) in order to generate the electrostatic energies of the expanded
structures of table 8.

5. DiscussioN

The discussion of the results derived from the calculations described in § 3 conveniently divides
into six categories:

(@) Substitutional energies, Uy

Some insight into the notional transformation energies of one silicate into another, without the
usual accompanying structural changes, can be obtained from the differences of the lattice
energies obtained from the hypothetical structure calculations. By using the results of table 4
(rounded to the nearest k] mol—1) we can obtain the energy differences, Uy, listed in table 9.

Considering the table as consisting of sections, the upper left hand triangular trident concerns
the conversion of trioctahedral micas into trioctahedral micas, the lower right hand triangular
trident refers to dioctahedral — dioctahedral conversion. Confining our attention to these
sectors of the table, we can infer that insertion of an OH group (e.g. fluortalc ~ talc, fluor-
phlogopite - phlogopite) in a trioctahedral mica requires ca. 5527 k] mol—, while replacement
of Alin the tetrahedral Si;Al group by Si to give Si,, with the consequent removal of a potassium
interlayer cation in a trioctahedral structure, requires ca. 3440kJ mol~! (e.g. phlogopite — talc,
fluorphlogopite — fluortalc). The situation for the dioctahedral trident is that OH insertion in
a dioctahedral mica requires ca. 6721 k] mol-! (e.g. fluorpyrophyllite - pyrophyllite, 1M Al
fluormica - 1M Al mica) while removal of KSizAl group and replacement by Si, requires
ca. 3432kJ mol~! in the dioctahedral situation. The upper right hand 4 x 4 entries in table 9,
concerning di — trioctahedral and tri — dioctahedral conversions, are now consistent with the
above energies, provided that we assume that removal of Al from dioctahedral sites (X,) and
replacement by Mg in trioctahedral sites (X,X’), generates ca.4460k] mol-1 (e.g. 1M Al
mica - phlogopite, pyrophyllite — talc) in the presence of a hydroxy group, while removal
of Al from dioctahedral sites (X,) and replacement by Mg in trioctahedral sites (X,X’) generates
ca. 3265kJ mol~! (e.g. fluorpyrophyllite — fluortalc, 1M Al fluormica - fluorphlogopite) in
the absence of the OH group (fluorinated analogue). Table 10 summarizes these important
conclusions. These estimates are, we imagine, predictively reliable but not quantitatively
significant.

The remainder of the substitutional changes in table 9 can all be rationalized on the basis of
table 10. Thus, to explain for example Uy, in the step 1M Al fluormica - fluortalc we can
consider it to be made up of the cycle shown in table 11.

If we compare the substitutional energies in table 11, in that they represent the process of pure
site substitution without shift in the site positions, with actual changes taking place when a


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

-Towt [ ege gL = *°Pn

(HO)TO(VHIS) IV
LTL9 ‘ed1W [y T
-1ouw [19909L = *Pn
R o N SN
8CF ¢ 683¢— ‘ajdydorddrony
-1ow [ g6Lgs = Pn
*(HO)"'O"1S*IV
$S10T Le¥¢ 93L9 ‘onpdydoasd
10w [ 6969 = >N
2 O(V*IS) BN
6938 — 9866 — 1699 — eereT— ‘aidogorydiony
ot [ gegHL = >
(HO) O(V*IS)* SN
$233 g7 — PLIT— 006L— €3¢ ‘o3rdogoryd
r-Jow [y mwwm_b = “Mb
A"TOMS SN
L1971 089 — 19z¢ - 1866 — 9g¥ ¢ 1802 — “oezony
-Jows ﬂ wmmvmm = MS
HO)'O"IS*8IN
869¢ 6101 - 0.3% 9SF ¥ — 1968 2444 1gg¢ o
8g9gL = N TOW [ ceg gl = PP (-[0W [Y9909L = °°  1-[0W [4g6LE8 = P -I0W [1 69269 = PN 1-10W [ ge8FL = X1 110w [1¢083L = N (10w [3)
2,701 £1Q)% 2 0T, £1Q)% 2 70T q® 3 0T ~F1Q? 2 70T, £1Q)eS 3 0T, £1Q)eg % 10T \P1QES AS19Ud TRUOTINIIIS
A OVEIS) IV (HO)"OUVv*IS) IVl A°TO"IS Y (HO)'O"1S* IV ATO(IVEIS) BN (HO)'O(v*1S)*SIN 3T A0S SN / [euonMIL}
eoTULIONY [V AT BOIW [V AT ‘ayrydorfdiony candydorsd ‘atdodoydionyg ‘aydogoryd ‘olerzony -gqns oneqerpe 1%
AN J \ —
seoTw ﬁﬁvwnﬁoo% (seotwx ?%«mwaﬁoo_bv
(z-Tow [3)/eotwr Juazed Jo ([eonayrodLy) *Fp (z-Tow [¥) /eotwr juazed jo ([eonaylodAy) *F )
*(eoTwx pajnminIsqns ¢—— eorw juated) {7 S[qel Ul USAIS S 9Ie BOIW PIINIISqNS pue BOTW juared [BuISLIO IO $93IS WIOY
(eo1 .asgb G S1qe3 Ul UdAr ! nsqns pue edl [euISLIo 103 $3)1 V)

AONVHD TVIALONULS ELIS LNOHLIM NOLLALLLSEAS DLLVAVIAV ¥0d (y_[our [¥)/59"%) ‘sarowaNd TVNOLLALLLSANS 40 SANTIVA "¢ 14V,

r v w v
VL ALIIDOS oyonmvsnvan A/ ALITOOS syonmvsnval

V TVAOY 9H.L IvDIHJOSOTIHd TVAOY IH.L 1vDIHdOSOT1IHd


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

TABLE 10. COMPONENTS OF SUBSTITUTIONAL ENERGY, Uy, OF TABLE 9/ (k] mol—?)

l};ubs energy
substitution type parent mica daughter mica  required/(kJ mol~*)

F > OH trioctahedral trioctahedral 5527

F > OH dioctahedral dioctahedral 6721

KSi Al - Si, trioctahedral trioctahedral 3444

KSi Al - Si, dioctahedral dioctahedral 3432

Al, > Mg, dioctahedral trioctahedral 4460
hydroxy mica hydroxy mica

Al, > Mg, dioctahedral trioctahedral 3265
fluormica fluormica

The magnitude of U,,, for the F -~ OH substitution can be rationalized by means of an approximate calcu-
lation. The substitution corresponds, effectively, to the addition of one H and one O™ attached to the nearest X’
cation. Considering only nearest neighbours, the first contribution to U,,, corresponds to the interaction energy
of H" and O~ at a distance, 705, of 1.00 A, the second contribution being the interaction energy of O~ and X’
at a distance, ry, of 1.917 A. As there are two molecules in the unit cell, containing two (OH) groups, for the
trioctahedral micas (g5 = 2):

2(1/rou+2/rx0) = 4.0432A-1 = 5617 kJ mol-L.

A A

For the dioctahedral micas, gy» = 3 and so the energy becomes

2(1/ron+3/7x0) = 5.130e2A-1 = 7127 kJ mol-L.

THE ROYAL
SOCIETY

This crude approximation compares favourably with the values found in the above table, showing that the total
contribution of the other ions is relatively small.

TABLE 11. RATIONALIZATION OF SUBSTITUTIONAL ENERGIES: 1M Al
FLUORMICA — PYROPHYLLITE

PHILOSOPHICAL
TRANSACTIONS
OF

- -
hypothetical 1 hypothotical \
1M Al fluormica, insort, OH group : 1M Al mica, :
KAL(Si;Al)OF, - : KAL(SizAl)O,(0OH), :
dioctaliedral mica 6721 kJ mol-1 1 dioctahedral i
(Upee = 72638 kJ mol-?) : hydroxy mica "

| (U =179359 kJ mol-Y) !

G J

3432 kJ mol-! | KSi;Al—»Si,

(Uups ® —10153 kJ mol-t)

pyrophyllite,
ALSi,0,(0OH),
dioctahedral

hydroxy mica
(Uyeo = 82791 kJ mol-1)

U,

subs

2 166 kJ mol-?

>~
o[—<
~ =
k= O
= O
= uw

¥ —44060 kJ mol-! | Al, Mg,

fluortale,
Mg,8i,0,,F, removoe OH e m— o —————

trioctahedral mica group tale, Mg;Si,050(0OH),

—_— .
(U & 72804 kJ mol-1) — 5597 kJ molt trioctahedral

hydroxy mieca
(Usee = 78336 kJ mol-1)
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186 H.D.B.JENKINS AND P. HARTMAN

particular generic structure converts to another #rue structure, we can interpret the differences
as being due to the relaxation energy of the structure change (the energy change caused by
changes in site positions).

