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Abstract-The Crystal Packer module in the Cerius' modeling environment has been used to study the 
structure of montmorillonite intercalated with Al(OH)J-fragment (gibbsite-like) polymers. Basal spacings 
in gibbsite-like polymers arranged in 2 layers in the interlayer of montmorillonite varied in the range 
19.54-20.13 A, depending on the type and arrangement of Al(OH), fragments. The inhomogeneous 
distribution of intercalating species in the interlayer and, consequently, the turbostratic stacking of layers 
has been found for gibbsite-like polymers as weil as in the case of Keggin cations (Capkova et al. 1998). 
The dominating contribution to the total sublimation energy comes from electrostatic interactions for both 
intercalating species, gibbsite-like polymers and Keggin cations. 
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INTRODUCTION 

Many recent structure investigations of clay miner
als intercalated with AI-OH polymers focused on the 
nature 01' the intercalating agent (P1ee et a1. 1987; Hsu 
1992; Schoonheydt et a1. 1993, 1994; Dubbin et a1. 
1994). The 27Al nuclear magnetic resonance (NMR) 
spectra 01' the intercalating solutions norma11y show 
the presence 01' 2 species: octahedral Al and tetrahe
dral Al, included in AI 13 oligomer-Keggin cation (Fi
gueras et a1. 1990; Hsu 1992; Schoonheydt et al. 
1994). Although the Keggin cation has been a widely 
accepted intercalating species, Schoonheydt and Leeh
man (1992) and Hsu (1992) showed that intercalation 
is also possible with concentrated AI-OH solutions in 
which the Keggin cation is almost totaly absent. Hsu 
(1988) proposed for AI-OH polymers the hexagonal
ring structure resembling fragments of Al(OH), crys
tals. He prepared 2 different types 01' AI-OH solutions 
for intercalation 01' smectites and vermiculites: 1) one 
dominated by octahedral Al, ascribed to gibbsite-like 
polymers and 2) one dominated by Keggin cations 
(Hsu 1992). The results of intercalation showed that 
both intercalating agents lead to the same basal spac
ing of intercalated smectites, d(OOl) = 19 A.. Based 
on these results, Hsu (1992) proposed the model 01' 
intercalated smectite with 2 layers 01' Al(OH),-frag
ment polymers in the interlayer. 

The aim of the present work is to obtain the detailed 
model 01' the montmorillonite structure intercalated 
with gibbsite-like fragments. The Cerius2 modeling en
vironment has been used to investigate the intercalant
layer bonding and the structural parameters important 
for sorption properties of this intercalate. The mont-

morillonite structures intercalated with Keggin cation 
and with gibbsite-like polymers were compared on the 
base of present molecu1ar simulations. 

MODELING WITH Al(OH),-FRAGMENT 
POLYMERS 

The Crystal Packer module in the Cerius2 modeling 
environment has been used in the present ca1culations. 
That means the nonbonded intercations van der Waals 
(VDW), cou10mbic (COUL) and hydrogen bonding 
(HB) have been taken into account. (For a more de
tailed description 01' the Crystal Packer module, see 
Capkova et a1. 1998). The initial model of the 2: 1 layer 
of montmori11onite (MMT) was built using the PLU
VA 2.3 program (Driessen et a1. 1988) and the struc
tural data for montmorillonite according to Tsipursky 
and Drits (1984) (space group C2/m). The unit ce11 
parameters given by Mering and Oberlin (1967), a = 

5.208 A and b = 9.02 A have been used. The com
position of 1 unit ce11 (further denoted as MMT) in 
the 2: 1 silicate layer corresponds to the forrnula 
(AI3Mgl)Sis02o(OH)4; that is, 1 MMT unit ce11 carries 
the charge (-1). The superce11 containing the 6-MMT 
unit was built for a11 models with different gibbsite
like fragments used in the present ca1culations. The 6-
MMT superce11 parameters were: 

A 3a = 15.62 A (fixed during energy minimiza-
tion), 

B = 2b = 18.04 A (fixed during energy minimiza-
tion), 

C, variable (C-axis perpendicular to sheets), "I = 90° 
fixed, Ci and ß variable. 
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Table 1. Basal spacings, d(OOl), and the average values of van der Waals, coulombic, hydrogen bond and total sublimation 
energy, ES' per supercell for various models of montmorillonite intercalated with gibbsite-like polymers. 

