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Abstract—Using a simple ionic model, the energy necessary to expand a layer structure by a certain distance can be
calculated. This has been done for a series of 15 structures including hydroxides, 2:1 and 1:1 structures of various types.
Plots of energy versus separation distance show three major groups which have common bonding properties. For large
separations, the group with the strongest interlayer bonds contains the brittle micas, the hydroxides, and the 1:1 structures.
Intermediate bonding structures are the normal micas and the weakest bonds occur in the zero layer charge 2:1 structures.
The relative energies needed for a given separation are not constant so that for small separations the zero layer charge
structures such as talc and pyrophyllite are more strongly bonded than the normal micas. These groupings correlate very
well with the expandability of the structures by water and other substances. It is proposed that this approach to the study
of the layer structures will provide a simple theory explaining the expansion properties of layer silicates.
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INTRODUCTION

The 2:1 layer silicates have a common crystal struc-
ture based on two sheets of tetrahedrally coordinated
cations separated by a single sheet of octahedrally co-
ordinated cations. Substitutions by differently charged
cations result in a net negative charge on the layer
which is balanced by placing additional cations be-
tween the layers. The stability of such structures is due
to the electrostatic attraction between the negative lay-
er and the positive interlayer cations. By substituting
different cations in the three types of site, one obtains
a great variety of minerals which exhibit a large diver-
sity of physical and chemical properties. In an attempt
to classify these minerals so as to, in a sense, explain
the origin of their physical and chemical properties, the
layer charge has proved to be the most useful criterion.
Thus in 1966 the AIPEA agreed on a classification
based on the total charge which contained five groups
(Mackenzie, 1965; Brindley, 1966; Pedro, 1967). This
appears to be a very natural system because the min-
erals when listed from high charge to low charge show
adistinct and more or less gradual change in properties.
The brittle micas have the largest charge (—2 per half
unit cell) and their lack of flexibility compared to nor-
mal micas (—1) is easily attributed to the stronger elec-
trostatic bonds between the layers resulting from the
larger charge. A further reduction in layer charge pro-
duces the vermiculites (—0.9 to —0.6) which are nor-
mally expanded and contain water molecules between
the layers. Presumably the larger charges and stronger
interlayer bonding prevents the two types of mica from
behaving in a similar fashion. Still smaller charges
(—0.6 to —0.2) produce the smectites which also ex-
pand in the presence of water and many organic liquids
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but in a manner quite different from the vermiculites.
The behavior of the smectites is related to the type of
interlayer cation but in general one can say that they
expand to a much greater degree than the vermiculites.
The latter generally contain only one or two layers of
water whereas the smectites with either Na or Li as the
interlayer cations can expand to an unlimited degree.
The final group in the classification contains the zero
layer charge minerals talc and pyrophyllite.

The classification has three major problems which
are pertinent to the present discussion. Firstly, the use
of the total layer charge implies a continuity between
all the groups. This point has been discussed exten-
sively by Mering and Pedro (1969) who proposed that
the separate groups, and in particular the vermiculites
and smectites, are fundamentally distinct. Thus a low
charge vermiculite and a high charge smectite may have
the same layer charge but different properties of ex-
pansion. However, Suquet et al. (1977) have synthe-
sized saponites which have layer charges varying be-
tween 0.33 and 1.0. They conclude that the ‘‘layer
charge density cannot be considered as a criterion
.. .”" to distinguish smectites from vermiculites. Sec-
ondly, according to classification the smaller the layer
charge, the easier it is to exchange the interlayer cation
or to hydrate the mineral in question. There are appar-
ently two conflicting influences involved here; namely
the attraction between the external molecules and the
interlayer ions as well as the interlayer bonding energy.
The former provides the driving force for the expansion
while the latter determines how easily the layers can be
separated. The two are related so that the weaker the
interlayer bonding (presumably allowing easy expan-
sion), the fewer the number of interlayer cations (small
driving force) and thus one finds little or no expansion.
This is true if the primary interaction between the ex-
ternal molecules and the interlayer region is of the di-
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pole-cation type. For molecules such as water, acetone
and 3-pentanone, Brindley and Ertem (1971) showed
that reducing the layer charge reduced the expansion
of montmorillonite. However, for other molecules such
as ethanol, ethylene glycol, and morpholine, they found
no relationship between layer charge and expansion.
They suggested that for these latter molecules the cat-
ion-dipole attraction was augmented by hydrogen
bonding to the layer surfaces. If the latter suggestion
is correct, then talc and pyrophyllite having a very
weak interlayer bond might expand with strong hydro-
gen bond forming molecules. Apparently this has not
been observed (Hofman et al., 1956) so one is left with
the conclusion that either some interlayer cations are
necessary for expansion or perhaps there is something
peculiar about the interlayer bonding of these two min-
erals which makes it very difficult to expand them.
Thirdly, muscovite and biotite have the same layer
charge but the latter is much more susceptible to ex-
change of the interlayer cation and subsequent expan-
sion.