Before proceeding to such a discussion in the next subsection, it is instructive to ask how well
one can predict the lattice energies of the substitutionally derivable structures from calculations
on the single (most fully substituted) structure with all possible site positions being assigned
generalized charges, and parameterizing an equation of the form of (2). Tables 12 and 13 give
this information.

TABLE 12. COMPARISON OF ELECTROSTATIC ENERGY CALCULATIONS FOR HYPOTHETICALLY DERIVED
STRUGTURES, FOR TRUE STRUGTURES AND FROM RESULTS OF GIESE’S (19754@) CALCULATIONS

predicted Uge(= Uyyp)

Uelec( = Utrue) r N
. A N derived from
calculated generic structure
from literature by adiabatic
U, e structures % difference  substitutional 9% difference
silicate (Giese 19754) (table 5) w.r.t. Giese  scheme (table 1)  w.r.t. Giese

talc 79688+ 79599 0.11 78 3368|| 1.70
fluortalc 730521 73099 0.00 728058 0.34
pyrophyllite 83203+ 83337 0.16 827928 0.50
fluorpyrophyllite 762231 76348 0.16 760668 0.20
1M Al mica 79359 — 79356 —
1M Al fluormica 72641 e 72638 —

. 743447 — — _ _
phlogopite {749471‘ 74915 0.04 74892|| 0.07
fluorphlogopite { 680791 . o o by

685337 68 645 0.16 69 3699 1.22

+ Structure corresponds with that taken in present study (table 5).

+ Structure taken from Joswig (1972).

§ Triclinic symmetry possessed by true structure not accounted for by calculation which assumes monoclinic
symmetry of parent hypothetical structure (table 2)

|| OH group orientation in true structure differs from that of hypothetical structure.

| True structure differs from hypothetical structure because of size of octahedra and tilting and rotation of
tetrahedra.

Table 12 shows that for the minerals talc, fluortalc, pyrophyllite, fluorpyrophyllite, phlogopite
and fluorphlogopite, assuming the atomic sites to possess valence charges (i.e. g = 1, g5; = 4,
dar =3, gor = —2, g = 1, gp = — 1, etc.), then the U, values for the true structures corre-
spond on average to within about 0.1 9, of the Giese values (maximum difference found = 0.169%,),
while the predicted lattice energies from the single calculations correspond, on average, to
within 0.7 9, of the Giese values (with a maximum discrepancy of 1.7%, for talc for which two
relaxation effects are not taken into account). Such small differences are, of course, highly
satisfactory, and give us confidence to extend our lattice energy predictions to the other minerals
in table 1 with hope of reasonable quantitative reliability.

Table 13 shows a comparison of Slaughter’s (1966) calculations of Uy, for pyrophyllite and
talc with our values, derived from equation (2) with the Slaughter charges (g5, = 1.9, ¢g; = 2.05,
Jor = —1.145, gy = —1.025, gz = 0.0 or 0.39 for pyrophyllite; ¢,, = 1.46, ¢y = 2.05,
gor = —1.234, go = —1.025, gz = 0.0 or 0.39 for talc). We believe the coulombic energy, E,,
quoted by Slaughter, actually corresponds to 20U, rather than to Uy, because Slaughter’s
molecular formulae correspond to AlSi,O4(OH) for pyrophyllite and MgySi,O5(OH) for talc.
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TABLE 13. COMPARISON OF ELECTROSTATIC ENERGY CALCULATIONS WITH SLAUGHTER’S
GHARGES IN EQUATION (2) OF THIS PAPER WITH VALUES QUOTED IN SLAUGHTER (1966)

[jelec/
mineral author structure used charges (kJ mol—1)
pyrophyllite H*o.00 Slaughter Gruner (1934) ga= 1.9 22131
Hendricks (1938) gy = 2.05
(a=5.16A,b = 8.90A4A, qo = —1.025
¢ = 18.64 A) gy =—1.145
4 g = 0.0
P ’ 1
-~ pyrophuyllite H*to.00 Jenkins and Hartman Wardle & Brindley (1972) gn = 1.9
:é (a = 5.16A, b = 8.957 A, s = 2.05 27222
¢ = 9.351 A) go = —1.025
> E o = —1.145
o o g = 0.0
A
13N @) pyrophyllite H*03 Slaughter Gruner (1934) g =19
T @) Hendricks (1938) g = 2.05 23551
o = —1.025
v o = —1.145
12 7 = 0.39
O
Eg pyrophyllite H*0:s Jenkins and Hartman Wardle & Brindley (1972) gu = 1.9 27931
8U L gy = 2.05
mg) 0 Go = — 1.025
Sz gor = —1.145
=% = 0.39
T 9u
-
talc FL+o.00 Slaughter Gruner (1934) Gy = 1.46
Hendricks (1938) ds = 2.05
(a=528A,b=9.15A, gdo =—1.025 23017
¢ = 18.92 A) g = —1.234
gz = 0.0
talc HLto.00 Jenkins and Hartman Raynor & Brown (1973) Gy = 1.46
(a=529A,b=9.179A, g = 2.05 32257
¢ = 9496 A) o = —1.025
gy = —1.234
gg = 0.0
talc H*0-39 Slaughter Gruner (1934) Gy = 1.46
Hendricks (1938) gy = 2.05
: do = —1.025 24597
{ or = —1.234
2 g = 0.39
S E talc H*o-30 Jenkins and Hartman Raynor & Brown (1973) g = ;gg 22992
i = 4.
A o = —1.025
23} do = —1.234
I 8 gg = 0.39
= uw

Slaughter’s results are clearly at variance with our results, and the differences would seem to be
too large to be attributable solely to the differences in crystal structure data employed (cf Giese’s
calculations on phlogopite with the Joswig (1972) and the McCauley et al. (1973) structures where
Uy differs by 603kJmol—1). The present difference (U, (Slaughter) — Uy, (Jenkins)) is
between 760 and 5091 k] mol—L.
The effect (in going from the structures with ¢ = 0 to those with ¢;; = 0.39) of hydrogen atom
13=2
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188 H.D.B.JENKINS AND P. HARTMAN

addition in pyrophyllite is calculated to be 709k]J mol—! (Jenkins & Hartman) and 420 kJ mol-!
(Slaughter), and in talc to be 735k] mol~! (Jenkins & Hartman) and 1580k] mol-! (Slaughter).
While our values for this process of ‘charging up’ the hydrogen are of similar magnitude in the
two phyllosilicates, as might be predicted, Slaughter’s values are widely different from one
another. This may be a feature of the use of the very much older structural data of Gruner (1934)
in the case of Slaughter’s calculations. It must be recognized, of course, that this was the only
structural date available in 1963.

As further confirmation of the reliability of our results, we can turn to the work of Appelo
(1977), whose results for U, for phlogopite and its fluorinated analogue are cited in Table 14.

TABLE 14. COMPARISON OF ELECTROSTATIC ENERGY CALCULATION FOR TRUE PHLOGOPITE
AND FLUORPHLOGOPITE FROM THESE STUDIES AND THOSE OF APPELO

Appelo (1978) this work percentage
silicate Ueo/ (k] mol—?) Ugeo/ (k] mol—1) difference
phlogopite 70087 74915 6.4t
fluorphlogopite 68643 68645 0.0

+ It should be noted that in the case of phlogopite the structure used by Appelo (1978) was that of Joswig
(1972) whereas in our case we employed the McCGauley ef al. (1973) structure derived from fluorphlogopite. As
regards the charges Appelo uses (gx = 0.92, ¢y, = 2.025, g, = —2, ¢y = 3.7275 and gy = 0.485) whereas in
our calculations valence charges were used (gx = 1, gy = 2, go = —2, gy = 3.75 and gy = 1.0) in the case
of phlogopite. Identical charges were chosen by both workers for fluorphlogopite.

