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THE Cs/K EXCHANGE IN MUSCOVITE INTERLAYERS: AN 
AB INITIO TREATMENT 
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Abstract-Plane-wave pseudopotential total energy calculations have been applied to investigate the 
structure and energetics of the Cs/K exchange into interlayer sites in muscovite mica. Novel muscovite 
structures were designed to isolate the effects of 2: l layer charge, cation size/interlayer site shape, and 
tetrahedral Al/Si substitutions on the exchange. All atom and cell-parameter optimizations were performed 
with the intention to mimic the constant pressure, non-isovolumetric exchange conditions thought to be 
found at frayed-edge sites. Under conditions where the cell parameters are allowed to relax, the overall 
Cs/K exchange reaction is surprisingly close to isoenergetic. The forward reaction is more strongly favored 
with increasing layer charge. For the condition of zero layer charge and no interlayer site distortion, the 
difference in the optimal interlayer spacing for Cs relative to K is very small, indicating a baseline 
indifference of the muscovite structure to cation size. The presence of 2: I layer charge or tetrahedral 
rotations arising from Al/Si substitutions clearly change this outcome. Analysis of the dependence of the 
interlayer spacing on layer charge shows that while the spacing collapses with increasing layer charge 
for K as the interlayer cation, the reverse is true for Cs. We attribute the contrasting behavior to inherent 
differences in the ability of these cations to screen 2: l layer-layer repulsions. Such effects might be 
involved during exchange at frayed-edge sites where interlayer spacings are increased. This is known, 
from experiment, to be very selective for Cs. Overall, the exchange energetics are so low that the Cs/K 
exchange rate and degree of irreversibility are likely to be dominated by diffusion kinetics. 

Key Words:-Ab Initio, Cation Exchange, Cesium, Clay, Defects, Density Functional Theory, Exchange 
Energy, Isomorphic Substitution, Mica, Muscovite. 

INTRODUCTION 

The uptake of 137Cs by naturally occurring layered 
silicate minerals is often the principal attenuation 
mechanism in the transport of this contaminant in sub
surface environments. In natural waters, Cs is highly 
soluble and has no known solubility-limiting precipi
tates to limit its concentration in solution. It forms no 
strong surface complexes with silica (Kinniburgh and 
Jackson, 1981) or common Fe, Mn or Al oxides 
(Brueeuwsma and Lyklema, 1971; Venkataramani et 
al., 1978; Anderson and Allard, 1983; Kim et al., 
1996). Cesium sorption to many mineral surfaces usu
ally derives from the need for counterions to balance 
surface charge and is non-specific. Therefore, surface 
concentrations are easily modified by changes in so
lution conditions. However, Cs is found to be strongly 
associated and resistant to removal from certain sites 
on phyllosilicate minerals. While Cs only interacts 
weakly with basal surface and edge terminations of 
sheet silicate layers, partially delaminated zones ad
jacent to the edge termination of silicate sheets, so
called frayed-edge sites (Jackson, 1963; Rich and 
Black, 1964), provide sterically selective interlayer en
vironments where Cs is held tightly with a high pref
erence over many common compatible interlayer spe
cies (e.g. Cremers et al., 1988; Comans et al., 1991; 
De Preter et al., 1991; Comans and Hockley, 1992; 
Gutierrez and Fuentes, 1996; Maes et al., 1999; Brad
bury and Baeyens, 2000). The exchange of Cs from 

solution for interlayer cations is facilitated by interlay
er expansion and direct access of solution to these 
sites. Subsequent collapse of the interlayer spacing oc
cupied by Cs effectively fixes this otherwise highly 
mobile species. 

Cation exchange in the interlayer site of micas has 
been an intensely studied topic at the macroscopic 
scale. Pioneering work in the late 1950s and through
out the 1960s demonstrated the important influence of 
isomorphic substitutions and variability in layer charge 
(LC) on the cation exchange capacity (CEC), selectiv
ity, interlayer expansion, and kinetics (e.g. Mortland, 
1958; White et al., 1962; Burns and White, 1963; Ta
mura et al., 1963; Scott and Reed, 1964; Dolcater, 
1968). A large body of experimental work exists on 
the uptake of Cs, in particular by phyllosilicate min
erals, but comparatively little information is available 
regarding the local structure of Cs incorporated into 
interlayer environments and the various possible influ
ences on the exchange reactions. Nuclear magnetic 
resonance (NMR) approaches have been fruitful in the 
identification of bonding environments for Cs in clay 
minerals (e.g. Weiss et al., 1990; Kim et al., 1996; 
Kim and Kirkpatrick, 1997). However, the effects of 
nearby isomorphic substitutions and variations in LC 
are difficult to isolate from such experiments. Molec
ular modeling techniques can be a useful means of 
gathering information in this regard, and can form a 
basis on which to interpret experimental data. 
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In this study, plane-wave pseudopotential density 
functional theory (DFT) calculations are used to in
vestigate the energetics and structural modifications 
accompanying the exchange of Cs for K in the inter
layer of muscovite mica. We focus on the initial and 
final states of exchange in this study and not the abun
dance of intermediate reactions that must occur be
cause molecular dynamics simulation of exchange at 
the ab initio level of theory is currently not feasible. 
Empirical potential molecular dynamics or Monte Car
lo simulations of aspects of cation exchange and in
terlayer water structure have only recently become 
available (e.g. Skipper et al., 1991; Chang et al., 1995; 
Bridgeman and Skipper, 1997; Greathouse and Spos
ito, 1998; Smith, 1998; Young and Smith, 2000; de 
Carvalho and Skipper, 2001; Wang et al., 2001). The 
DFT total energy calculations have been applied suc
cessfully to phyllosilicates elsewhere (e.g. Bridgeman 
et al., 1996; Hobbs et al., 1997; Chatterjee et al., 
2000). Muscovite was chosen, partly because it is 
ubiquitous in sediments, it has a relatively simple 
structure in the interlayer region, and it has a high 
cation exchange selectivity for Cs. The DFT methods 
are applied to deal accurately with subtle variations in 
charge distribution, spatially separated charges, and to 
treat the variability in bond types (ranging from fully 
covalent to ionic) on equal footings. Structural opti
mizations of a variety of muscovite models were per
formed allowing all atom positions and unit-cell pa
rameters to vary, without symmetry constraints. Lift
ing the constraints on the unit-cell parameters better 
mimics the freedom in the interlayer spacing expected 
at frayed-edge sites. Relative total energies for opti
mized structures are used to estimate the energetics for 
the overall exchange reaction for constant pressure 
(1 bar), non-isovolumetric conditions. In this regard, 
independent effects of LC, Al/Si tetrahedral substitu
tions and interlayer site structure are estimated. 

