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Abstract — A simple electrostatic model has been used to demonstrate that the inner surface hydroxyls
in kaolinite, dickite and nacrite are responsible for the interlayer bonding in these minerals. The
contribution to the interlayer bonding of an individual hydroxyl hydrogen depends on the orientation
of the hydroxyl group relative to the 1:1 layer since this orientation determines the H—0 interlayer
distance. If this distance is much greater than the sum of theavan der Waals radii, 2-60 A, there is
essentially no bond. As the distance becomes less than 2-60 A, the strength of the interlayer bond

increases.

INTRODUCTION

THE BONDING between atoms in layer silicate
minerals can be conveniently split into two
types: bonding in the layers and bonding between
layers. The interlayer bonding consists of at least
three identifiable kinds (Brindley, 1967). (1) an
ionic-type interaction due to the net unbalanced
charges on the layers; (2) van der Waals forces
between layers; and (3) hydrogen bonds between
oxygen  atoms on the surface of one layer and
hydroxy! groups on the opposing surface. In the
case of neutral-charge layer structures such as
kaolinite, dickite and nacrite, the bonding between
layers is almost universally thought to be of the
hydrogen bond type. It has been very difficult to
test whether such a bonding scheme is correct
because the positions of the hydrogen atoms were
not known. In the refinement of the structures of
nacrite (Blount et al., 1969), kaolinite (Zvyagin,
1967) and dickite (Newnham, 1961) there was no
direct evidence from the diffraction data as to the
positions of the hydroxyl hydrogens in the struc-
ture. It has been noted by Hendricks (1938),
Newnham (1961) and others that the structures of
the kaolin minerals are such that all the oxygen
atoms at the surface of one layer are adjacent to
hydroxyls at the surface of the next layer. The
strong inference is that this arrangement permits
the hydroxyls and oxygens to form hydrogen bonds
and that the existence of these bonds is necessary
for the stability of the minerals.

A hydrogen bond, as the term is used here,
involves a long range interaction between a hydro-
gen of an hydroxyl group coordinated to a cation

and an oxygen atom coordinated to another cation.
Theoretical calculations show that this interaction
is predominantly electrostatic (Coulson and
Danielsson, 1954); hence, an ionic bonding model
is appropriate. The validity of this assumption is
indicated by the success in determining hydroxyl
orientations in inorganic structures (Giese, 1971;
Giese et al., 1972) and water molecule orienta-
tions in hydrated inorganic structures (Baur, 1965;
Ladd, 1968).

Recently we have proposed models for the
hydroxyl orientations in the minerals kaolinite,
dickite and nacrite {Giese and Datta, 1971) based
on electrostatic energy calculations. The existence
of these models invites a test of the hydrogen bond
hypothesis for interlayer bonding in these minerals.

BACKGROUND

A complete description of crystalline, ionic
compounds involves more than just the specifica-
tion of the electrostatic or Coulomb attraction
between the ions (ionic bonding). Born and Landé
(1918) and later Born and Mayer (1932) developed
the concept of lattice energy as the amount of
work necessary to disperse an array of ions in a
crystal. The lattice energy consists of attraction
terms due to the Coulomb and van der Waals
interactions and a nonelectrostatic repulsion term.
The theory has proved to be useful in simple
alkali halides and has recently been applied to a
more general group of structures, the alkaline
earth chlorides (Busing, 1970), with good results.

The value of the Coulomb term can be readily
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calculated from the expression (Sherman, 1932)
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where N is the number of atoms in the unit cell
Z is the charge on the ion
r is the interionic distance
e is the charge on the electron.

There is no exact theory for the van der Waals or
the repulsion terms and it is therefore difficult to
compute their contributions to the lattice energy.
For the alkali halides, the repulsion term is approxi-
mately 10 per cent of the Coulomb term and the
value of the van der Waals term is smaller still
(Evans, 1964). For the SrCl, structure, Busing
(1970) computed values of —551-8, 135-8 and
—101-6 kcal/mole for the Coulomb, repulsion and
van der Waals respectively. A plot of these three
terms and the lattice energy as a function of the
isometric lattice parameter ¢ is shown in Fig. 1.
It is clear that the Coulomb energy makes a large
contribution to the lattice energy over a long range
of distances while the van der Waals and repulsion
terms contribute over a short range of distances
and will tend to cancel each other. Even though
the van der Waals and repulsion contributions to
the lattice energy cannot be exactly calculated, one
can see from equation (1) and Fig. 1 that a stable
ionic structure requires a minimum in the plot of
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Fig. 1. A plot of the repulsion, van der Waals and Coulomb

terms for SrCl, as computed by Busing (1970). The

horizontal axis represents the length of the crystal-

lographic axis of the isometric material which determines
the interionic distances in the structure.
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lattice energy versus interionic distance. This
requirement implies that since the Coulomb con-
tribution is the major element in the lattice energy
the slope of the Coulomb energy must be positive;
i.e. the Coulomb energy becomes less negative as
the distance increases.