Once again, as with Giese’s calculation, we establish perfect agreement in the case of fluor-
phlogopite where both calculations adopt the same structural data and assign the same valence
charges. In the case of phlogopite, Giese has calculated the difference between the Joswig and
McCauley structures (table 12) to be 603 k] mol—* when isovalent charges are employed for both
structures. The considerable difference, amounting to some 4828 k] mol—t, between the calcu-
lation of Appelo and this work for phlogopite must therefore stem from the differences in the
electrostatic terms involving K, Mg, T and H which take differing charges in the true calculations
and from the structural difference. We can, of course, check this supposition with equation (16),
since we calculate that

Usiec (phlogopite: McCauley structure: ¢g = 0.92, gp = 0.485, gy, = 2.025,
gr = 3.7275, go = — 2, gor = — 1.4375) = 70541 kJ mol-* (17)

Thus,
Joswig McCauley McCauley
571kJ mol ! 4374kJ mol !
phlogopite —————————> phlogopite ———————————> phlogopite
(valence charges) (valence charges) (Appelo charges)
(Uyeo = 74344 k] mol-1) (Ugeo = T4915 k] molY) (UL, = 70541 kJ mol-?)

and we conclude that the difference in U,,,, which can arise from the differing choice of charges
is of the order of some 4300 k] mol—, while that due to the differing structural parameters is of
the order of 600 k] mol~1, amounting altogether to approximately 4900k] mol~!, which is just
the magnitude found. We therefore confirm that equation (16) is reliable for charges on phlogo-
pite that differ from the valence charges.
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(b) Structural relaxation energies, Usoiax

If we consider relaxation energies to be energy changes caused by alteration of orientation
(by rotation or tilting) of the octahedra, Uy, tetrahedra, Uy, and of the OH groups, Uy, and
by the associated gross structural transitions, (for example, transformation of a monoclinic into
a triclinic cell), then our treatment of generically derived structures when contrasted with the
true calculations can give useful insight into the relative magnitudes of the above changes.

If we represent a hydroxy mica structure having the OH group orientation at an angle 0 to the
. OHy
normal to the interlayer by the symbol _4, and the structure where the OH group is normal
OH
to the interlayer surface by the symbol L with Ugw* representing the energy difference we

can analyse the results of hypothetical calculations and true calculations of tables 7 and 4 so
as to extract relaxation (electrostatic) energy data. Table 15 summarizes the information we
can obtain for the relaxation energy of various structures, Uy, as calculated from the
difference of Uy, and Uyy, for calculations already described in this paper.

In general terms, as has been previously inferred, the electrostatic relaxation energies in
table 15 rarely amount to more than 1.5 9%, of the electrostatic lattice energies of the individual
silicates.

(1) Hydroxyl relaxation energies, Uyy

If we consider the way in which the fluorinated analogues are constituted from the hydroxylated
silicates (i.e. by placing the fluorine atoms at the hydroxyl oxygen positions without further
change in structure) it will be clear that the difference between the relaxation energies calculated
from hydroxyl as opposed to fluorine derivatives can be attributed solely to changes in hydroxyl
orientations in the silicates. Accordingly, from table 15, we can extract the following information
for the changes in OH orientation as influenced by various environments. In table 15 we have

OH ow’
represented the hydroxyl orientations of talc and phlogopite as - and —L_ (being known to
0H,
be approximately perpendicular to the layer) and those of 1M Al mica and pyrophyllite as —<
OH
and —Z respectively. For the trioctahedral silicate talc (without an interlayer cation) we find:

OH, 909 kJ mol~1 0‘]1{' 60 kJ mol-!  OH
L — | —
a1’ ARG
Ui Usw

For phlogopite, a trioctahedral silicate having interlayer K* cations

OHy 747kJmol-!  OH’
_—

o1
Ugw

The influence of the K™ ion is not very large. Giese (1971), in his electrostatic calculations on
the position of the H" ion in the dioctahedral mica muscovite, found OH angles differing by
some 10° depending on whether K* ions were present or not. More recently it has been stated
(Datta & Giese 1973) that in muscovite the OH is at 12° to the cleavage plane while without the
interlayer K* the angle increases to 53°. The trioctahedral minerals talc and phlogopite have
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TABLE 15. CALCULATED RELAXATION ENERGIES, U3 CALCULATED FROM
DIFFERENCES IN LATTICE ENERGIES OF TRUE AND GENERIC STRUCTURES

l]tl'lle/ U X/

Uhyp rela:
silicate generic structure (kJ mol-1) true structure (kJ mol-1) (k] mol-?t)
talc 1M mica (table 2) Mg,Si,0,,(OH),
, X, X"T4Oy0(OH),
P> | OH, 78336 OH 79599 1263
s a l
—_ monoclinic triclinic
§ > fluortalc 1M mica (table 2) Mg,Si,0,,F,
olm X,X'T,0,,F, 72805 73099 294
e - monoclinic triclinic
!
=0 pyrophyllite 1M mica (table 2) Al,S1,0,,(OH),
= O X,T,044(OH),
w OH, 82792 OH, 83337 545
5 é monoclinic triclinic
== fluorpyrophyllite 1M mica (table 2) ALSi,OF,
50
035 X,T,00F, 76066 76348 282
8 <£ monoclinic triclinic
=
E§ phlogopite 1M mica (table 2) KMg,(SizAl) Oy (OH),
i KX,XT;040(OH),
« 74892 OH’ 74915 23
£ |
monoclinic monoclinic
fluorphlogopite 1M mica (table 2) KMg;(SizAl) Oy F,
KX, X"T1O,0F, 69369 monoclinic 68645 —724
monoclinic
pyrophyllite talc (table 7) Al,Si,0,,(OH),
X,81,040(0OH),
OH 83673 OHﬂ 83337 — 336
| /
triclinic triclinic
//)‘
L <@ fluorpyrophyllite  talc (table 7) ALSi,0,F,
o X,S1,0;0F, 75147 76348 1201
< triclinic triclinic
>= > . .
@) = talc phlogopite (table 7) Mg;Si,04,(OH),
M= KX,X’(Si3Al) O,0(0OH),
= o’ 78608 OH 79599 991
= O | l
I O monoclinic triclinic
=uw
fluortalc phlogopite (table 7) Mg,S1,0,,F,
KX, X’ (Si3Al) Oy F, 72168 73099 931
monoclinic triclinic
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their OH groups perpendicular to the interlayer and as shown above these orientations are the
most stable ones. Yet Juo & White (1969) have shown that in films of biotite (Fe-bearing
phlogopite), the OH orientation depends on the oxidation states of the octahedral Fe atoms. This
may be ascribed to the distortion of the more or less trigonal symmetry of the electrostatic field
around the OH group in phlogopite or non-oxidized biotite.

(i) Tetrahedral and octahedral relaxation energies, Uygy and Uy,

In general terms the silicates discussed in this paper and for which structural data is available,
are such that those possessing the Si;Al group (with the associated interlayer cation) at the tetra-
hedral site have monoclinic symmetry while those having the Si, group at the tetrahedral site
exhibit triclinic symmetry. This observation is not influenced by the dioctahedral or trioctahedral
character of the silicate in question and seems to imply that the tetrahedral relaxation energies
should in general be larger than the corresponding octahedral ones.

From the information given in table 15 for the fluorinated silicates we find that the relaxation
energies for fluortalc are

monoclinic X,X'T,0,,F, 294 K3 mol—1
fluortalc derived from _—
generic 1M mica (table 2) triclinic

monoclinic X,X'T,0,,F, 031 K mol-1 Mg;Si,0,,F,
fluortalc derived from e ) true fluortalc
generic fluorphlogopite
(table 7) J

the relaxation energies for fluorpyrophyllite are

monoclinic X,T,0,;,F, 282kTmol-1 )
fluorpyrophyllite derived e
from generic 1M Al mica triclinic
(Table 2) Al,Si,0,,F,

triclinic X,8i,0,,F, 1901 K3 mol—1 true fluorpyrophyllite
fluorpyrophyllite derived —_—
from generic talc (table 7) J

and the relaxation energy for fluorphlogopite is

monoclinic KX, X'T,0,,F, .
fluorphlogopite derived monochr.nc
from generic 1M Mica -———————-——-——)424 KT mol™ K Mgy(SizAl) O1oF,

true fluorphlogopite

(table 2)

In the fluortalc transformation, the derived 1M mica structure has the dioctahedral arrange-
ment of 1M Al mica with an extra octahedron added to form a trioctahedral generic structure;
we label it ddt. On converting to fluortalc (true structure) the octahedral positions are those of a
true trioctahedral mica (talc), denoted ttt. The tetrahedral arrangement in the generic compound
1M mica is as for SizAl tetrahedra (denoted T), while in the talc the tetrahedra are Si, type
(denoted Si). We can denote the conversion of fluortalc (generic 1M mica) to true fluortalc as

Uper (ddt > ttt) + Upey (T — Si) = 294 k] mol-1. (18)
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192 H.D.B.JENKINS AND P. HARTMAN

The generic phlogopite (table 7) possesses trioctahedral symmetry (ttt) and hence the transfor-
mation to fluortalc is written as

Upei (ttt = ttt) + Upey (T — Si) = 931 kJ mol—?, (19)

with a similar tetrahedral rearrangement as before.
In the fluorpyrophyllite case, the true fluorpyrophyllite is dioctahedral (denoted dd) and so the
conversion from 1M mica (ddt) (the trioctahedral position t not being occupied) can be written as

Uy (dd — dd) + Uy (T — Si) = 282k] mol-L, (20)

The fluorpyrophyllite derived from generic talc has trioctahedral sites occupied at two positions
(tt), and the transformation to true fluorpyrophyllite can be written as

U, (tt - dd) = 1201 k] mol-", (21)

Since both tetrahedral sites are of the Si, type, and since both structures are triclinic, although
with small differences, we suppose that the energy involved in a slight tetrahedral rearrangement
can be neglected.