THEORETICAL METHODS 

Structures and total energies were calculated using 
the ab initio plane-wave pseudopotential method as 
implemented in CASTEP. The interested reader is re
ferred to the review article by Payne et al. (1992) for 
a comprehensive introduction to this specific quantum 
mechanical modeling approach. Generalized gradient 
approximation (GGA) DFT was applied using the Per
dew and Wang (1992) parameterization of the ex
change-correlation functional, modified to work with 
plane-wave calculations (e.g. White and Bird, 1994). 
We used the CASTEP parameterization of ultrasoft 
pseudopotentials (Vanderbilt, 1990) without core cor
rections. Pseudopotentials were generated using the lo
cal density approximation (LDA) which means that the 
screening effect of the core electrons was modeled us
ing LDA whereas the screening effect of the valence 
electrons was modeled using GGA. This approach has 

been validated previously (Garcia et al., 1992). The 
atomic coordinates and cell parameters of model mus
covite structures were optimized simultaneously com
pletely free of symmetry restrictions (i.e. in the Pl 
space group). Optimized c axis dimensions were tested 
to be true energy minima by subsequent optimizations 
with slightly increased fixed c axis dimensions (i.e. 
under a tensile stress along c) and comparing calcu
lated total energies. Two k points were used [0.25, 
0.25, 0] and [0.25, -0.25, 0] which turned out to give 
similar energies to gamma point [0, 0, 0] calculations 
and were hence deemed converged with respect to k 
points. Gamma point calculations proved to give sat
isfactory results for closely related mineral structures 
(e.g. Bridgeman et al., 1996; Chatterjee et al., 2000). 
A pre-optimization strategy was followed by a more 
robust final optimization strategy. Pre-optimization 
was performed using a lower cut-off energy (300 eV) 
and a conjugate gradient electronic minimizer using a 
density mixing scheme (Kresse and Furthmuller, 
1996). Final optimizations were run using 380 eV and 
an all-bands electronic minimizer (Gillan, 1989). This 
approach was designed to overcome potential prob
lems with achieving convergence associated with the 
discontinuously changing number of plane waves as 
the cell parameters vary. The relative total energy dif
ferences found for the exchange reactions varied little 
from the pre-optimized to the final optimization runs. 
Finite basis set error estimations using methods de
scribed in Payne et al. (1992) were < 0.1 eV/atom, 
indicating that the calculations are converged with re
spect to basis set size and should produce usefully ac
curate total energies (Cerius2 User Guide, 1997). Sin
gle-point total energy calculations on the gas-phase at
oms were run using the final optimization strategy as 
described above except with the density mixing min
imizer. Total energies for the gas-phase atoms are con
verged with respect to unit-cell size (i.e. box size ef
fects are insignificant). 

DESCRIPTION OF THE EXCHANGE SYSTEM 

The muscovite structure 

The structure of muscovite can be described as 
stacks of so-called 2:1 layers (Figure 1) which consist 
of two sheets of corner-sharing Si04 tetrahedra that 
sandwich one sheet of edge-sharing Al06 octahedra, 
giving T-0-T layers. The tetrahedral sheets are linked 
siloxane rings that have six-fold symmetry if undis
torted. Apical oxygens point towards the octahedral 
sheet and constitute all but one of the necessary oxy
gen atoms to form the octahedral cavities, which are 
completed by a hydroxyl group located laterally at 
centers of siloxane rings. Aluminum occupies two of 
the three available octahedral cavities, with the re
maining one vacant, leading to the dioctahedral clas
sification. The structure is complicated by the fact that 
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Figure L A polyhedral structure model depicting the structure of muscovite. Tetrahedral sheets are composed of corner
sharing silicate tetrahedra, which sandwich edge-sharing AI octahedra. The 2:1 layers are stacked and keyed together at 
siloxane cavities, where interlayer K resides. Layer charge detives from Al/Si substitutions in tetrahedral sheets. 

the 2:1 layers are charge neutral units (Al2Si40 10(0H)2 

as in pyrophyllite), unless Si atoms are partially re
placed by AI atoms in the tetrahedral sites. Each 
AI ~ Si substitution effectively creates a permanent 
free electrical charge at the surface of the 2: 1 layer, 
which is compensated by the presence of a monovalent 
interlayer cation, K in the case of muscovite. The dis
tribution of Al!Si substitution is typically not long
range ordered. Short-range ordering (several unit
cells) is possible (Bailey, 1984), and is probably influ
enced by Loewenstein's rule (i.e. the avoidance of Al
te,-0-AI,e, linkages). Because the LC that binds the 
interlayer cation is dependent on the Al/Si substitu
tion, it is reasonable to assume that the exchange re
action is influenced by proximity of the exchange site 
to Al04 tetrahedra. In the open literature, such rela
tionships are often presumed, but direct supporting 
evidence is rare because of the difficulty in obtaining 
it. In this study, we attempt to elucidate any such 
effects by considering more than one explicit ar
rangement of Al/Si substitution locations in the unit
cell. Including Al/Si substitution, the formula unit 
then becomes KAlz(Al,Si3)010(0H)2• 

In building up the muscovite structure along the c 
axis, repeating 2: 1 units are stacked and keyed togeth
er at the siloxane cavities. This creates 12-fold coor
dinated sites for interlayer cations consisting of six 
short and six long M-0 bonds. Several stacking se
quences of 2:1 units are possible, leading to polytyp
ism in the micas (see Bailey, 1984). In muscovite, 2:1 
layers are commonly stacked by alternating 2: I layers 
rotated by either 0° or 120° with respect to each other, 
a characteristic of the 2M1 polytype, giving a mono
clinic structure where a = "Y = 90° (;F [3, a ;F b ;F c) 
and the space group C2/c. In the absence of other dis
tortions, this arranges the six short M-0 bonds in a 

regular octahedral fashion about the interlayer cation 
site. The Cs end-member analogue to muscovite is 
nanpingite and is a 2M2 polytype having stacking dis
placement vectors at 60° or 180° to each other (Ni and 
Hughes, 1996). This arranges the six short M-0 bonds 
in a ditrigonal prism about the interlayer cation. The 
interlayer site structure in nanpingite is suggestive of 
a preferred bonding environment for Cs that cannot be 
obtained during localized interlayer exchange in the 
muscovite structure without significant distortion. In 
this study, calculations of Cs-substituted structures are 
based on exchange into the 2M1 polytype. 

Representative model structures 

The structure of muscovite is normally reported in 
terms of the conventional unit-cell parameters. The 
conventional unit-cell has two lattice points at (0 0 0) 
and (lh, lh, 0) and four formula units (Z = 4). It is 
important to recognize that this choice of basis vectors 
does not lead to the smallest possible unit-cell. To re
duce the computational expense we performed all our 
calculations on the primitive unit-cell which halves the 
number of atoms (Z = 2). The transformation that 
gives the primitive basis is aP = 0.5ac - 0.5bc + O.Occ, 
br = 0.5ac + O.Sbc + O.Occ, cr = O.Oac + O.Obc + l.Occ 
where subscripts p and c refer to the primitive and 
conventional bases, respectively. Results of calcula
tions will be principally discussed in terms of the 
primitive unit-cell (but note the equivalence of the c 
axes), and optimized structural data are reported in 
terms of the conventional unit-cell in an Appendix. 