The computation of the Coulomb energy has
been described by Bertaut (1952). We used the
computer program of Baur (1965) for the calcula-
tions. The atomic positional parameters, unit cell
parameters and space group were taken from the
structure determinations of Blount et al. (1969)
for nacrite, Newnham (1961) for dickite and
Zvyagin (1967) for Kkaolinite. The positional
parameters of hydrogen were obtained as men-
tioned before (Giese and Datta, 1971).

RESULTS

Initially, the Coulomb energy was calculated
for dickite and nacrite with interlayer distances
varying from 0-1 A less than to 0-2 A greater than
the actual interlayer distance, while maintaining the
same interionic distances and angles within the
kaolin layer (Fig. 2). The slope is positive indicat-
ing a net electrostatic attraction between the
kaolin layers. A measure of the strength of the
attraction is given-by the value of the slope at the
equilibrium interlayer distance. Such values have
been calculated numerically for kaolinite, dickite
and nacrite (Table 1).

The contribution of the hydroxyls to the inter-
layer bonding can be estimated by performing
similar calculations for structures of the kaolin
minerals from which the hydrogen ions have been
deleted. To maintain electrostatically neutral
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Fig. 2. The variation in the Coulomb energy of dickite as
a function of the interlayer separation distance.
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Table 1. Slopes of the coulomb energy vs
interlayer distance for the kKaolin minerals

With hydroxyl ~ With fluorine
Mineral (e?/A]4) (e?/4]A4)
Dickite 0-200 —0-012
Nacrite 0-183 —0-012
Kaolinite 0-161 —0-017

layers, the hydroxyl groups can be replaced in the
computations by F~! ions situated at the hydroxyl
oxygen positions. The slopes calculated for these
fluoride analogues are small and negative, indicat-
ing a net electrostatic repulsion between the kaolin
layers. The removal of hydrogen by the exchange
of fluoride for hydroxyl can be done on a selective
basis to determine the contribution of an individual
hydrogen to the interlayer bonding. This calcula-
tion has been performed for each of the four
crystallographically unique hydrogens in each of
the kaolin minerals. The resulting slopes of the
plots of the Coulomb term versus the interlayer
distance are listed in Table 2.

Table 2. Slopes of the coulomb attraction vs
interlayer distance for the kaolin minerals
with individual hydroxyl groups replaced by

fluorine
Missing hydroxyl
Mineral group Slope*
Dickite OH(1) 0191t
2) 0-112
3) 0-138
(4) 0-114
Nacrite OH(1) 0-157t
2) 0-151
3) 0-083
4) 0-087
Kaolinite OH(D) 0-063
) 0-069
3) 0-161
6) 0-155+
#e2[ AJA
tinner hydroxyl
DISCUSSION

The van der Waals radius of oxygen is 1-4 A. A
distance between one hydroxyl oxygen and another
oxygen, not coordinated to the same cation, less
then twice this van der Waals radius is usually
taken as evidence for a long hydrogen bond. If the
hydrogen position in the structure is known, then
a more stringent criterion of hydrogen bonding is
that the sum (2-6 A) of the van der Waals radii of
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the hydrogen and the acceptor oxygen should be
considerably greater than the observed H-—0
distance (Hamilton and Ibers, 1968). For the kaolin
minerals, the hydroxyl-oxygen interlayer distances
are larger than 2-8 A, the sum of the van der Waals
radii. However, some of the H—-0 distances are
considerably less than 2:6 A, the sum of their van
der Waals radii (Table 3). All the inner surface
hydroxyls in dickite satisfy this requirement. In
nacrite H(2) falls on the border line while the other
hydrogens have H—0 distances much less than
2-6 A. In kaolinite H(3) is definitely not involved in
hydrogen bonding.

These conclusions are substantiated by the
slopes of the Coulomb term calculated with
individual hydroxyls replaced by fluorine (Table 2).
The slope decreased by approximately the same
amount regardless of which inner surface hydrogen
is removed from the dickite structure. The removal
of H(3) has less effect on the slope than either
H(1) or H(2) as would be expected from the longer
H—0 distance of 2-14 A as compared with 2-00
and 2-02A. For kaolinite, the inner surface
hydrogen H(3), which is almost in the plane of the
hydroxyl oxygens, makes essentially no contribu-
tion to the interlayer bonding and correspondingly
the H—0 distance of 2-76 A is much larger than
the van der Waals radii sum. The hydrogen of the
inclined hydroxyl in nacrite, H(2), makes a very
small contribution to the interlayer bonding. This
inclusion is supported by the H—0 distance of
2-60 A which is equal to the van der Waals radii
sum. As one would expect, the contribution of an
individual hydrogen to the interlayer bonding
decreases as the H—0 distance increases and
distances greater than 2:60 A result in essentially
no contribution by that hydrogen. Also, the inner
hydroxyl, which is shared between the tetrahedral

Table 3. Distance between hydroxyl hydrogens and the
acceptor oxygens in the kaolin minerals

H-O
Donor hydroxyl =~ Acceptor  distance

Mineral hydrogen oxygen (A)
Dickite H(2) 0(1) 200
H(3) 0(3) 2-14

H(4) 0(2) 202

Nacrite H(2) 0(1) 2-60
H@3) 0(2) 2-02

H(4) 0(3) 202

Kaolinite H(1) 0(8) 193
H{2) 0(9) 1-95

H@3) 0(7) 2-76
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and octahedral sheets, has little effect on the
interlayer bonding.