In the fluorphlogopite transformation, fluorphlogopite derived from generic 1M mica (ddt)
goes to trioctahedral fluorphlogopite (ttt) with no tetrahedral rearrangement:

Uy,ei(ddt — ttt) = — 724 k] mol L. (22)
From equations (17), (18), (19), (20) and (21) we conclude that
Ut (T = Si) = 1018k]J mol—, (23)

which confirms the contention made above that the tetrahedral rearrangement is the largest
relaxation energy and, indeed, is responsible for the monoclinic — triclinic symmetry changes
evident in the above transformations. For the octahedral rearrangements, with the notation

above, we find: U, eu(ddt > ttt) = — 724 k] mol-Y, (24)
Upey(dd > dd) = —736 k] mol-, (25)

Upey(tt > dd) = 1201 kJ mol %, (26)

Upeq(ttt — ttt) = —87k]J mol—1. (27)

From these values, we conclude that the electrostatic component of U, amounts to — 736 k] mol~!
for the transition from monoclinic to triclinic dioctahedral micas. For trioctahedral micas, the
same transition involves a Uy, of — 87 kJ mol~. The other values are associated with the transition
from trioctahedral to dioctahedral micas. In dioctahedral micas, two octahedra are filled and
have small dimensions, while the third octahedron is empty and is relatively large. The octahedra
in trioctahedral micas are all filled and have dimensions somewhere between the small and large
octahedra, i.e. they are medium-sized.

Equation (21) refers to the transition of three medium-sized octahedra, of which two are
occupied by Al, to two small and one large octahedra. This change is accompanied by an
increase in energy of 1200k] mol-1, so we could say that the change of one medium to one small
octahedron gives an increase of 600 k] mol—! for Al. For Mg this change is then presumably$ of'it,
being 400k]J mol-. Equation (22) states that the transition of three medium octahedra filled with
Mg to two small and one large octahedron gives an increase of 724 k] mol~*. The contraction of
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two medium octahedra to two small octahedra would give 800k]J mol—2, so the expansion of one
medium to one large octahedron would give — 76 kJ mol—1. These electrostatic values seem to be
reasonable: the contraction of a MgO,F, octahedron with a cation—-anion distance of 2.06 A to
1.91 A, taking the charges on the oxygen as — 1 because they all belong to two octahedra, affords
636kJ mol—1 per Mg.

(¢) Site potentials

The site potentials ¥} for the individual ions j in a silicate, represent the potential required to
remove the ions j from the crystal to infinity. For example, in fluorphlogopite KMg,T,0,,F, the
site potentials of the individual ions are defined by the equations

Vk = [24gx + Bgx 9 + Cqx qug + Dix 4o + Eqx 9v] /% (28)
Ve = [2F gy + Bax gv + Gqn qug + Her 4o + 41 g1 /3.75¢r, (29)
Vag = [2Kqne + Lamg 90 + Marg v + Cqxc grig + G gl /301 (30)
Vo = [2Ngo + Dqx 4o + Hyr 4o + Lgng 9o + Pgo 4]/ 1040, (31)
Ve = [2Q¢x + Eqx gv + J 41 gv + Mque 4w + Pgo 4vl/ 4w, (32)

where
Upiee = Agk + Bax g + Cx gug + Dy 4o + Eqx qv + Fgi + G gug
+Hgy 4o + Jqr g + K@itg + Lanig Go + Maug v + Ngd + Pgo v + Qg  (33)

which is precisely equivalent to the form of equation (2) so that, for example,

aUe ec
Vi = [24qx + Bgn + Canag + Do + Eqy] = (—L (34)

o7k ) Oy Os Qo I

Asindicated above and in equation (3), our newly proposed expansion in the form equation (2)
readily generates site potentials, ¥} for a given ion j.

In table 16 we give some site potentials in e A-1, as calculated by Hartman using a direct
Madelung summation for a few directions in fluorphlogopite, KMgs(SizAl) O, F,.

TABLE 16. SITE POTENTIALS FOR FLUORPHLOGOPITE

V; (e A1) for face (hkl) in direction [uvw]

r A )

ion (200) [010] (020) [100] (001) [010] (001) [100]
K +0.837236 +0.837479 +0.836054 +0.837254
T +3.155194 +3.155125 +3.153162 +3.154768
Mg (y = 0.3306) +1.560994 +1.560818 +1.560638 +1.560751
Mg (y = 0) +1.564287 +1.564198 +1.563913 +1.564034
O (z = 0.1678) —1.994514 —1.994468 —~1.996467 —1.994369
O (z = 0.1682) —1.984233 —1.984081 —1.985020 —1.984236
O (z = 0.3896) —1.952321 —1.952448 —1.952808 —1.952723
F —0.904 646 —0.904786 —0.905 120 —0.904359

To illustrate the calculation of site potentials for fluorphlogopite from equation (2), we have
2 (2-9) (2= (2-K) (2D (2—m)

oU. . o
VK = <_a‘el‘£) = 2 Z DYDY 2 2 lAijklmnp ﬁ( lq%( q’Ic(’ qlr qr(')L qg': (35)
9k /ay,ax% 81,9090, =0 i=9 k=0 =0 m=0 =0

14 Vol. 2g3. A
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194 H.D.B.JENKINS AND P. HARTMAN

and, assuming gg = +1, ¢x = g = 2, ¢p = 3.75, g = —2and go. = — 1,

2 (2—1) (2—1) @—K) 2=D (2—m) i
k=2 ¥ ¥ ¥ ¥ X (-1)mrid
i=0 j=0 k=0 1=0 m=0 n—0
eHit kA mAn=2

it 37 HEHOBI200 20, (36)

Similarly, for example,

Wetec 2 @) @=)) @~k @=D @—m) o
o= ( 3. ) =2 X X X X X ndiyumpixdkixqrdsqo - (37)
70" / ag,=ay=-1 iZ0 7Z0 K=0 150 m=0 n=0
ag, 4x+ 9x 1 4715 20 i+j+Ek+l+mtn=2
From equation (16) we have, putting ¢g = 1, gy = 3.75, ¢y = 2, o = —2, ¢o- = —1 and
du = O:
oU,
Vi = ( a;;;e) — [506.69% +235.0¢; +891.1gy, + T47.600 +511.7g57]  (38)
s Mg 905 90
ag=0

1163kJ mol-le! = 0.8372eA 1, (39)

assuming 1 e A-1 = 1389.3 k] mol-L. The corresponding F atom potential from equation (16) is

VF — (aU;%lec

940 )qg, Qug 91 90> 9o+
qg=0

= 3[511.7¢y + 898.3¢; — 1436.1¢x + 1283.2¢, + 955.8¢,]  (40)

= —1257.0kJ mol-te~! = —0.9048 e A-1, (41)

Both Vi and V; are in agreement with Hartman’s (1979) independent calculations.
Alternatively using our generic compound, we can calculate Vi and V from the coefficients
from column 4 of table 2, for which

Vi = (%fw) = [508.8x + 619.2¢x + 309.0gx, + 276.2g7 + 795.8¢, + 524.24/]
aqK x> x5 915 905 90
go’'=—1 (42)
dg=0
= 1285.1kJ mol-te~! = 0.925eA-1, (43)
and
all]elee
Vo= |52 = 3[524.2¢x — 1008.2¢x — 421.0¢x. + 833.9¢, + 1228.5¢, + 972.6¢,.]
40’ ag, dx> 9% 91> 90 (4:4)
qH=0
= —1318.3k]J mol-le! = —0.9489eA-1. (45)
In this latter case, Vj is given by
aUelec 1
Vp = o = 575 [276.20 +884.4qx +455.97x +3628.2¢;
T s Oxs x5 905 90/ *
&tz dordo —980.8¢0 +833.9¢0]  (46)
= 17690.2k] mol—te~! = 3.3955 A1, (47)

so that although ¥} calculated from the generic equation is slightly higher than the true site
potential, the relative values are very nearly the same, for example,

V}%‘ue Vlg{eneric
(—Vf%"“e) = 0.28; (———V%eneﬁc) = 0.29. (48)

The site potentials are easily generated from the basic coefficients 43, and are closely
related to them.
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(d) Surface energies
Tables 17, 18 and 19 compare the lattice energies of the expanded structures for talc, pyro-
phyllite and phlogopite with the results of Giese (19754). Equation (2) was parametrized for the
15A and 20A expanded 1M mica structures (table 8) derived from 1M Al mica, and the
coeflicients obtained are listed-in table 3, columns 6 and 7.