Four models of the muscovite structure based on the 
primitive unit-cell were constructed with expected dif
ferent affinities for interlayer cations (Figure 2). In 
each model, only one of the two possible K interlayer 
sites was treated as the exchange site. The occupation 
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Figure 2. Ball and stick models for the four types of muscovite structures used in this study. Models 1 and 2 are not formally 
charge-balanced structures by design and differ by the incorporation of H in the latter. Models 1 and 2 have effective -2 and 
0 LCs, respectively. Models 3 and 4 both have H and AUSi substitutions giving LCs of -1 but differ in Al/Si substitution 
locations. The interlayer cation exchange site for the calculations in this study is denoted by a dashed circle. The lower 
interlayer site is occupied by K for all the calculations. 

of the other was fixed as K throughout so that the 
effects of a single replacement could be isolated. 
Hence, calculated expansions of the structure along the 
c axis are presumably half of the expansion that would 
result from complete exchange of Cs into both inter
layer sites in the unit-cell. Models 1 and 2 do not 
involve Al/Si substitution; model 3 has two Si atoms 
replaced by AI at opposing sides of the Cs/K exchange 
site across the basal plane; and model 4 has two ~im
ilar replacements at the K interlayer site adjacent to 
the Cs/K exchange site. Because we restricted our cal
culations to the smallest possible unit-cell, each Al/Si 
substitution transforms the occupation of a tetrahedral 
sheet into Si0_5Al0_5 . 

Models 3 and 4 are formally charge balanced and 
match the stoichiometry of muscovite, but models 1 
and 2 are not formally balanced. The formula units of 
models l and 2 have formal net charges of - 1 and 
+ l, respectively, with the difference due to the inclu
sion of hydrogen atoms in the latter (Figure 2). By 
necessity, for most periodic method ab initio calcula
tions in practice, because the unit-cell is treated as in
finitely repeating, the net charge on the unit-cell must 
be neutral so as to avoid a catastrophic divergence of 
Coulombic energy terms. Forcing this neutrality con
dition on models l and 2 means that model l is slight
ly electron depleted (by l e- per formula unit) and 
model 2 has a slight electron excess (by l e- per 
formula unit) relative to models 3 and 4 which saturate 
every 2:1 LC with an interlayer cation with formal 
charge balance. Models 1 and 2 then differ substan-

tially in their electrostatic affinity for an interlayer cat
ion, with 2: 1 layers in model 1 having a high affinity 
(LC = -2) and that in model 2 (LC = 0) having a 
low affinity. And, because the charge balance devia
tions are not atom specific, these deviations are dis
tributed homogeneously over 2:1 layer atoms, which 
presumably differs from the localized layer charging 
associated with tetrahedral AI/Si substitutions found in 
models 3 and 4 (LC = -1). By design then, the mod
els allow one to probe the effects of variable electro
static affinities and the degree of localization of LC on 
the interlayer site and cation exchange energetics. Al
though models I and 2 are not formally charge bal
anced, because of the predominance of disorder in iso
morphic substitutions in micas, it seems possible that 
such stoichiometries could be present as subdomains 
within larger, charge-balanced supercells of muscovite. 

The exchange model 

The overall Cs/K exchange at interlayer sites can be 
decomposed into several general steps: (1) opening of 
the interlayer spacing (delamination); (2) hydration 
and release of interlayer K; (3) sorption and dehydra
tion of Cs; and (4) closing of interlayer spacing. The 
process is facilitated naturally at frayed-edge sites 
where solution has easy access to interlayer spaces 
(Figure 3). Molecular-scale processes leading to the 
opening of the interlayer spacing at the muscovite 
edge-solution interface are currently poorly under
stood, but it is envisioned that such an opening must 
precede the exchange reaction to accommodate diffu-
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Figure 3. An illustration of the Cs/K exchange at frayed-edge 
sites. Cs-bearing aqueous solution gains access to interlayer 
sites at opened interlayer spacings near the tennination of 2: 1 
layers. Hydration, desorption and outward diffusion of K is 
accompanied by inward diffusion, adsorption, and dehydration 
of Cs during exchange. Dehydration of Cs at frayed-edge sites 
collapses the interlayers, effectively fixing Cs. 
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sion of the exchanging cations. Relevant literature is 
available on molecular interlayer swelling mechanisms 
(e.g. Shroll and Smith, 1999; Smith, 1998; Young and 
Smith, 2000) and macroscopic treatments have been 
proposed (Laird, 1996, 1999), but this important step 
is not the focus of the current study. In this study, to 
address the overall energetics of the exchange reac
tion, we concern ourselves only with the initial and 
final states. The initial state consists of interlayer K in 
the muscovite structure and Cs in aqueous solution at 
infinite separation. The final state consists of interlayer 
Cs in muscovite and K in aqueous solution at infinite 
separation. This approach essentially reduces the con
tributions to the exchange reaction into the relative 
energy differences for K and Cs to be solvated by 
aqueous solution and to be incorporated into the mus
covite structure. 

The necessary calculations are shown schematically 
in Figure 4. Four total energy calculations are per
formed for each model type. Two are for the geome
try-optimized solid phases before and after exchange 
and two are for K and Cs in the gas phase. Because 
of the charge-neutral unit-cell constraint, the total en
ergies for the free monovalent cations were substituted 
with neutral atom total energies. The enthalpic (IJ.H) 
and entropic (IJ.S) energy corrections required to mod-

!"~· - 1'.5 
: : : : . . ' . 
: : : 
' . ' 

::n: : :+ : . · : ~ 

L : . .. 
i ~ ~ . . 
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Figure 4. The steps and necessary calculations to estimate the overall Cs/K exchange energetics. Total energies for the 
muscovite structures and the gas-phase neutral K and Cs atoms are obtained from the ab initio calculations. The /:;.H and /:;.S 
values are obtained from tabulated experimental data (Wagman et al., 1968, 1969). 
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ify the free cation energetics for the monovalent sol
vated state are indicated in Figure 4. Explicit calcu
lation of these corrections requires knowledge of the 
structure of the hydration sphere around each of the 
cations in water, a difficult modeling task because 
these are large, highly polarizable cations. In the hy
dration sphere, the strength of the metal-water inter
action is comparable to the strength of water-water in
teractions (Feller et al., 1995). This leads to many pos
sible local minima for the conformation of the hydra
tion sphere energetically near the global minimum, 
making an explicit calculation of the hydration energy 
expensive and of questionable practical usefulness for 
this study. Instead, we estimate the value of the energy 
corrections using tabulated experimental thermody
namic data (Wagman et al., 1968, 1969), which are 
more than sufficiently accurate to be meaningful com
pared to the theoretical total energy differences. 

It should be noted that, because of the periodic the
oretical method and the restriction of having to use the 
minimum muscovite cell, the exchange energy that is 
calculated is that for replacing one full interlayer of 
cations. Possible energy contributions from stresses on 
2: 1 layers due to a mixed Cs/K occupation of a plane 
of interlayer sites are therefore neglected. 