Recent work of several types has shed some light on
these difficulties. Mering and Pedro (1969) suggested,
and more recent experimental work has supported their
idea, that the smectites have disordered ionic substi-
tutions while the vermiculites and illites have a much
higher degree of order (Besson et al., 1974). The evi-
dence for this is the observation of diffuse streaks in
electron diffraction patterns of vermiculites, illites, and
muscovites while such streaks are absent in smectites.
Thus there cannot be a continuity between the groups
even though the layer charges may be similar or iden-
tical. More recently, Suquet et al. (1977) have observed
such streaks in high-charge synthetic Na-saponites and
Kodama (1975) has found them in talc. The distinction
between smectites and vermiculites based on order/dis-
order of substituting cations is not clear.

Mering and Pedro (1969) did not address directly the
nonexpandability of talc and pyrophyllite but simply
treated all the nonexpanding structures as a group dis-
tinct from the intermediate charge expanding minerals.
Giese (1975a) calculated the strength of the interlayer
electrostatic attraction and found 6.5 kcal/mole and 4.1
kcal/mole for pyrophyllite and talc respectively. These
are much smaller than for muscovite (32.2 kcal/mole)
and phlogopite (22.4 kcal/mole for the hydroxy form
and 27.6 kcal/mole for the fluoride form) (Giese, 1975b).

The third difficulty has been explained at least qual-
itatively (Giese, 1975b) by showing that the interlayer
bonding of hydroxy-phlogopite is weaker than musco-
vite and moreover that substitution of ¥~ for OH™ in-
creases the interlayer bonding energy as noted above.
This is in agreement with the well-known influence of
the OH orientation on the alteration of biotite (Bassett,
1960; Gilkes et al., 1972). The differences between mus-
covite, oxidized biotite and phlogopite/biotite are ex-
plained readily in terms of the electrostatic repulsion
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between the hydroxyl hydrogen and the interlayer cat-
ion.

Undoubtedly the layer charge plays a major role in
the expanding properties of 2:1 structures but the pre-
cise relationship between charge and expansion is not
clear. This contribution is an attempt to explore more
fully the implications of the layer charge and how it may
be related to the interlayer bonding and the expand-
ability of layer structures.

BACKGROUND

The existence of a layer charge and interlayer cations
of opposite charge implies the concept of interlayer
electrostatic attraction or bonding. The electrostatic
interactions between complex structures such as the
layer silicates cannot be reduced to a single value, the
net or global charge. This is illustrated clearly by the
existence of a net electrostatic attraction between the
neutral layers of talc and pyrophyllite. The present
study was begun with the idea that perhaps the inter-
layer bonding strengths would be more useful than the
layer charge in understanding the physical and chemi-
cal properties of the layer silicates (Brindley, 1970).

The calculations of the interlayer bonding have been
discussed in detail elsewhere (Giese, 1974). Briefly, one
calculates the potential energy for the crystal structure
in question and then for a similar structure with iden-
tical interatomic distances and angles within the layers
but with the layers separated by a large distance, usu-
ally 9 A. The difference in energy is a measure of the
strength of the interlayer bonding. For structures with
a neutral charge on adjacent surfaces, such as the micas
when the interlayer cations are distributed equally on
both surfaces, the energy for the expanded mineral ap-
proaches rapidly an asymptotic value for separations
beyond about 7 A so that 9 A is a good compromise
between accuracy and length of computing time. For
other structures, such as kaolinite with hydrogen ions
on one surface and oxygen on the opposite surface,
much larger distances are needed to reach a constant
energy because in effect the two surfaces carry positive
and negative charges which interact at greater distances
whereas the micas have zero charge surfaces. In prac-
tice, the computations become too time-consuming to
carry out completely for these minerals and the slope
of the energy versus separation curve has been used as
a measure of the relative energy (Giese and Datta,
1973).