TABLE 17. ELECTROSTATIC LATTICE ENERGIES FOR TALC, FLUORTALG AND EXPANDED
ANALOGUES (TABLE 8) COMPARED WITH GIESE (19754) CALCULATIONS

~d
— Uleo/ (k] mol~)
;5 > Jenkins
olm - A —
Cd = equation (2)

— in the form Giese’s
= Q) table 6 table 7 of (4) calculations
: o talc (Raynor & Brown) 79599 — — 79688
=w talc (c = 10.139 A) — (78608) — —
— talc (¢ = 10.12 A) — — 78336 —

5 4 expanded talc (Raynor & Brown) —_— — — 79671
=0 expanded talc (¢ = 15.32 A) — — 78341 —
n.L-) . expanded talc (¢ = 20.24 A) — — 78343 —

8< 0 fluortalc (Raynor & Brown) 73099 — — 73052
0‘2 fluortalc (¢ = 10.139 A) — (72168) — —
=% fluortalc (¢ = 10.12 A) — — 72805 —

E &< expanded fluortalc (Raynor & Brown) — — — 73035
= expanded fluortalc (¢ = 15.32 A) — — 72810 —
expanded fluortalc (¢ = 20.24 A) — — 72812 —

TABLE 18. ELECTROSTATIC LATTICE ENERGIES FOR PYROPHYLLITE, FLUORPYROPHYLLITE AND
EXPANDED ANALOGUES (TABLE 8) COMPARED WITH GIESE (19%754) CALCULATIONS

Usteo/ (kJ mol-?)

Jenkins
AL

equation (2)

in the form Giese’s
table 6 table 7 of (5) calculations

pyrophyllite (Wardle & Brindley) 83337 — — 83203
« pyrophyllite (¢ = 9.496 A) —_ (83673) — —
- pyrophyllite (¢ = 10.12 A) — — 82792 —

~ expanded pyrophyllite (Wardle & Brindley) — — — - 83176
;5 P expanded pyrophyllite (¢ = 15.32 A) — — 82798 —
- expanded pyrophyllite (¢ = 20.24 A) — — 82800 —

O 18 fluorpyrophyllite (Wardle & Brindley) 76348 — — 76223
=~ fluorpyrophyllite (¢ = 9.496 A) — (75147) — —
= Q) fluorpyrophyllite (¢ = 10.12 A) — — 76066 —

I @) expanded fluorpyrophyllite (Wardle & Brindley) — — — 76196
— expanded fluorpyrophyllite (¢ = 15.32 A) — — 76072 —
expanded fluorpyrophyllite (¢ = 20.24 A) — — 76073 —

For 1M Al mica and 1M Al fluormica (not calculated by Giese) we obtain the results in table 4.
The results for the surface energy of the phyllosilicates treated by Giese (19754) comprise the
data given in Table 20.
It should be noted that the F and OH analogues have exactly the same atomic positions: the only
difference is the extra H* ion.
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196 H.D.B.JENKINS AND PHARTMAN

TABLE 19. ELECTROSTATIC LATTICE ENERGIES OF PHLOGOPITE, FLUORPHLOGOPITE AND
EXPANDED ANALOGUES (TABLE 8) COMPARED WITH GIESE’S (1975a) CALCULATIONS

Ueieo/ (kJ mol ™)

Jenkins
A

N
equation (2)

in the form Giese’s
equation (16) of (7) calculations

phlogopite (OH) (McCauley) 74915 — 74947
phlogopite (OH) (Joswig) — - 74344
phlogopite (OH) ¢ = 10.12 A — 74892 —
expanded phlogopite (OH) (McCauley) — — 74857
expanded phlogopite (OH) (Joswig) — — 74250
expanded phlogopite (OH) ¢ = 15.32 A — 74671 —
expanded phlogopite (OH) ¢ = 20.24 A — 74672 —
fluorphlogopite (McCauley) 68645 — 68533
fluorphlogopite (Joswig) — — 68079
fluorphlogopite ¢ = 10.12 A — 69369 —
expanded fluorphlogopite (McCauley) — — 68420
expanded fluorphlogopite (Joswig) - — 67964
expanded fluorphlogopite ¢ = 15.32 A — 69148 —
expanded fluorphlogopite ¢ = 20.24 A — 69148 —

TABLE 20. SURFACE ENERGIES FOR PHYLLOSILICATES

mineral surface energy
dioctahedral muscovite 2M, KALT,0,F, 136.4 kJ mol—*
(based on Rothbauer (1971) structure) KALT,0,,(OH), 134.7 k] mol-!
dioctahedral pyrophyllite Al,Si,O4F, 27.6 kJ mol-1?
(based on Wardle & Brindley (1972) structure) Al,S1,0,,(OH), 27.3 k] mol—?!
trioctahedral phlogopite KMg,T,0,,F, 115.4 kJ mol-1
(based on Joswig (1972) structure) KMg,T,0,,(OH), 93.7 kJ mol—*
trioctahedral phlogopite KMg,T,0,F, 113.8 k] mol-?
(based on McCauley et al. (1973) structure) KMg,T,0,,(OH), 89.5 kJ mol—!
trioctahedral talc Mg,Si,040F, 17.3 kJ mol—!
(based on Raynor & Brown (1973) structure) Mg,Si,0,,(0OH), 17.5 kJ mol—?

The values of the experimentally determined cleavage energies show rather large variations.
Gutshall ¢t al. (1970) find 3630m]J m—2 for natural phlogopite and 6060 m]J m~2 for synthetic
phlogopite, both in high vacuum. In air the values are 700 mJ m~2 and 500 mJ m—2 respectively.
These high values presumably arise because the interlayer potassium ions do not divide them-
selves equally on both sides of the cleavage plane, thus charging the flakes. Taking into account
this charging Metzik & Afanas’eva (1973) obtain 380 mJ m—2. They did not specify the mica, but
if we assume that the mica involved was muscovite, this cleavage energy corresponds to a surface
energy of 107k]J mol-, which compares favourably with the values calculated by Giese for
phlogopite.

As pointed out above, Giese’s values are based on an ordered arrangement of the K+ ions on
the surface. Our calculations are based on the hypothesis that the K+ ions are statistically divided
between the two surfaces and so we gave each K ion a charge 1¢x. In appendix 1 we describe
the procedure to correct for this difference. For fluorphlogopite this correction amounts to
—92k]J mol-1. Since this correction term will not change very much in going from one potassium
mica to another, this value should also hold for phlogopite, 1M Al mica and 1M Al fluormica.
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TaBLE 21. ENERGY DIFFERENCE, AU, BETWEEN THE LATTICE ENERGY OF BASIC CONTRACTED
STRUCTURE AND LATTICE ENERGY OF EXPANDED STRUCTURE

Uconcract.ed structure ‘ []expauded structure / (kj mol*l)
(kJ mol-1) - A \
phyllosilicate ca. 10 A 15 A 20 A AU/ (kJ mol-?1)

1M Al mica 79355 79136 79136 +219
phlogopite 74892 74671 74672 + 220
talc 78336 78341 78343 -7
pyrophyllite 82792 82798 82800 —8
beidellite 82422 82429 82431 -9
illite 79673 79499 79499 +174
1M fluormica 72638 72417 72417 + 221
fluorphlogopite 69369 69148 69148 +221
fluortalc 72805 72810 72812 -7
fluorpyrophyllite 76066 76072 76073 -7
fluorbeidellite 75697 75704 75705 -8
fluorillite 72954 721780 721780 +174