RESULTS AND DISCUSSION 

Pre-exchanged muscovite 

Structural parameters for the optimized pre-ex
change muscovite models are listed in Table 1 (con
ventional cell parameters can be found in the Appen
dix). Although the optimizations were performed with
out symmetry constraints, the structures converge to 
the appropriate space groups to within a 0.05 A search 
tolerance (models 1 and 2 = C21c, models 3 and 4 = 
C2). The average Si-0 bond length obtained varied 
insignificantly from 1.607 A between the models, 
which compares reasonably well with the known mean 
tetrahedral Si-0 bond length of 1.626 A for most sil
icate minerals (Gibbs, 1982). Overall, the unit-cell pa
rameters predicted for all the pre-exchanged muscovite 
models are in good agreement with data from structure 
refinements. The conventional cell axes a and b and 
ex, !3, "'{ agree with experiment to within 1%. The c 
axes agree to within 4%. These results suggest that the 
theoretical method applied performs satisfactorily for 
this system. 

In an analysis of the set of structures, of particular 
interest was whether or not trends could be found be
tween the cell parameters, intcrlayer site dimensions, 
and the built-in variability in LC. For models 1 and 2, 
where no tetrahedral substitutions are included, pre
dictable structural changes were found occurring pri
marily along the direction normal to the basal plane, 
consistent with the softer direction in the structure. 
The basal dimensions, controlled primarily by the oc-

tahedral sheet (Bailey, 1984), are rigid by comparison 
and were found to vary little (Table 1). Model 1 leads 
to the most compact structure, having a unit-cell vol
ume more than 15 A3 smaller and the c axis cell edge 
~0.6 A shorter than that for the other models. For 
model 2, an expanded structure results, having the 
largest unit-cell volume and a significantly longer c 
axis than model 1. 

The interlayer separation does not lend itself to un
ambiguous measurement because of a characteristic 
out-of-plane rotation for tetrahedral groups arising 
from the natural lattice mismatch between the tetra
hedral and octahedral sheets. This tetrahedral tilting 
corrugates the basal plane of 2:1 layers. Here we de
fine the interlayer separation as the average of three 
of the prismatic 0-0 distances from the 12-fold poly
hedron across an interlayer site (along the basal plane 
normal direction), where the 0-0 pairs are related 
spatially by ~3-fold rotation when viewed down the 
direction normal to the basal plane. Interlayer spacings 
are given in Table 2. The average of the two interlayer 
separations in model 1 is 3.64 A, whereas it is 3.88 A 
in model 2. Therefore, 80% of the contraction of the 
c-axis cell edge found in model 1 relative to model 2 
is accounted for by a change in the interlayer spacings, 
with slight 2:1 layer thinning accounting for the rest. 

For models 1 and 2, we attribute the differences in 
the interlayer spacing solely to the built-in differences 
in LC. There are two convenient ways to understand 
this effect. Based on the stoichiometry of model 1, 2:1 
layers can be viewed as having a formal LC of -2 
(per formula unit), and therefore they should strongly 
attract interlayer K+, causing a shortening of the K-0 
bonds. Alternatively, the electron depletion of the 2:1 
layers can be viewed as causing basal 0 atoms to bind 
more tightly electron density donated by K to the K-0 
bonds. For model 2, where the affinity for an interlayer 
cation is formally zero (this model is similar to dis
persing K metal atoms between charge neutral 2: l lay
ers as found in pyrophyllite), the open structure re
sults. The basal oxygen atoms of the 2: 1 layers can 
only interact weakly with electron density associated 
with interlayer K, resulting in longer K-0 bonds and 
therefore an increase in the interlayer separation. 

Because 2:1 layers in model 2 are made charge neu
tral by the addition of H atoms, it is natural to question 
whether interactions with H could be influencing the 
interlayer separation. The added H atoms complete the 
muscovite stmctural OH groups missing in model l. 
The hydroxyls are situated at both the top and bottom 
of interlayer cavities and have unobstructed interaction 
with the interlayer cation. In dioctahedral micas, the 
H atom is well known to commonly deflect away from 
the octahedral sheet and into the siloxane cavities at 
an angle away from the basal plane normal, oriented 
toward the vacant octahedral site (Bailey, 1984). Our 
results are consistent with this behavior and suggest 
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Table !. Optimized structural parameters for the various muscovite models in the primitive unit-cell, without symmetry. The 
cell parameters are given in A and degrees and the atomic positions are fractional coordinates. In the Appendix, these data 
are transformed in terms of the conventional unit-cell with symmetry, but note that the atomic coordinates can be slightly 
modified during the transformation to fit the symmetry constraints exactly. 

Modell Model 2 Models 3/4 

a b c a b c a b c 
5.1398 5.1393 20.2605 5.1771 5.1839 20.8538 5.1360 5.1462 20.8716 

()( ~ 1 ()( ~ 1 " ~ 1 
92.567 92.594 120.146 92.481 92.461 120.268 92.606 92.765 120.019 