As pointed out earlier, if we ignore the possible ne-
cessity of having interlayer cations for expansion, the
interlayer bonding energies for talc, pyrophyllite, and
the micas are not in agreement with the observed non-
expandability of the zero charge minerals. Therefore,
the calculations presented here examined the change
in potential energy as a function of increase in the layer
separation for distances varying between 0.01 and 9.0
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Fig. 1.

The curves show the relationship between the expansion of layer structures and the energy required to separate the rigid layers from

each other.

A in the hope that the variation might reveal features
not seen just by looking at the energy change caused by
an expansion of 9 A.

If interlayer bonding governs the expanding/monex-
panding properties of the 2:1 structures, then the bond-
ing energy concept should be applicable to a much larg-
er group of layer structures of which the 2:1 minerals
form a subset. In order to examine this and at the same
time to put the 2:1 minerals in a more general context,
various layer structures such as the 1:1 minerals and
hydroxides were included. For each type of structure,
both di- and trioctahedral varieties were examined.
Some important minerals such as the chlorites and ver-
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miculites were not included because at present the hy-
drogen positions in these structures are not known and
without this information, the calculations cannot be
performed. Another very important group of minerals,
the smectites, have not been studied because the dis-
order among the tetrahedral and/or octahedral sites
cannot be described in the present form of the calcu-
lations. It should be emphasized that all the minerals
included here are in the nonexpanded form. The 15
minerals are listed in Table 1 along with the reference
giving the details of the crystal structure. A second ref-
erence, if given, reports the hydrogen positions for the
minerals.
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Table 1. The structures used for the calculations shown in Figure 1 along with the ideal composition for each and the references describing the

crystal structure.

STRUCTURE

IDEAL COMPOSITION

REFERENCE

pyrophyllite 1Tc

pyrophyllite

talc 1Tc

dehydroxylate 1Tc

AIZSi o

4010 (%),

A12314011

Mg,Si O

351,014 (0H),

Wardle and
Brindley (1972);:
Giese (1973Db)

Wardle and
Brindley (1972)
Raynor and
Brown (1973);:
Giese (unpublished)

muscovite 2M1

muscovite 2M.2
F-phlogopite 1M
OH-phlogopite 1M
lepidolite 2M2

KA12(813A1)010(0H)2

KA12(Sl3A1)010(0H)2

KMg3(S'13A1)OlOF2
KMg3(Si3Al)OlO(OH)2

Kal) 551y 75

(813 ALy £)0y4F,

Guven (1971);:

Giese (unpublished)

Zhoukhlistov et al.
(1973);

Giese (unpublished)

Joswig (1972)

Joswig (1972)

Sartori et al.
(1973)

margarite 2Ml

Ba-mica 1M

caAlZ(Sl2Al2)010(OH)2

BaLiMg, (Si,A1)0, F,

Guggenheim and
Bailey (1975)

McCauley and
Newnham (1973)

kaolinite 1T

cronstedtite

Al_Si, O

551,05 (CH) 4

Fe SlFeOS(OH)4

zZvyagin (1967);

Giese and Datta
(1973)

Steadman and

2 Nuttall (1963);
Giese (unpublished)
bayerite Al(OH)3 Saalfeld and
Wedde (1974)
gibbsite Al(OH)3 Saalfeld and
Wedde (1975)
brucite Mg(OH)2 Zigan and

Rothbauer (1967)
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RESULTS

Figure 1 is a log-log plot of the change in potential
energy versus increase (from the known crystal struc-
ture) in the interlayer spacing for all 15 minerals. What
strikes one immediately about the curves is their sim-
plicity and general lack of variety. This is most sur-
prising considering the great diversity of structure
types included in the plot.

Looking at the large separation energies, we see
three major groups labelled I to III (Figure 1) and for
small separations, the group III structures can be fur-
ther subdivided. The groups, subgroups, and their
characteristics are as follows. The energies between
parentheses are the approximate energy ranges for the
group computed for the 9 A separation.

Strong bonding (50 to 200 kcalimole)

This includes 1) di- and trioctahedral 1:1 structures
with long hydrogen bonds between layers, 2) hydrox-
ides, both di- and trioctahedral with long hydrogen
bonds, and 3) brittle micas both di- and trioctahedral.