Intercalants 
in 6-MMT 
supercell 

d-spacing (A) 
VDW (kcallmol) 
COUL (kcallmol) 
HB (kcallmol) 
E, (kcallmol) 

a) 

b) 

c) 

Single-ring 
I layer 

Model I 

14.58 
134.3 

2984.9 
29.7 

3148.9 

Double-ring 
1 layer 

Model II 

14.18 
166.4 

3145.2 
48.0 

3359.6 

Figure 1. Intercalating species built from the gibbsite struc
ture fragments : a) Single 6-member ring [AI6(OH),2 
(H20)12]6+; b) Double ring [AI IO(OH)2.(H20),.]6+; c) Double 
rings arranged in 2 mutually shifted layers (Model V), re
sulting in small overlap and, consequently, small repulsion 
forces between double rings in the lower and upper layer. 

Single-ring Double-ring Double-ring 
sandwich sandwich shifte<! 
Model III Model IV Model V 

19.94 20.06 19.58 
140.9 194.8 199.7 

2307.5 2095.0 3057.8 
37.6 59.4 64.1 

2486.0 2349.2 3321.6 

The intercalating species AI(OHkfragment poly
mers were extracted from the AI(OHkgibbsite struc
ture (Saalfeld and Wedde 1974). To balance the layer 
charge (-6), the following intercalating species have 
been inserted in the interlayer of the 6-MMT supercell: 

I) Model I: single 6-member ring [AIo(OH)12 
(HzÜ)12]6+ (Figure la). 
2) Model 11: double-ring [Al lO(OHhiH20)14]6+ (Fig
ure Ib). To keep the charge of the complex cation 
(6+), the original single rings from Figure la have 
been partiaIly hydrolyzed. 
3) Model III: single-ring sandwich [Al 1 z{OH)30 
(H20)18]6+, consisting of 2 partially hydrolyzed single 
rings [AI6(OH)I~(H20)9P+ arranged in 2 layers, as 
shown in Figure 2. 
4) Model IV: double-ring sandwich [AI2o(OH)s4 
(HzÜh2]6+; that is, 2 partiaIly hydrolyzed double rings 
[Al lO(OH)27(H20)llP+ are arranged in 2 idemicallayers 
in the interlayer. 

Figure 2. Calculated crystal packing for the single-ring 
sandwich IAldOH)3o(H20),s16+ in the 6-MMT supercell 
(Model III), d(OOI) = 19.94 A. 
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Figure 3. The most stable crystal packing with the single 
ring [AI6(OH)nCH20)nl6+ in the 6·MMT supercell, d(OOI) 
= 14.58 A. 

5) Model V: [AI2o(OH)5iH20)z2]6+ ·double rings 
[Al IO(OH)27(H20)1l]3+, arranged in 2 mutually shifted 
layers resulting in a small overlap of double rings, as 
shown in Figure lc. 

The strategy of modeling using the Crystal Packer 
module was sirnilar to Capkova et al. (1998) for the 
case of Keggin cations in the interlayer. The supercell 
was divided into the following rigid units: 
1) Two rigid units were assigned to the supercell in 
models I and 11: silicate layer and single ring (Model 
I) and silicate layer and double ring (Model 11). 
2) Tbe initial models III, IV and V consisted of 3 rigid 
units: silicate layers and 2 single rings (Model 111) and 
silicate layer and 2 double rings (models IV and V). 