AI 0.1630 0.3260 0.0000 AI 0.1647 0.3294 -0.0004 AI 0.1807 0.3273 -0.0037 
OJ 0.5302 0.4139 0.0519 01 0.5152 0.4117 0.0515 01 0.5070 0.3805 0.0552 
02 0.1341 0.6225 0.0519 02 0.1205 0.6254 0.0514 02 0.1285 0.6348 0.0544 
03 0.9283 0.0161 0.0478 03 0.9045 0.0175 0.0462 03 0.8930 0.0155 0.0467 
Si 0.5358 0.3882 0.1289 Si 0.5212 0.3899 0.1279 Si 0.5149 0.3775 0.1301 
Si 0.1935 0.7038 0.1290 Si 0.1776 0.7033 0.1277 Si 0.1726 0.6960 0.1297 
04 0.3574 0.5378 0.1630 04 0.3506 0.5481 0.1592 04 0.3491 0.5419 0.1624 
05 0.4015 0.0548 0.1535 05 0.3615 0.0542 0.1500 05 0.3644 0.0460 0.1559 
06 0.8777 0.5785 0.1632 06 0.8607 0.5708 0.1600 06 0.8574 0.5602 0.1633 
K 0.9013 0.0977 0.2498 K 0.9049 0.0954 0.2506 K 0.9024 0.0970 0.2500 
AI 0.6738 0.8369 0.5000 AI 0.6712 0.8356 0.5002 Al 0.6728 0.8208 0.5034 
01 0.5864 0.4694 0.4482 01 0.5861 0.4841 0.4484 01 0.6149 0.4905 0.4447 
02 0.3774 0.8657 0.4480 02 0.3757 0.8791 0.4485 02 0.3661 0.8715 0.4455 
03 0.9824 0.0729 0.4525 03 0.9837 0.0950 0.4536 03 0.9833 0.1071 0.4531 
Si 0.6128 0.4639 0.3712 Si 0.6106 0.4785 0.3721 Si 0.6223 0.4824 0.3699 
Si 0.2969 0.8062 0.3710 Si 0.2960 0.8210 0.3723 Si 0.3039 0.8247 0.3702 
04 0.4626 0.6418 0.3371 04 0.4521 0.6493 0.3407 04 0.4581 0.6495 0.3376 
05 0.9460 0.5996 0.3465 05 0.9452 0.6356 0.3490 05 0.9533 0.6315 0.3438 
06 0.4235 0.1221 0.3368 06 0.4332 0.1392 0.3404 06 0.4424 0.1410 0.3370 
AI 0.8372 0.6740 0.0000 AI 0.8358 0.6710 0.0000 AI 0.8465 0.6687 -0.0038 
01 0.4700 0.5861 -0.0519 01 0.4853 0.5887 -0.0519 01 0.4953 0.5866 -0.0458 
02 0.8661 0.3776 -0.0520 02 0.8800 0.3751 -0.0518 02 0.8936 0.3787 -0.05!1 
03 0.0717 0.9839 -0.0479 03 0.0957 0.9829 -0.0466 03 0.1177 0.9808 -0.0462 
Si 0.4644 0.6118 -0.1290 Si 0.4793 0.6105 -0.1283 Al 0.4735 0.6151 -0.1284 
Si 0.8068 0.2962 -0.1290 Si 0.8227 0.2970 -0.1280 Si 0.8178 0.3013 -0.1303 
04 0.6429 0.4622 -0.1631 04 0.6497 0.4522 -0.1597 04 0.7229 0.5264 -0.1587 
05 0.5987 0.9452 -0.1535 05 0.6393 0.9461 -0.1505 05 0.5430 0.9660 -0.1439 
06 0.1225 0.4215 -0.1632 06 0.1397 0.4298 -0.1605 06 0.1169 0.3529 -0.1603 
K 0.0985 0.9021 0.7502 K 0.0950 0.9044 0.7496 K 0.0954 0.9018 0.7500 
AI 0.3260 0.1629 0.5000 AI 0.3283 0.1640 0.5002 AI 0.3322 0.1558 0.5039 
01 0.4135 0.5305 0.5519 01 0.4135 0.5155 0.5520 01 0.4131 0.5060 0.5457 
02 0.6224 0.1341 0.5520 02 0.6238 0.1205 0.5519 02 0.6220 0.1082 0.5511 
03 0.0174 0.9270 0.5475 03 0.0159 0.9048 0.5469 03 0.0195 0.8820 0.5460 
Si 0.3870 0.5360 0.6289 Si 0.3889 0.5211 0.6283 AI 0.3862 0.5267 0.6283 
Si 0.7029 0.1937 0.6290 Si 0.7037 0.1788 0.6281 Si 0.6996 0.1829 0.6303 
04 0.5371 0.3579 0.6630 04 0.5473 0.3502 0.6598 04 0.4740 0.2764 0.6587 
05 0.0538 0.4004 0.6536 05 0.0544 0.3644 0.6515 05 0.0356 0.4570 0.6446 
06 0.5765 0.8778 0.6632 06 0.5664 0.8605 0.6600 06 0.6481 0.8826 0.6595 

H -0.2255 !.0245 0.0787 H -0.2981 1.0119 0.0410 
H -1.0282 0.2255 0.4214 H -1.0132 0.2971 0.4602 
H 0.2265 -1.0238 -0.0790 H 0.2404 -1.0240 -0.0798 
H 1.0272 -0.2279 0.5786 H 1.0310 -0.2375 0.5798 

Table 2. The optimized c axes and interlayer spacings for all the models, before and after Cs/K exchange (A). The occupation 
of each of the two interlayer sites in tl!e unit-cell is denoted as either K or Cs. The c axes for the primitive and conventional 
unit-cells are equivalent. 

c Axis Interlayer spacing 

Pre-exchanged Cs exchanged Pre-exchanged Cs exchanged 

Model LC K K K Cs 

1 -2 20.261 20.641 3.64 3.64 3.63 4.06 
2 0 20.854 20.920 3.88 3.88 3.92 3.94 
3 -1 20.872 21.167 3.73 4.07 1 3.72 4.401 

4 -1 20.872 2!.062 4.071 3.73 4.09' 3.97 

1 AVSi substitution in both upper and lower tetrahedral sheets comprising this interlayer site (tetrahedral sheet composition 
= A1Si05). 
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Figure 5. The change in the interlayer separation for the pre
exchanged muscovite models as a function of LC. For models 
1 and 2, the separation at both interlayer sites within each is 
the same. For models 3 and 4, the separation differs because 
of the distortion of specific tetrahedral sheets in each model 
due to Al/Si substitutions. The separation graphed for models 
3 and 4 are those for the undistorted site, to illustrate the 
regular dependence on LC. 

that the degree of tilt away from the direction normal 
to the basal plane is ~43° for model 2 (K-H = 3.58 A). 
This angle is significantly larger than estimations from 
neutron diffraction experiments (Rothbauer, 1971) and 
electrostatic energy calculations (Giese, 1984 and ref
erences therein), which range between 12 and 26°. Pre
vious plane-wave GGA calculations indicate the angle 
is 22° in the dioctahedral layered silicate pyrophyllite. 
It is possible that calculated deflection angle is sensi
tive to the applied theory. We did not evaluate the 
energy as a function of deflection angle to test the 
validity of this result because of the required compu
tational expense, leaving this matter as a subject for 
future work. For trioctahedral micas in which the OH 
group is forced to point directly into the interlayer site 
cavity, repulsion between hydroxyls and interlayer cat
ions can play a significant role in the interlayer sepa
ration (Giese, 1975). However, for dioctahedral micas, 
K-H repulsion is accommodated by deflection of H in 
the direction of least resistance (i.e. towards the vacant 
octahedral site) and thus it is unlikely to affect the 
interlayer separation (Giese, 1984 ). Also, specifically 
in model 2, because of the slight electron excess and 
the low electronegativity of structural 0 2-, the excess 
negative charge is likely to be shared between the cat
ions, driving the effective charges on K and H closer 
to the neutral state and therefore decreasing the K-H 
interaction potential. Hence we assume that K-H in
teraction is not the primary cause of the difference in 
the interlayer separation between models 1 and 2. 

The Al/Si substitutions in models 3 and 4 formally 
balance the formula unit of the muscovite structure. In 
both models, the LC is -1, falling between the ex-

tremes of models 1 and 2. Considering only LC for 
the moment, given the trends observed for models 1 
and 2, an interlayer spacing that falls between 3.64 
and 3.88 A is expected. Because of structural distor
tions in the substituted tetrahedral sheets, this turns out 
to be true only for the undistorted interlayer sites 
(3.73 A). Figure 5 shows the reasonably good corre
lation between the calculated interlayer spacing and 
the formal LC. The slope of the trend leads to a pre
diction of a -0.12 Ale- dependence on LC. 