Intermediate bonding (20 to 35 kcallmole)

These are the normal di- and trioctahedral micas. The
two subgroups differ greatly and are: A) Dioctahedral
micas which have a concave curve; B) Trioctahedral
micas whose energy difference becomes very small as
the separation decreases. In fact for separations below
approximately 0.5 A there is a small electrostatic re-
pulsion which must mean that for these small separa-
tions the van der Waals energy dominates.

Weak bonding (4 to 10 kcal/mole)

These are the neutral layer structures. All have a
large plateau with essentially the same energy for sep-
arations larger than 2 A. The energy decrease as the
separation becomes small is less rapid than for the
group III micas and below approximately 0.4 A the in-
terlayer bonding for the group II minerals is much
greater than for the group III minerals.

One can divided the layer structures into two broad
types: those with long hydrogen bonds between the lay-
ers and those without. It is clear from Figure 1 that all
the hydrogen bonded minerals in the study belong to
group 1. By analogy with the studies of the role played
by long hydrogen bonds in the kaolinite group minerals
(Giese, 1973), one can conclude that the stability of all
hydrogen bonded layer structures is due almost solely
to these bonds. Therefore one would expect a similar
behavior for any well-ordered layer structure contain-
ing either interlayer water or interlayer hydroxyls such
as the chlorites and hydrated vermiculites.

Non-hydrogen bonded layer structures are much
more complex in their behavior and this complexity is
the result of the interplay of two independent variables
each of which has an influence on the interlayer bond-
ing. The first of these is of course the magnitude of the
layer charge. If this charge is sufficiently large (-2 for
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the 2:1 structures), it dominates the interlayer bonding
and one has a group I mineral, or is sufficiently small
(0 for talc and pyrophyllite) one has a group II mineral.
For charges of —1, and perhaps smaller, the di- versus
trioctahedral character of the mineral dominates. The
reasons for this are not obvious but may be related to
the fact that in the trioctahedral case the positive oc-
tahedral cation charge is distributed over three sites in-
stead of two thereby ‘‘diluting’’ the influence these sites
have on the ions of the adjacent layers.

DISCUSSION

The implications of this study can best be discussed
in terms of a simple mechanical model of the expansion
of a layer structure and formation of an intercalated or
hydrated compound. Starting with the unexpanded
structure, the steps in the process are 1) the opening,
very likely at the edge of the crystal, of one or more
layers; 2) the insertion of molecules of the intercalating
or hydrating compound; 3) the subsequent diffusion of
the expanding molecules throughout the crystal. In or-
der to expand a layer structure, according to this model,
the system must meet two criteria: 1) the initial expan-
sion must be possible under the conditions of the ex-
periment; 2) the final product must be thermodynami-
cally more stable than the starting materials.

Since this study has examined the energies necessary
to separate the layers of unexpanded structures, the
results are directly applicable to the first step in the in-
tercalation process. It seems clear moreover that what
is important in the process is not the energy required
to separate the layers of a given structure by a large
distance but, on the contrary, to separate them by a
very small distance. In other words, if the expansion
process cannot be initiated, it cannot occur. Therefore
the important differences in expandability of layer
structures should be explained by the relative energies
for separating the layers by a small distance. Figure 1
indicates that for an arbitrary separation of 0.01 A the
structures are ordered, beginning with the most strong-
ly bonded, in the sequence: group I, group II, dioc-
tahedral micas, and trioctahedral micas. This sequence
is in much better agreement with the known expansion
properties than are the layer charges. The nonexpan-
sion of talc and pyrophyllite is not surprising since they
are relatively more difficult to expand by small dis-
tances than are trioctahedral or dioctahedral micas.
The fact that in general the trioctahedral 2:1 structures
are easier to expand than the dioctahedral varieties is
easily understood and may also explain why the ver-
miculites are trioctahedral. Finally, the origin of the
generally observed difficulty of expanding the group I
structures is clear.

The energies necessary for small expansions indicate
general trends in expansion properties but are only part
of the process of expansion. One should not conclude
that a particular structure in, for example, group I can-
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not be expanded, only that it is more difficult than other
structures of lower energy. The sole exception to the
nonexpandability of the structures in group I is kaolin-
ite. Various salts can be intercalated in kaolinite by a
mechanical grinding process (Wada, 1961) or treatment
with a concentrated solution of an appropriate salt
(Weiss et al., 1963; Smith et al., 1966). The calculations
reported here are for perfect, infinite crystals and thus
represent ideal behavior. Real structures, which de-
viate greatly from perfection, such as kaolinite may ex-
hibit properties different from those consistent with
their bonding energies.