All rigid units could rotate and translate during en· 
ergy rninirnization and the nonbonded interactions 
(VDW, COUL, HB) were calculated between the rigid 
units. The first rninimalization was carried out using 
extemal pressure of 99 kbar to get the rigid units into 
c10ser contact; then the extemal pressure was removed 
to get the final results. 

RESULTS AND DISCUSSION 

AI(OH)3 Fragments Arranged in I Layer: Models I 
andII 

Energy rninirnization for models I and 11 led to the 
most stable crystal packing, where the 6-member rings 
of hydroxy-alurninum polymers were parallel to the 
silicate layer (that is, the alurninum planes in rings 
were parallel to the silicate layers). The result of en
ergy rninirnization for Model I with the single ring 

• 

. . 

. . . ,. ,. 

• 

Figure 4. Calculated crystal packing for the double· ring 
sandwich [Alzo(OH),4(HzO)2216 + in the 6·MMT supercell 
(Model IV), d(OOl) = 20.06 A. 

[AI6(OH)dHzO)12]6+ in the interlayer is illustrated in 
Figure 3. Tbe basal spacings obtained for the single 
ring, d(OOI) = 14.58 A, and double ring, d(OOI) = 
14.18 A, in the interlayer led to the conc1usion that in 
the intercalated smectites with basal spacing -19 A, 
the AI(OH)3-fragment polymers are arranged in 2 lay
ers in the interlayer. This model was already suggested 
by Hsu (1992) and Dubbin et al. (1994). 

The upper and lower oxygen planes of single and 
double rings are bonded via hydrogen bridges to the 
silicate layers. Tbe values of VDW, COUL, HB and 
total sublimation energy per supercell, Es, are sum
marized in Table 1. Tbe dorninating contribution to E, 
comes from the electrostatic interactions. Although 
both complexes, single- and double-ring, carried the 
same charge (-6), one can see from Table 1, that the 
double ring (Figure Ib) in the interlayer leads to higher 
sublimation energy and, consequently, to lower basal 
spacing, than the single ring. This can be explained by 
the more homogeneous charge distribution in the in
terlayer and an increasing number of hydrogen bridges 
and VDW interactions in the case of the larger 
AI(OH)3 fragments. 

The translations of gibbsite-like polymers along the 
silicate layers did not lead to significant changes in the 
coulombic and total sublimation energy. Changes in 
COUL and Es are less than 1 %, which indicates that 
there are no preferences for the single- or double-ring 
positions in the interlayer and, consequently, no or
dering of gibbsite-like polymers in the interlayer. No 
regular stacking of layers can be expected. The same 
results, confirrning the turbostratic stacking of layers, 
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a) 

b) 

Figure 5. Schematic illustration of crystal packing with 
shifted double rings arranged in 2 layers in the 6-MMT su
percell, a) along A direction, b) along B direction, (Model V), 
d(OOl) = 19.58 A. 

have been obtained for Keggin cations in the interlayer 
(Capkova et al. 1998). 

AI(OHh Fragments Arranged in 2 Layers: Models 
III-V 

The result of energy rninirnization for Model III, 
with the single-ring sandwich [Al1z(OH)3o(H20)ls]6+ 
intercalated into the 6-MMT supercell, is illustrated in 
Figure 2. The single rings in the sandwich were in
dependent rigid units that can be translated and rotated 
during energy rninirnization. As shown in Figure 2, the 
alurninum planes in the rings are parallel to the silicate 
layers. Hydrogen bridges occur between the rings and 
silicate layers and between both rings. The values of 
basal spacing and energy contributions to Es are pre
sented in Table 1. The average basal spacing of 19.94 
A obtained for this model is very elose to the values 

obtained for montmorillonite intercalated with the 
strongly hydrolyzed Keggin cations AIT3 (Capkova et 
al. 1998, Table 1). The comparison of the values of 
VDW, COUL, HB and Es in Table 1 for models I and 
III (1 single ring with 2 single rings in a sandwich) 
shows that the coulombic energy and, consequently, 
the total sublimation energy per supercell is signifi
cantly lower in the case of the single-ring sandwich, 
which indicates the repulsion forces between the single 
rings. 