Each Al/Si substitution results in longer tetrahedral 
site bonds which induces a misfit between the tetra
hedral and octahedral sheets, leading to what are 
known as tetrahedral rotations (see Bailey, 1984). The 
strain is released by rotation of tetrahedra in the basal 
plane, which distorts the siloxane rings from hexago
nal to ditrigonal. A measure of this distortion is given 
by the parameter u = cos-1(bsub/bicteai), where the b pa
rameters are the b axes (conventional unit-cell) for the 
substituted and non-substituted (ideal) cases. Using 
model 2 as the non-substituted ideal case, models 3 
and 4 have u = 7.6°, which falls within the typical 
range for dioctahedral micas of 6-19° (Bailey, 1984 ). 
The Al/Si substitutions drive a reduction in the lateral 
dimensions of the interlayer site which is counterbal
anced with the drive to minimize the energy in the 
interlayer K-0 bonds. The typical outcome is a prop
ping open of the interlayer spacing. Our calculations 
are consistent with this behavior, as the distortion 
causes the interlayer spacing to increase by 0.34 A to 
4.07 A. 

It is also worthwhile to note the effect of Al/Si sub
stitutions on OH orientations (Figure 6). Interestingly, 
the largest effect is not manifested on the most prox
imal OH group. Hydroxyls that normally point into a 
particular tetrahedral sheet are apparently unaffected 
when that Si20 5 sheet is convetted to an A1Si05 sheet. 
By our definition earlier, the deflection angle remains 
close to 43°. However, OH groups belonging to the 
Si20 5 sheet on the opposite side of a 2: 1 layer are 
deflected further away from their respective interlayer 
cation site, with the deflection angle ~90°. These re
sults are suggestive of the high sensitivity of OH ori
entations to free electrical charges arising from tetra
hedral substitutions, with a dependence on location. It 
seems likely that this opposing H atom is attracted to 
the charge localized at this particular tetrahedral site 
and is easily 'pulled' out of the siloxane cavities. 

Cs-exchanged muscovite 

For the Cs-exchanged models, some similarities to 
the pre-exchanged muscovite behavior are found in 
the trends for the Cs-substituted interlayer site. Cs+ 
is a larger cation than K+, having radii of 1.88 A and 
1.64 A, respectively (Shannon, 1976), affording a 
qualitative explanation of differences in behavior to 
some degree. As for pre-exchanged models 1 and 2, 
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H 

• AI 
Si 
K 
0 

Figure 6. Ball and stick illustration detailing the change in 
OH orientation arising from tetrahedral Al/Si substitution. 
The deflection angle (8) of the OH nearest the substituted site 
is unaffected, but the respective deflection angle of the more 
distant hydroxyl increases from ~43° to - 90°. 

Cs-exchanged model 2 has a larger c axis than for 
model 1 (Table 2). In passing, however, we note at 
this point that the difference, 0.28 A, is much smaller. 
As for the pre-exchanged muscovite, most of this dif
ference is accounted for by a change in the interlayer 
spacings. It turns out though that only the interlayer 
spacing occupied by K increases from model I to 2 
(by 0 .29 A), whereas that occupied by Cs actually 
decreases slightly (by 0 .12 A). We explain the rever
sal of behavior in a later section. 

The Al/Si substitution has effects similar to those 
found for the pre-exchange models. For Cs-exchanged 
model 3, where Al/Si-substituted tetrahedral sheets 
comprise the Cs interlayer site, the largest c axis di
mension and Cs interlayer spacing results from tetra
hedral rotations which distort the Cs site. The pattern 
of Al/Si substitutions is identical to that for the pre
exchange models, so presumably the driving force to 
distort the interlayer site is the same. But the coordi
nation sphere of the larger Cs+ cation can accommo
date less distortion than that for K +, causing a larger 
degree of propping open of the 2: 1 layers. In model 
3, Al/Si substitutions cause an increase in the Cs in
terlayer site to 4.40 A, 0.68 A larger than the undis
tmted K site and twice the increase demonstrated by 
the pre-exchanged model 3. As noted in a study of the 
structure of the Cs 2M2 mica nanpingite (Ni and 
Hughes, 1996), and implied in a study of the physical 
properties of biotites (Hewitt and Wones, 1975), the 
coordination sphere of the large Cs cation is more re
sistant to distortion than for smaller cations and hence 
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Figure 7. (a) A comparison of the dependence of the inter
layer separation on LC for the pre-exchanged and Cs-ex
changed muscovite models. (b) The difference of the data in 
(a), showing the interlayer modifications accompanying the 
Cs/K exchange. Model 3 is excluded because of the large 
effect of site distortion on the interlayer spacing at the ex
change site, arising from Al!Si substitution. 

tetrahedral rotations are hindered. Our calculations are 
consistent with this behavior. Using the Cs-exchanged 
model 2 as the ideal, undistorted structure, ex = 2.6° 
for model 3 where Al/Si substitution is at the Cs site, 
and ex = 7 .l o for model 4 where Al!Si substitution is 
at the K site adjacent to the Cs site (which remained 
undistorted). 

As for the pre-exchanged models 3 and 4, the All 
Si substitutions in the Cs-exchanged models 3 and 4 
allow the interlayer spacings for the Cs interlayer to 
be examined for the formally balanced conditions 
where the LC = - 1. The interlayer spacing at the Cs 
site was found to decrease with decreasing LC, in con
trast to the behavior for interlayer K in both the pre
exchanged models, and the K site in the Cs-exchanged 
models (Figure 7a). Examining model 4, which cap
tures the interlayer spacing for Cs unaffected by tet
rahedral rotations, we find that the Cs interlayer spac
ing appropriately lies between models 1 and 2. The 
results demonstrate an interesting LC dependence for 
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Table 3. Experimental thermodynamic (standard state = 298.15 K, 1 bar) used for the estimation of heats of hydration 
(ll.HHYo). ionization potential (ll.H,p) and entropy changes (ll.S) for the solvated cation component of the overall exchange 
reaction from (Wagman et al., 1968, 1969). 

K"cgJ 
89.24 
Cs"rgl 
76.06 

l1H0, (kJ/mol) 

K\gl 
514.26 
Cs+Cgl 
457.96 

S0 (J/mol K) 

K"cgJ 
160.34 
Cs"cgJ 
175.60 

(kJ/mol) 
ll.H 
Tll.S 
ll.G 

K+(aq) 
102.5 
Cs\aq) 
133.05 

K+(aq) 
-252.38 
Cs\aq) 
-258.28 

interlayer Cs of opposite sign and lesser magnitude 
( +0.06 Ale-) than for interlayer K ( -0.12 Ale-). The 
trends converge to a similar interlayer spacing value 
for the condition LC = 0. Subtracting the data in Fig
ure 7a gives the change in the interlayer separation as 
a function of LC (Figure 7b). The net dependence on 
LC is 0.18 Ale-, indicating that the change in the 
interlayer spacing arising from Cs -7 K exchange will 
increase with more highly charged 2:1 layers. 