The vermiculites when dehydrated are probably sim-
ilar to a trioctahedral mica with a reduced layer charge.
One might expect them to behave in a similar manner
to the group I trioctahedral structures but generally
with the curve shifted to smaller energies. The smec-
tites differ from the vermiculites basically in three
ways; 1) they have in general a lower layer charge; 2)
the ionic substituents are disordered; 3) the site of the
layer charge may be either octahedral, tetrahedral or
both, while vermiculites have their charges in the tet-
rahedral sites. If we exclude the question of disorder,
the smectites fall somewhere between the group II and
HI structures in terms of layer charge, but these groups
are so completely different that it is impossible at this
time to predict with any certainty what sort of curve
one would find for a dehydrated smectite. It is almost
certain to be different from a dehydrated vermiculite
because the latter will not rehydrate but the former will.

CONCLUSIONS

The energy required to expand layer structures is re-
lated to the layer charge but in an indirect manner. A
plot of the energy as a function of the amount of the
interlayer expansion is characteristic of the particular
layer structure. From this standpoint many different
structures can be placed in a few distinctive groups.
This grouping is more successful in explaining the ex-
pansion properties than the layer charge because it in-
dicates 1) that talc and pyrophyllite should be difficult
toexpand and this difficulty is not related to the absence
of interlayer cations; 2) that high layer charge struc-
tures as well as those having interlayer hydroxyl bonds
should be difficult to expand; 3) that the trioctahedral
2:1 structures with moderate layer charge should be
easier to expand than equivalent dioctahedral struc-
tures.

It is suggested that similar plots for vermiculites and
smectites including the order/disorder of the octahedral
and tetrahedral cations may explain their very different
expansion properties. This subject is being actively
pursued.
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Peswome~ HUCNONB3yA NPOCTYH HOHHYI MOOENb,MOXHO BHYHCJIUTL 3SHEPIHIO, HEOBXOLH-
MY IOJI5 PacliMpeHus CIOHMCTOM CTPYKTYPH Ha omnpelefleHHOE pacCTOsgHHe. 3TO OHUJIO
NpomenaHo IJid cepdy U3 15 CTPYKTYP,BKIWYand THOPOOKUCH,CTPYKTypa 2:1 u 1:1
Pa3JMYHHX THIIOB. I'padukM 3aBHCHMMOCTHU DHEPTHH OT PaCCTOSHHA Ppa3fdeNleHUusd yka-
3HBaKWT Ha 3 IJIaBHHX TCPYONH, KOTOPHE HMelT XapPaKTepHhe CBA3ylmWe CBOHCTRA.
lIpy GOMBWOM PaslefIeHUM IPyIna C CHIbHeHWHNMU MeXCJIOMHEMH CBA3fAMH BKIIKYaeT
XPYIIKHE CJI0OH, THOPOOKUCH U CTPYKTYPH 1:1. CTPyKTypamud C APOMEXYTOUHHMH CBA-
3AMM ABJAKNTCA CTPYKTYPH HODPMaJIBHHX CJII, H ClateHuHMH CBA3AMH 06/ananT
CTPYKTYPH 2:1 cO clOAMH,HMENHMU HYJIeBhHe 3apAne. OTHOCHTEJIbHHE BeJIMYNHH
SHEePruH, HeOBXOOUMHE IJIS HAaHHOTO Pas3lielIeHHs,He ABJAKWTCA MNOCTOSHHEMH.Tak IPH
HEeBONIPIMNX Pa3meNeHUAX CTPYKTYPH CO CloaMd, UMemUMU HYJIEBHE 33apPsAlH, TaAKHEe Kak
TaNbK ¥ NMUPOQHIUINT ,CBA3QHH CHILHEE,YeM HOPMaJIbHHE CJiiofH. 3TO TI'PYyNIYpOBaHUe
OUYEHBb XOPOUWO KOPPeNHpyeTCA CO CIQCOBHOCTBKW CTPYKIYP K pacCllHpeHHI BOOOH U
OPYTHMH XuUAKOCTAMH, [IpemmnonaraeTcs UCHOIB3IO0BATH ITOT METOn IJist U3yUeHUs
CJIOUCTHX CTPYKTYP,4YTO OOGECIeyYuT MNPOCTyKH TeOPHK Iyisa OO6bsSCHEHUs CBOUCTB pac-
HHPEHHUA CJIOHCTHX CHJIMKATOB.
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