Cruz, Jacobs and Fripiat (1972) have treated the
kaolin minerals as condenser plates with surface
charges due to the hydroxyl dipoles and concluded
that the cohesion energy is primarily electrostatic.
In fact, a linear relationship exists between their
bonding energies and the slopes given in Table 1.
These authors object to the use of the term
“hydrogen bonding” since this term implies a
covalent sharing of the hydrogen by two oxygens.
However, the work of Coulson and Danielsson
(1954) indicates clearly that long hydrogen bonds
are largely electrostatic.

CONCLUSIONS

The model of the interlayer bonding in the
kaolin minerals described here is based on Coulom-
bic interactions between fully ionized atoms and
neglects van der Waals attraction, nonelectrostatic
repulsion and other interactions. The success of
the model indicates that the interlayer bonding is
predominantly electrostatic. Detailed considera-
tion establishes that the inner surface hydroxyls of
kaolinite, dickite and nacrite are necessary for the
interlayer bonding. In dickite all these hydroxyls
participate in the bonding. Two of the three
hydroxyls in nacrite are strongly involved, the
third weakly. In kaolinite two hydroxyls con-
tribute while the third does not. The inner hy-
droxyls, common to the tetrahedral and octahedral
sheets, make only a small contribution to the inter-
layer bonding.
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Résumé — Un modéle électrostatique simple a été utilisé pour démontrer que les hydroxyles de la
surface interne de la kaolinite, de la dickite et de la nacrite sont responsables de la liaison entre les
feuillets de ces minéraux. La contribution a la liaison interfeuillet de l’hydrogéné d’un hydroxyle pris
individuellement dépend de l’orientation du groupe hydroxyle par rapport & la couche 1:1, puisque
cette orientation détermine la distance H—0 entre deux feuillets consécutifs. Si cette distance est
beaucoup plus grande que la somme des rayons de van der Waals, 2,60 A, it i’y a par définition
aucune liaison. Lorsque cette distance devient inférieure & 2,60 A, Pintensité de la liaison interfeuillet
augmente.

Kurzreferat — Um zu zeigen, daB Hydroxylgruppen der inneren Oberflichen in Kaolinit, Dickit und
Nakrit fiir die Zwischenschichtbindung in diesen Mineralen verantwortlich sind, wurde ein einfaches
elektrostatisches Modell benutzt. Der Beitrag eines einzelnen Hydroxyl-Wasserstoffs zur Zwis-
chenschichtbindung hingt von der Orientierung der Hydroxylgruppe zur 1: 1-Schicht ab, da diese den
H —0-Zwischenschichtabstand bestimmt. Ist dieser Abstand sehr viel grofer als die Summe der van
der Waals-Radien, 2,60 A, so fritt keine wesentliche Bindung auf. Unterschreitet der Abstand den
Wert von 2,60 A, so steigt die Stirke der Zwischenschichtbindung an.
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Pestome — [Ipocrasi 3/eKTpoCTaTHYECKask MOACNb IPUMEHSIETCS IUIA AOKA3aTeibeTBa TOrO, 4YTO
BHYTpPEHHHE NOBEPXHOCTHBIE THAPOKCHIIBI KAOJMHHWTA, JUKKHMTA M HAaKPHTA OTBETCTBEHBI 33 MEXK-
CNOlHyIO CBA3L 3THX MHHepanoB. CHOOCOGHOCTE HHAHBHAYAILHOTO THIAPOKHCIOIO BOAODPOHAA
COIEHCTBOBATE MEXCAOHHOM CBA3H 3aBHCMT OT OPUEHTALMM THAPOKCHIIBHOH! I'PyNnnl OTHOCHUTEIBHO
cnost 1: 1, T. k. opueHTanus onpenensiet paccrosaue H . . . 0 Mexny crosmu. Ecnu ato paccTosiHHE
HAMHOrO MPEBBILIAET CyMMy paanycoB Ban-nep-Baainbca, 2,60 A, To, IIO CYILIECTBY, CBSI3H HE MMEETCH.
Ilo Mepe TOro Kak pacCTOSHUE CTAHOBMTCH MeHee 2,60 A, NOBHINAETCS NPOYHOCTHL CBA3H MEXAY
CNOAMHA.
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