The explanation for the observed behavior for K 
where the interlayer contracts as LC increases is in
tuitive. Increasing LC should attract interlayer cations 
more strongly and cause the 2:1 layers from either side 
to contract, binding the interlayer cations more tightly. 
That this trend should not be the case is indicative of 
a countering interaction, which we attribute to repul
sion between the free electrical charges on the 2:1 lay
ers. In the absence of interlayer cations, increasing the 
LC would have the effect of opening the interlayer 
spacing to relieve the build-up of Coulombic repulsion 
across the interlayer region. With interlayer cations 
present, these interactions are screened to some de
gree. Our calculations suggest indirectly that Cs+ has 
a lower capacity to screen interlayer repulsions than 
K+. This is probably based on a complicated combi
nation of the relative effective nuclear charges (lower 
for Cs relative to K) and polarizabilities (higher for Cs 
relative to K) for these cations, and we chose not to 
scrutinize this independently in a quantitative way in 
this study. Some indication of the influence of cation 
size on the interlayer spacing, independent of 2:1 lay
er-layer repulsions, is seen in Figure 7a for the case 
where LC = 0. Nearly a complete loss of distinction 
in the interlayer spacing is apparent when there is no 
charge on the 2: 1 layers. This indicates a lower sen
sitivity of the interlayer spacing to cation size and a 
higher sensitivity to LC. At the same time, with regard 
to the electronic characteristics of the interlayer cation, 
the calculations suggest that the net balance between 

b.Hw (kJ/mol) 

K"cgl -> K+rgJ 
425.02 
Cs0cgJ -> Cs+Cgl 
381.90 

/1HHYD (kJ/moJ) 

K+cgJ -> K+caqJ 
-766.64 
Cs\gJ -> Cs+(aq) 
-716.24 

fl.ST ~ 298.1S K (kJ/mol) 
KO(g) -> K\aq) 
-17.24 
Cs0(g) -> Cs\aq) 
-12.69 

K0cg) + Cs+(aq) -> K\aq) + Cs0(g) 
-7.28 
-4.56 
-2.72 

the bonding attraction to the interlayer cation and 2: 1 
layer-layer repulsions reverses between that of K and 
Cs. A worthwhile test in future work would be to con
sider Rb as the interlayer cation. 

Two final observations regarding the Cs-exchanged 
structures are noteworthy. The calculations demon
strate that the properties of the K site (the lower in
terlayer site in Figure 2) are independent of the adja
cent Cs site, retaining the structural characteristics of 
the pre-exchanged K sites described above. This sug
gests that structural modifications due to interlayer cat
ion exchange do not penetrate as far as interlayer sites 
in adjacent basal planes, provided that the structure is 
free to expand/contract. Also, no significant difference 
is found with respect to OH orientations and their be
havior regarding tetrahedral substitutions in the Cs
exchanged models. The deflection angles are the same 
as described for the pre-exchange muscovite models 
(see Figure 6). 

Exchange energetics 

Using the total energies for the optimized structures 
combined with experimental data for the free interlay
er cations, as described earlier (see Figure 4), the 
Cs -7 K exchange energy for constant pressure con
ditions can be estimated. Experimental thermodynamic 
data for the free cations are given in Table 3. As can 
be seen in the enthalpic terms, the smaller K0 atom 
binds its valence electron more tightly and therefore 
has a higher ionization potential relative to Cs0 . But, 
at the same time, the small size of K+ and higher ef
fective nuclear charge interacts more strongly with wa
ter molecules in its hydration sphere and therefore its 
heat of hydration is lower than for Cs+. A large frac
tion of the differences offset, leaving a relatively small 
negative enthalpic energy contribution from the cat
ions to the forward exchange reaction ( -7.3 kJ/mol). 
This small driving force is offset according to /).G = 

!).H - T !).S by a net entropy decrease for the cations 
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Table 4. Calculated constant pressure (1 bar) Cs/K exchange energetics for muscovite with and without the solvated free 
cation contribution. The energy data are in kJ/mol of primitive unit-cell (two formula units). Corresponding changes in the 
interlayer spacing at the exchange site and the change in the c axis dimension arc given in A. Note that the expansion of the 
c axis is due to only one of two possible Cs/K replacements in the unit-cell. 

Exchange energy Modell 

X(K) + Cs"cgJ ~ X(Cs) + K°Cgl -2.6 
X(K) + Cs+caql ~ X(Cs) + K\aqJ -5.3 
Ll Int. spacing at ex. site 0.42 
Ll c axis 0.38 

of -4.6 kJ/mol at 298.15 K, leaving Ll.G = -2.7 kJ/ 
mol with respect to the cation component of the over
all exchange reaction in solution. 

From the ab initio total energies, it turns out that 
the solid-phase components of the exchange energies 
are also quite small. Total energy differences with and 
without the free solvated cation contribution are given 
in Table 4. Also listed are the changes in the c axis 
dimension accompanying exchange. The constant 
pressure calculations allow for a net volume change 
(il V) and therefore it is possible to estimate the amount 
of energy that would be expended in reality to do work 
on the system by expansion to accommodate Cs in the 
interlayer. This work has the potential to affect the 
enthalpic part of the exchange energetics according to 
Ll.H = Ll.E + Pil V, where Ll.E is the internal energy 
change, but the Pil V work term with respect to the 
solid phase turns out to be ~3-4 orders of magnitude 
smaller than the overall exchange energetics. Further
more, with respect to the solid phase, we assume the 
entropic contribution to be negligibly small because of 
the conservation of bond numbers at the interlayer site 
upon exchange. Therefore, the exchange energetics are 
largely a balance of the internal energy change in mus
covite and free energies of the cations in solution. 
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Figure 8. The relationship between the calculated Cs/K ex
change energy and LC. The trend predicts that the forward 
exchange reaction becomes more strongly favored with in
creasing LC. 

Model2 Model 3 Model4 

13.1 18.1 3.0 
10.4 15.4 0.3 
0.06 0.34 0.24 
0.07 0.29 0.19 

According to Table 4, the Cs/K exchange reaction 
is therefore very close to isoenergetic, with the ener
gies for each of the models varying only by a few 
kJ/mol, at the same order of magnitude as the free 
solvated cation contribution. This result would un
doubtedly not be the case for isovolumetric conditions 
where the forward exchange reaction would probably 
be large and unfavorable. The small exchange energy 
overall suggests that the muscovite structure is essen
tially indifferent with respect to interlayer cation when 
the interlayer spacing is free to change. Between the 
various models, the results indicate that the exchange 
energy systematically follows changes in this param
eter, which in turn depends on LC. Setting aside model 
3, which has a large effect of Al/Si substitutions on 
the exchange site, the remaining model exchange en
ergies can be seen to be related to LC (Figure 8). Tak
ing the simple hard-sphere perspective, that model l 
should be the most energetically favorable structure to 
incorporate a larger interlayer cation is somewhat 
counter-intuitive, given that it has the smallest initial 
interlayer spacing. The results are suggestive of the 
prevailing importance of the LC near the interlayer site 
relative to interlayer cation radius. 