Table 21 gives the energy difference, AU, between the expanded micas and their basic structures.
It is seen that for the potassium micas AU = 220kJ mol—, which becomes, on correction,
128k]J mol—'. As shown in the appendix, the Madelung method applied to fluorphlogopite leads
to a value of 109k]J mol-* which compares astonishingly well with the experimental value of
Metzik & Afanas’eva (1973). Table 21 gives the energy difference, AU, between the expanded
micas and their basic structures:

AU = Uba,sic — Yexpandeds (49)
2 (2-9@2-)2-k 2= (2-m)(2—n) basio expanded
—_— Y Xpande:
AU =¥ (Aijklmnp - Aijk[imnp ) okok d dhalal. ok (50)

i=0 j=0 k=0 I=0 m=0 n=0 p=0
Thus for example, for pyrophyllite, AU can be written as
2 (2—§)(2=K) (2= (2—m)

AU = Y
j=01=0 m=0 n=0 p=0
Jtl+mtn+p=2

(= 1) BI2B AR — A3y} 40" - (51)

if we use Agpanded coefficients calculated from the 15A expanded mica (table 3, column 5),
Abzsie, , being taken from table 3 (column 4), we have

AUryrophyllite — 637,242 1 1815.3¢,, gs; +4617.0¢4, g0 + 1219.6¢4, 7o + 1194.5¢,, qi1

+ 107 9'3q§i + 5557‘2q81 qo + 1704-8981 qof + 1656'OqSi qI'I
+7145.1¢3 + 4341.2¢0 ¢ + 4218.8¢¢ gy + 581.9¢3,

+1138.6¢0. gx + 557.3¢2, (52)
which reduces to the equation
A Upyrophyllite _ _ 5 7 _ 0‘5(]}1 + 0.6q%1 (53)
under the substitution (g4, = +3, ¢5; = +4, g0 = — 2, o = — (1 +¢qu))-

If we use A§iHanae? coefficients calculated from the 20A expanded mica (table 3, column 6)
with the same Agae,,, coefficients from column 4, we find
AUPpyrophyllite — 1240,5¢%, + 3879.5¢,, gs; + 9820.7¢,1 70 + 2399.4¢,4, g0
+2363.4¢,4, g5 + 2797.2¢% + 14223.3¢5; 7o + 3716.8¢¢ 7o
+3644.8¢g; gy + 18077.6¢3 + 9413.0¢¢ g0 + 9232.9¢0 11
+1158.7¢3, + 2281.4¢0, g3 + 112274, (54)

which reduces to the equation AUPromslite = 7.3 4 0.2¢, (55)
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198 H.D.B.JENKINS AND P. HARTMAN

under the substitution (g,; = +3, ¢5; = +4, go = —2 and ¢o- = — (1 +¢y)). These equations
(46) and (48) give the AU values in table 21.

We can now compare the results of table 21 for the surface energies of the hypothetical structures
with those of Giese given earlier for the true structures. Let us consider first table 21. Three
conclusions are evident:

(a) The surface energies are the same for hydroxyl and for fluormicas. We should bear in mind
that the OH group was supposed to make an angle of 78° with the normal of the silicate layer. In
order to determine the maximum influence of the OH to F substitution on the surface energy, we
made the following calculation. In the true structure of fluorphlogopite an O%- ion was placed
at the F-1 site, and a H" ion at the position (0.1010, 0.0000, 0.3097), giving an OH group
perpendicular to the layer. Since the substitution involves only the addition of a charge of — 1 on
the F site and a charge of +1 on the H site, we calculated the interaction energy of a hydroxyl-
phlogopite layer with a layer containing only the additional charges by the Madelung method
(Hartman 1973). This energy is — 18.4 k] mol—. Giese finds —21.7 and —24.3k]J mol~!; itis not
clear why his values are larger than ours. The decrease in energy was found to be mainly due to
the interaction energy of the nearest hydroxyl layer with the underlying layer (9.2 k] mol-), the
next contribution being from the K*ion (8.5k] mol—1), while the T3+ and O2- ions nearest to
the surface almost cancel their contributions ( — 0.3k]J mol—1).

(6) The surface energies of the K*t-containing micas are almost the same (220k]J mol-?)
irrespective of whether they are di- or tri-octahedral. This is at variance with Giese’s results
who found clearly a higher surface energy for the 2M; muscovite than for the phlogopite.
In order to test whether this is due to the 2M; polytype we calculated in a similar way as above
the difference in surface energy of a di- and tri-octahedral mica. Starting from fluorphlogopite
we put a charge of —2 on the Mg in the octahedron that is empty in the dioctahedral mica, and
a charge of +1 on the other two Mg ions. Then we calculated the interaction energy of a
fluorphlogopite layer with a layer consisting of the rows of the additional charges. This energy is
+0.01 kJ mol—!, much smaller than the value of more than 20k]J mol~-! found by Giese. It seems
to be likely that the different layer stacking in the 2M, polytype could be responsible for this
difference because, as pointed out by Appelo (1978), the relative stability of the 1M and 2M,
polytypes can be related to the rotation of the octahedra involving a tilting of the tetrahedra.
Appelo (1978) calculated the energy difference to be of the order of 1 kJ mol—?, which leaves the
20k]J mol-! difference found by Giese unexplained.

(¢) The surface energies of the micas without an interlayer cation are the same, which, in view
of the above discussion, is not surprising. The negative values are probably due to the fact that
hypothetical structures are used. For the true structures we may expect small positive values.
The value for illite, 174k]J mol—1, is based on x = 0.9. Because for the surface energy the
interaction between the potassium ions makes the largest contribution, this energy can be
estimated to (—7+0.81x227) = 177k]J mol—. This shows that the surface energy is roughly
proportional to x2.

(¢) Predictions made for silicates whose full crystal structures are not determined
(1) Saponite, Na,Mgs(Si,_,AL)O,,(OH), and fluorsaponite, Na ,Mgs(Si,_,Al,)O,0F,
Saponite and its fluorine derivative are normally found as expanded micas, although their
crystal structure has not been determined. The shrinkage properties of saponite on heating have
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been studied by Keifer (1957). The lattice energy of saponite is given by equation (11) which

reduces under the substitution
) Jor=—1—¢n (56)
to the equation

Ugeo( collapsed’ saponite, Na,Mg,(Si,_,Al,)O,(OH),)
= 72805 — 3735x + 299x2 — 8xqy + 2756¢y + 2774¢% k] mol ! (57)
This equation simulates the silicates in table 22 under the listed substitutions, whereupon
Uy ec(‘ collapsed’ saponite) = 78335 — 3743x + 299x2 (58)
Upgeo(‘ collapsed’ fluorsaponite) = 72805 — 3735x + 299x2. (59)

TABLE 22. SILICATES OBTAINED BY APPROPRIATE X AND ¢p
SUBSTITUTIONS IN EQUATION (57)

qu x phyllosilicate
0.0 0.0 fluortalc
0.0 x fluorsaponite
0.0 1.0 fluorphlogopitet
1.0 0.0 talc
1.0 x saponite
1.0 1.0 phlogopitet

t Accepting that Na' is equivalent electrostatically to K+,

Figure 1 shows the variation of the lattice energy of saponite and fluorsaponite with x, the
fraction of interlayer cation. It is interesting to find that the substitutional energy of OH for
fluorine is almost independent of ¥ and moreover is entirely consistent with the Uy, value of
table 10.

We may speculate, leaving aside the fact that saponite is actually an expanded structure, as to
how much the theoretical lattice energies of equations (51) and (52) differ from the actual lattice
energies or, specifically, from the magnitude of the relaxation energy from the generic 1M mica
and 1M fluormica to the saponite and fluorsaponite. We have details of U, for the extremes,
talc, phlogopite, fluortalc and fluorphlogopite. Since saponite is a trioctahedral mica we may
safely assume that the hydroxyl group is perpendicular to the layer.