In model IV with the double-ring sandwich 
[AI2o(OH)54(H20)zz]6+, the average basal spacing 
d(OOI) = 20.06 A is slightly higher than in the case 
of Model 111, as a result of higher repulsion between 
the double rings than between the single rings. Lower 
coulombic and, consequently, lower total sublimation 
energy observed for this model in comparison with 
Model III supports this explanation (Table 1). Both 
double rings in the sandwich have alurninum planes 
parallel to the silicate layers, as shown in Figure 4. 

For Model V, with the double rings arranged in 2 
mutually shifted layers (Figure 1 c), the results were 
significantly different from models 111 and IV. The av
erage basal spacing obtained for this model, d(OOl) = 
19.58 A, is lower than for the single- and double-ring 
sandwich, while the values of coulombic and total sub
limation energy are higher, as shown in Table 1. The 
small overlap of double rings in Model V reduces the 
repulsion forces between them, resulting in higher sta
bility of intercalated structure. The orientation of the 
shifted double rings remains the same as in allother 
models (I-IV) (that is, Al-planes parallel with the sil
icate layers). Crystal packing for this case is schemat
ically illustrated in Figure 5 along the A, B direction. 
It is evident from Figure 5 that in the most stable crys
tal packing (Model V), the height of pores in the in
terlayer is lirnited by the height of rings. 

Comparison of Montmorillonite Structure 
Intercalated with Keggin Cations and Gibbsite-Like 
Polymers 

Results of molecular simulations obtained for inter
calation of Keggin cations and gibbsite-like polymers 
into montrnorillonites exhibit many common features. 
The character of bonding between cations and silicate 
layers is the same in both cases, meaning that the dom
inating contribution to the total sublimation energy 
comes from the coulombic interactions. Hydrogen 
bridges link the cations with the silicate layers. 

Both intercalating species led to very sirnilar ranges 
of basal spacings. The full range of basal spacings 
obtained for Keggin cations in different degrees of hy
drolysis was d(OOl) = 19.38-20.27 A. For gibbsite
like polymers arranged in 2 layers, the lowest value 
of 19.54 A has been found for the shifted double rings 
(Model V) and the highest value of 20.13 A for the 
double-ring sandwich (Model IV). Consequently, iden-
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tification of intercalating species by the diffraction 
measurements of basal spacing is practically impossi
ble. A similar result has been reported by Hsu (1992), 
who presented the average value of X-ray diffraction 
(XRD) basal spacings for smectites intercalated with 
1) Keggin cations, d(OOl) = 19.01 A and 2) gibbsite
like polymers, d(OOl) = 19.05 A. 

During the translations of Al-cations along the sil
icate layers, no preferences have been found for their 
positions. This means that turbostratic stacking of lay
ers and no 2-dimensional ordering in the interlayer ex
ists for Keggin cations as weIl as for gibbsite-like 
polymers. 

Comparison of the total sublimation energy per unit 
cell of montmorillonite for both intercalating species 
shows the tendency to higher stability of the mont
morillonite structure intercalated with gibbsite-like 
polymers. Tbe total sublimation energy Es = 3321.6 
kcal/mol, for the most stable crystal packing with 
gibbsite-like polymers arranged in 2 layers (Model V), 
is higher than the highest value of Es obtained for Keg
gin cations AI{j in the 2 X 3-MMT superceIl: Es = 

3136.6 kcal/mol. 
Tbe main difference between the montmorillonite 

structures intercalated with Keggin cations and gibbs
ite-like polymers is in the character of the interlayer 
porosity. In Keggin cations, the height of pores is ap
proximated by the height of the Keggin cations. AI
tematively, in the most stable structure with gibbsite
like polymers, the height of pores is almost given by 
the height of Al-polymer rings, as shown in Figure 5. 
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