For the formally charge-balanced models, however, 
interlayer site distortions arising from Al/Si tetrahedral 
substitutions can be seen to have a strong deleterious 
effect on the forward driving force for exchange. For 
model 3, a decrease in a occurs from 7.6° to 2.6° after 
exchange, hinting at the strain injected into the tetra
hedral sheets upon incorporation of Cs. A visual de
piction of the distortion at the exchange site can be 
seen in electron density maps along a plane through 
one of the basal oxygen layers (Figure 9). The model 
3 exchange is the least favored of all the models. 
Hence, interlayer cation size effects can be seen to be 
an important factor where the shape of the interlayer 
site is significantly distorted. 

CONCLUSIONS 

Ab initio calculations of a series of muscovite models 
reveal some important controls upon and structural 
modification due to the exchange of Cs for K in the 
interlayer site, including some insight into the energet
ics and the effects of LC and tetrahedral substitutions 
thereon. The built-in variation in stoichiometries under 
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Model 1 Model 2 Model 3 

K 

Cs 

Figure 9. Electron density maps for a slice parallel to the basal plane approximately through the centers of basal 0 atoms. Site 
distortion arising from Al/Si substitution is clearly significant and reduces the size and changes the shape of the interlayer site. 

a charge-neutral cell constraint is, to our knowledge, a 
novel mode of manifesting differing LC in the structure. 
In the absence of interlayer site distortion, relationships 
between LC and the interlayer spacing are clearly dem
onstrated, with a dependence on the interlayer cation. 
Presumably, the propensity to screen 2:1 layer-layer re
pulsions arising from LCs differs for K and Cs, to the 
point that an opposite response in the interlayer spacing 
occurs between them with a change in the LC. Inter
layer K appears to screen 2: 1 layer-layer repulsions bet
ter, whereby increasing the LC leads to smaller inter
layer spacing, whereas the opposite response is found 
for interlayer Cs. Because isomorphic substitution dis
order is typical in micas, LC is likely to be distributed 
heterogeneously across basal surfaces and laterally var
iable. Thus, even in interlayers uniformly occupied by 
one type of cation, a certain degree of strain in the 
interlayer region can be expected to be present follow
ing the lateral variation in charge, the degree of which 
should be smaller for interlayer Cs. The LC also ap
pears to exert significant influence on the interlayer 
spacing and therefore the energetics of interlayer cation 
exchange for this system. Where site distortion is min
imal, the forward exchange reaction becomes more fa
vorable with increasing LC. 

By comparison of the results of models 3 and 4, 
where LCs are equivalent and the formula unit bal
anced, some effects of Al!Si substitution on Cs ~ K 
exchange have been demonstrated. Consistent with 
known effects, tetrahedral rotations alter the bonding 
symmetry of the interlayer site, decreasing its size, 
causing the interlayer spacing to increase. In the ab
sence of such distortions, this exchange system appears 
to be insensitive to interlayer cation size, as long as the 
unit-cell parameters are not constrained. Clearly, for a 
distorted site, the reduction in the size of the interlayer 
cavity heightens the sensitivity of the exchange ener
getics to cation size. Under these conditions, the ex
change of the larger Cs cation for K is energetically 
unfavorable. Moreover, when the tetrahedral substitu
tions are not located at the exchange site, the structural 

modifications to the exchange site and the energetics 
for exchange were found to show systematic depen
dence on LC with structures where LC was distributed 
more homogeneously throughout. The behavior sug
gests that the effects of tetrahedral substitutions on the 
charge distribution in 2: 1 layers are felt over distances 
significantly longer than T -0 bond lengths. 

Overall, the calculations suggest that the incorpo
ration of Cs into muscovite interlayers is energetically 
feasible and nearly isoenergetic when the expansion of 
the interlayers is not inhibited. The results are consis
tent with Cs incorporation into frayed-edge sites. They 
are also consistent with slow Cs exchange rates into 
core interlayer regions of muscovite. We estimate the 
driving force for the overall exchange reaction to be 
very small and therefore the forward exchange behav
ior is likely to be dominated by diffusion kinetics. 
Likewise, any long-lived fixation of Cs in the interlay
ers of muscovite is probably due to kinetic barriers, 
rather than thermodynamics. At frayed-edge sites, 
where permanent LCs may be unsaturated with inter
layer cations and larger interlayer spacings are avail
able, the exchange process is known to be experimen
tally facile. Because of the predicted preference of Cs 
for larger interlayer sites in the presence of exposed 
LC, the calculations are indirectly consistent with this 
observation. Future calculations similar to these except 
under conditions of fixed, increased interlayer sepa
rations may be appropriate to confirm the nature of 
these relationships at frayed-edge sites. 
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APPENDIX 

Optimized structural parameters for the various muscovite models in terms of the conventional unit-cell with symmetry. The 
unit-cell parameters are given in A and degrees and the atomic positions are in fractional coordinates. Models 1 and 2 
converge to the space group C2/c, which is the 2M1 muscovite space group. In models 3 and 4, the chosen Al/Si tetrahedral 
substitutions break the symmetry to space group C2. 

Modell Model Models 3/4 

a b c a b c a b c 
5.1282 8.9086 20.2605 5.1595 8.9850 20.8538 5.1396 8.9055 20.8716 

~ ~ ~ 
95.178 94.967 95.379 

K 0.5000 0.4018 0.7500 K 0.5000 0.4051 0.7500 K 0.5000 -0.4022 0.0000 
AI 0.2445 -0.0815 0.5000 Al 0.2459 -0.0820 0.5004 AI 0.7465 0.0748 0.2536 
Si 0.4615 0.0745 0.6289 Si 0.4548 0.0664 0.6285 Si 0.5518 -0.0694 0.1200 
Si 0.4482 -0.2546 0.6290 Si 0.4409 -0.2621 0.6283 Si 0.5642 0.2610 0.1206 
01 0.4719 0.0585 0.5519 01 0.4643 0.0513 0.5522 01 0.5522 -0.0616 0.1948 
02 0.3782 -0.2441 0.5520 02 0.3718 -0.2514 0.5521 02 0.6186 0.2534 0.1958 
03 0.4721 0.4548 0.5476 03 0.4604 0.4448 0.5471 03 0.5443 -0.4375 0.2030 
04 0.4475 -0.0896 0.6630 04 0.4485 -0.0982 0.6600 04 0.5535 0.0963 0.0878 
05 0.2271 0.1733 0.6536 05 0.2093 0.1551 0.6517 05 0.7918 -0.1601 0.0938 
06 0.7271 0.1507 0.6633 06 0.7134 0.1476 0.6602 06 0.2911 -0.1504 0.0870 

H 0.3990 -0.6273 0.5788 H 0.3957 -0.6338 0.3296 
K 0.5000 0.4038 0.5000 
AI 0.2435 -0.0879 0.2540 
AI 0.4561 0.0707 0.3785 
Si 0.4406 -0.2579 0.3803 
01 0.4592 0.0470 0.2959 
02 0.3644 -0.2565 0.3011 
03 0.4508 0.4317 0.2964 
04 0.3747 -0.0984 0.4088 
05 0.2461 0.2110 0.3949 
06 0.7651 0.1180 0.4098 
H -0.3578 0.6547 0.2108 
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