The energies (table 13)

. 23 kJ mol~1 . . 1263 kJ mol~1
phlogopite ¢—————— generic 1M mica ——— talc
—1724 kJ mol~?! 294 kJ mol 1

fluorphlogopite ¢——————— generic 1M mica ——————— fluortalc

indicate that the dotted lines on figure 1 may offer a closer approximation to the true lattice
energy variation. It is noteworthy that, once again, OH — F substitutional energies are almost
constant with respect to x variation. For ‘expanded’ (20 A) saponite we can use an equation of
the form of equation (11), taking into account that in the expanded structures the charges on the
potassium ions are halved, so that:

Uprec(‘expanded’ saponite, (Nay),, Mgy (Si,_,Al,)O,4(OH),)

2 (2-9(2—5)(2—k) (2D (2—m)(2—n) ) .
= E 2 Z E E E E (" 1)m2(m+7+k)(0.5x)z (4_0'25x)lAijklmnpqg'q€I
i=0 j=0 k=0 1=0 m=0 n=0 p=0

= 72812 — 3695 + 31x% — Tagy + 2757qy + 2774¢%. (60)
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1263kJ mor‘{ AN

tale \\
78000 N .
Na,Mg,(Si,..Al)0,(0H),
&Qp AN
0y, .
25
N 1
phlogopite 23 kJ mol”
(5530-8x) kJ mol
74000

294 kJ mol '{

Ugee/ (k] mol~1)

010 FZ

70000

}—724 kJ mol™

0 1
Si, Siz Al
Na=K
x

Ficure 1. Variation of lattice energy of saponite and fluorphlogopite and parameter x.

The surface energy is obtained by subtracting equation (60) from (57) which gives:
AUsvonite — 7 40x + 26842 — ¢y — qpg- (61)

This shows the negligible influence of the F — OH substitution and the quadratic dependence
on x mentioned in the foregoing section. There is a minimum of about — 9kJ mol—' for x ~ 0.075.

(ii) The beidellite—illite series, A,Aly(Si, ,Al,)O,o(OH), and the fluoranalogues

For small values of x, about 0.1, and A = Na, the mineral is called beidellite. It is found in an
expanded form. An accurate determination of its structure has not been made.

For x closer to 1 (about 0.9) and A = K, the mineral is called illite. The general structure
characteristics were described by Grim, et al. (1937). The polytype considered here is, of course,
the 1M illite. The lattice energy is given by equation (8):

Uy jec(beidellite—illite, A, Aly(Si,_,Al,)O,,(OH),)
= 76066 — 3727x + 29942 — 8xgy + 3951qy + 2774¢%. (62)
The limiting substitutions in the general formula are given in table 23.

Figure 2 gives a plot of the lattice energy (62) as a function of x in order to interpolate a true
lattice energy for ‘collapsed’ beidellite.
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TABLE 23. SILICATES OBTAINED BY APPROPRIATE X AND ¢y
SUBSTITUTION IN EQUATION (62)

9u x silicate

0 0 fluorpyrophyllite
0 0.1 fluorbeidellite

0 0.9 fluorillite

0 1 1M Al fluormica
1 0 pyrophyllite

1 0.1 beidellite

1 0.9 illite

1 1 1M Al mica

545 kJ mol"{\

80000

[
= 1M Al mica
E }
T - =
i) -
g
=
=5 -1
3 282kJ mol g~ o ~fluoryrophyllite
76000 NI~
2
=
~
=
3 T
3
!
k5,
£
__8. 1M Al fluormica™
St
72000
Si4 Si3A1
0 1
Na=K

X

Ficure 2. Plot of the lattice energy of beidellite mineral.

We can estimate from the relaxation energies (table 15):

545 kJ mol~1
generic 1M Al mica ——— pyrophyllite,

282 kJ mol~? )
generic 1M Al fluormica —————— fluorpyrophyllite,

the likely true lattice energies of the collapsed beidellite and fluorbeidellite. Since we know the
relaxation energies at ¥ = 1 are zero (since it corresponds to the generic 1M mica) and at x = 0

15 Vol. 293. A
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(pyrophyllites) we can estimate the variation in true lattice energy with x and obtain the corrected

lattice energies: ‘
Ugeo(“collapsed’ beidellite) ~ 82925 k] mol-1, (63)

Usec(‘ collapsed’ fluorbeidellite) ~ 76000k] mol—'. (64)

The substitutional energy of OH — F is 6724k] mol—!, in agreement with the dioctahedral
prediction of table 10.

For illite, when gy = 0, the lattice energy corresponds to point B for fluorillite on figure 2
while, when ¢ = 1, the lattice energy corresponds to point A for illite. The relaxation correction
applied leads to true energies which are very close to those calculated directly from the generic
adiabatic substitution method (since the structure of illite is close to that of 1M Al mica):

Usec (illite) &~ 79680k]J mol—1, (65)
Uy ee(fluorillite) ~ 73050 k] mol 1, (66)
The substitutional energy of OH — F, 6718 k] mol—!, is maintained in line with table 10.
For the ‘expanded’ beidellite derived from the expanded 20 A generic mica we find
Userec(‘expanded’ beidellite, (Nay);,Aly(Siy_,Al;)O,4(OH),)
= 76073 — 3688x + 31x% — Tagy + 3952¢y + 27744%. (67)
This equation also holds for the expanded illite. The surface energy is obtained by subtracting
equation (67) from (62):
AUpgec(beidellite —illite) = — 7 — 39x + 26842 — xqy — qy- (68)
This equation is almost the same as that derived for saponite, a trioctahedral mica. For beidellite,
with x = 0.1, a surface energy of —8k]J mol—! is obtained while for illite with x = 0.9 the surface

energy is about 174 kJ mol—1. In all the limiting minerals, the OH groups are not perpendicular
to the interlayer, and so we may safely assume that the same holds for the beidellite-illite series.

(iii) AMontmorillonite, Na,Al, Mg, Si,O,,(OH),, and fluormontmorillonite Na,Al,_,Mg,Si,O,F,

The montmorillonite minerals occur in extremely small particles so that single crystal X-ray
diffraction data cannot be obtained. Any structural concepts must be deduced from X-ray
powder data or from electron diffraction studies on single crystals. Hofmann et al. (1933),
Marshall (1935), Maegdefrau & Hofmann (1937) and Hendricks (1942) have all contributed
ideas as to the structural features. Equation (15) gives the lattice energy of ‘collapsed’ mont-
morillonite; it takes the form

Ugeq(collapsed’ montmorillonite, Na,Al, Mg, Si,O,,(OH),)

= 76066 — 2009 + 20x* — 284xqy; + 3951y + 277447, (69)

When x = 1 and ¢z = 1 we have the mineral leucophyllite, KAIMgSi,O,,(OH),, for which
Us ec(leucophyllite, KAIMgSi;0;,(OH),) = 80518k] mol—1, (70)
and whenggy =0, . .

Uelec(ﬂuorleucophylhte KAlMgS14010F ) = 74077k J mol-1. (71)

For montmorillonite-type minerals, the substitutional energy of OH —F is (6725 — 284x) k] mol -2,
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having a greater dependence on x than we have seen in the other minerals. This is understand-
able in that when ¥ = 1 we have the mineral KAIMgSi,O,,(OH),, and when x = 0 we have
ALSi,0,,(OH),, pyrophyllite. In the case of leucophyllite, ¥ = 1 and the substitutional energy
of OH — F is 6441 k] mol~"; this differs from the entries in table 10 because the dioctahedral
sites in this dioctahedral silicate are occupied by an Al and a Mg atom. The normal OH — F
substitutionial energy (table 10) for a dioctahedral mica is 6721k]J mol, the difference of
—284 k] mol~! representing the energy of exchanging a Mg atom in the dioctahedral site.
Figure 3 shows a graph of the variation of the lattice energy of montmorillonite with .

=== pyrophyllite

/écophyuite

80000

(6725-284x) kJ mol™

Uelec/ (kJ mOI—l)

76000 |<=—fluorpyrophyllite

T
. ~)
&
'~ fluorleucophyllite

72000
0
X

F1GURE 3. Variation of lattice energy of montmorillonite and flusrmontmorillonite with:parameter x.

The relaxation correction that has been applied to the minerals treated in the above sections
cannot be estimated for figure 3, since we are only able to apply it for pyrophylhte and ﬂuorpyro-
phyllite and have no means of estimation for leucophyllite.

For ‘expanded’ montmorillonite, as derived from the generic 20A 1 mica, we find

Upteo(‘ expanded’ montmorillonite, (Nay);,Al _zMg$Si4Om(OH) ) o
= 76073 — 1973x — 2621% — 283xqy + 3952qy +2774qh. ‘.(7'2)'
The surface energy is found as the difference between cquatlons (68) and (61).
AUelec(montmorlllomte) = —7—36x+282x2 — xqy — qg. . (7 3)

This gives a surface energy of 239 k] mol—1 for ﬂ{loﬂeucophyllite and 237 k] mol— for leuco-
phyllite. We see that the substitution in the octahedral layer increases the surface energy with
respect to substitution in the tetrahedral layer by about 18 k] mol~! when x = 1.

15-2
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Itisinteresting to consider the difference in lattice energy between the minerals of the beidellite—
illite series with substitution in the tetrahedra on the one hand and the montmorillonite, with
substitution in the octahedra on the other

Usetec(‘ collapsed’ montmorillonite) — Uy (‘ collapsed’ beidellite-illite)
= T+1718x —279x% — 276xqy. (74)

The result shows that, at least for the unrelaxed structures, the montmorillonite would be the
more stable one according to electrostatic arguments. For small x, no data are known and
usually the minerals montmorillonite and beidellite are not distinguished by the routine X-ray
identification. For x ~ 1, this is at variance with the fact that leucophyllite is a rare mineral,
while illite is one of the most important ones. This shows that the relaxation energies should not
be neglected.

(iv) Collapsed hectorite, Na,Mga_y 1 zplii—p) s ME(1—ayy Lig, 51,014(OH),
and fluorhectorite, Na,Mg,_, 2l eM8a_ 0Lz, S1,040F,

The lattice energy is given by equation (12) for the mineral having Mg and Li at both the di-
and trioctahedral sites while equation (13) gives the lattice energy when the Li atoms are solely
at the X'sites,and equation (14) gives the lattice energy when Li atoms reside solely at the X sites.
Hence, in general,

Uelec(‘ COHaPSCd ’ hectorite, Naa:Mg(2—a:+a:y)Li(1—y) ng(l-—wy)Lia:ySi4010(OH) 2)

= 72805 — 1293x + 20x2 — 358x%y — 284xqgy; + 538x%y2 + 555xy + 27569 + 59Txyqy + 277443,
(75)
and
Ugiec(“collapsed’ fluorhectorite, Na,Mg— 4+ 5y Lia_y) e M8a Lz, S1,010F,)

= 72805 — 1293x -+ 20x% — 358x% + 538x%2 + 565xy.  (76)
When x = 1, we have the structure NaMg(,,)Liq_,Mgq_,Li,Si,040(OH),: for y = 1 the Li
atoms at the X site disappear and the Mg atom at the X’ site disappears, thus leaving Li solely

at X' and Mg solely at X (NaMg,LiSi,O,,(OH),). In the case where y = 0, we have MgLi at the
X site and Mg at the X' site. The general equation for x = 1 is

Uetec (NaMg(1+y)Li(1-y)Mg(1—y)Lini4010 (OH),)
= 71532 + 197y + 53842 + 2472qy + 59Tyqy + 2774¢%.  (77)

When x = 0 and y = 0, we have the structure Mg,Si,0,,(OH), (talc) and equation (75)

reduces to
Uy eo(talc) = 72805 + 2756y + 27744, (78)

which is the form taken by equation (4).
Equation (77) when y = 0 gives for g = 1,

Uqyec(NaMgLiMgSi,0,,(OH),) = 76778k] mol 2, (79)
and, when ¢ = 0,
Uge.(NaMgLiMgSi,0,,F,) = 71532k] mol—1. (80)
Wheny =1and gy =1,
Ugec(NaMg,LiSi,0,,(OH),) = 78110k] mol-1, (81)
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and wheny = 1 and ¢z = 0,
Uzreo(NaMg,LiSi,O,,F,) = 72267 k] mol—1. (82)
These results are plotted in figure 4.

hectorite- Lj at X'site only

i becto : y=1 3
Tite
talc L; at
Xsj
®ongy My
76000 Na:Mg; L1, 81,0,,(0H),
(5531+313x) <

o) > (5531-284x)
'?.‘ e
i fluortale
o
<
= 72000}

Nanga,xLixSi4010F2
68000
0 1
Mg, Mg,Li

X

Ficure 4. Variation of lattice energy of hectorite and fluorhectorite with x and .

From such results we find
— 735 kJ mol~1

NaMg,LiSi,O,,F, ——— > NaMgLiMgSi,O,,F,

5843 k] mol—* 5246 k] mol—!
—1332 kJ mol 1

NaMg,LiSi,O,,(OH), ——— > NaMgLiMgSi,O,,(OH),.

Since the structures are all derived from the generic 1M mica, the above energies represent
substitutional energies. The F — OH energy, 5843 k] mol, is of similar order to that expected
for a trioctahedral mica (316k]J mol~! higher, see table 10). In the other case the F -~ OH
substitutional energy amounts to 5246kJ mol~! (287kJ mol~* lower than expected) and the
differences (ca. 5 9,) arise from the fact that Na and Li are present as modifying ions.

The energy for the substitutional changes

Mgdioct + thrioct - leioct + Mgtrioct

amounts to —735k] mol~%, and it is clear that the silicates having Mg solely at the dioctahedral
site and Li solely at the additional trioctahedral site are more stable than those having a Mg at
both di- and trioctahedral sites with a Li at the dioctahedral site. The difference between the
‘adiabatic’ generically derived energy for hectorites where x is small is probably of the order of
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1250k] mol~! for the hydroxy silicates and only of the order of about 300k] mol-! for the
fluorinated silicates (cf. 1M mica and talc).

The corresponding equations for the ‘expanded’ hectorites based on the 20 A generic 1M mica
structure are

Uelec (‘ expanded ’ hCCtOI‘itC, (Naz) %—wMg(Z—z+xy)Li(1—y) ng(l—wy)LimySi4olo(OH) 2)
= 72812 — 1257x — 262x2 — 358x% — 283xqy; + 538x%y* + 555xy + 2757q +2774¢%.  (83)

The surface energy is found as the difference between equations (75) and (83)
AU, e (hectorite) = — 7 — 37x + 282x% — xgy — gg.- (84)

This surface energy is independent of y, that is, independent of the site at which Li is concen-
trated. This is in agreement with the fact that we find virtually no difference between the
surface energies of di- and trioctahedral micas. For x = 1, we obtain the hypothetical mineral
NaMg,LiSi,0,,(OH), and the fluor-analogue, which has on average a surface energy of
237k]J mol~1, which is almost the same as for the leucophyllites where the substitutions take place
solely in the octahedral layer.

6. CONCLUSIONS

The approach presented in this paper is new and from a matter of only seven computer
calculations we are able to discuss the energetics of a wealth of silicate minerals, to comment on
substitutional and relaxation energies from an electrostatic viewpoint, and also to predict the
correction term in order to establish true electrostatic lattice energies from those calculated from
imprecise structures. The calculations derived from a generic structure are shown to be, at most,
about 1.6 %, in error when compared with the individual calculations based on the true silicate
structure, and in most cases the error is a good deal smaller. The subterfuge of considering
substitutional changes without the accompanying relaxation changes extends the predictive
powers of the calculations, as well as saving dramatically the computer time necessary. Among
a number of points that emerge from these electrostatic calculations is the apparent quadratic
dependence of the surface energies on # in the minerals derived from K, X, X'T,0,,(OH),.
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APPENDIX 1. CORRECTION OF THE SURFACE ENERGY FOR AN
ORDERED ARRANGEMENT OF THE INTERLAYER CATION

The lattice energies of the expanded structures are based on layers bounded on either side by
K+ ions having a charge $¢x. To obtain the surface energy for an ordered arrangement of the
K+ ions, we superimpose a layer of charges +4¢x on the K+ ions at the sites (0, 0, 0) and (4, %, 1)
and a layer of charges — 4¢y on the K+ ions at thessites (4, 4, 0) and (0, 0, 1). The result is that we
have rows of K+ ions with charges ¢k in the direction of the ¢ axis and going through the sites
(0,0,0) and (},4,1), while similar rows through (%, %,0) and (0,0,1) are now empty. The
stacking of these slices upon one another in the non-expanded structure will again produce the
normal crystal structure.

The change in electrostatic energy of the slice contains two parts: the interaction energy of the
added charges with (i) each other and (ii) all other ions that were present before. This second
interaction energy is zero since the K+ ions at (0, 0, 0) and (4, &, 0) are identical by translation,
so that at these sites the potentials are equal and the energies cancel because the added ions have
opposite charges. The same holds for the sites (0,0, 1) and (4, %, 1). Thus we are left with the
interaction energy of the added charges among themselves. This has been calculated by the
Madelung method outlined by Hartman (1973) and gave the value 92.3k]J mol-! for the true
structure of fluorphlogopite. Since the lattice energy is not altered, the surface energy, or better
the term E,, is lowered by the same amount. The term F; has also been calculated by the Madelung
method for the case where all potassium ions have a charge +1. The details of this calculation
will be published elsewhere (Hartman 1979), but the result was 201 kJ mol~%, from which we find
a corrected surface energy of 109k]J mol—! which is to compared to the value 113.8k]J mol-1
obtained by Giese and based on the same coordinates.
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