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CRYSTAL STRUCTURE OF TETRAMETHYLAMMONIUM-EXCHANGED 
VERMICULITE 
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Abstract-Vermiculite crystals from Santa Olalla, Spain, were intercalated with tetramethylammonium 
(TMA) after Na saturation. The resulting TMA-vermiculite showed near perfect 3-dimensional stacking 
order with cell parameters of a = 5.353(1) A, b = 9.273(2) A, c = 13.616(6) A, ~ = 97.68(3t, and 
space group C2/m, which indicated a 1M polytype. Single crystal X-ray refinement (R = 0.073, wR = 
0.082) located the central atom (N) of the TMA (occupancy at 0.418) and the C atom of 1 methyl group 
(occupancy at about 0.35). The TMA is offset from the center plane between 2 silicate layers by 1.52 A, 
and the methyl group is keyed into the silicate ring of the adjacent silicate layer. This arrangement 
constrains the positions of the C atoms of the other methyl groups to an opposing plane parallel to the 
oxygen basal plane. Associated H20 is randomly located between the TMA pillars, and no scatteri~g 
from these molecules was observed. The calculated height of the TMA molecule is shown to be 4.15 A. 

Steric and electrostatic arguments suggesting that adjacent TMA molecules must alternate apex direc­
tions (±c) allow for a description of the local TMA arrangement. This model involves the keying of 
TMA molecules laterally, thereby explaining why perfect 3-dimensional stacking occurs. The offset of 
TMA from the center of the interlayer region produces a cavity suitable as an adsorption site for small 
molecules, such as benzene, which is consistent with the higher than expected adsorption of these mol­
ecules in TMA-smectites of high layer charge. This offset also explains the easy expandability of TMA­
clays, since only very weak interactions occur between TMA and I adjacent silicate layer, thereby allow­
ing molecules to enter the interlayer. 

Key Words-Tetramethylammonium Vermiculite, TMA-Vermiculite, Vermiculite. 

INTRODUCTION 

Organo-clays intercalated with small organic cations 
(such as tetramethylammonium: TMA, tetraethylam­
monium: TEA) are commonly called pillared-clays. In 
these clays, small organic cations hold the clay layers 
apart, creating a readily accessible interlayer region. 
Such a clay has more accessible surface area than an 
unmodified clay, and it has fixed properties. These or­
ganic cations produce organophilic interlayer cavities, 
which greatly enhance the adsorption properties of 
these clays for polar and nonpolar organic molecules. 
Thus, pillared-clays are of environmental importance; 
for example, they are potentially useful as liners for 
landfills and for the stabilization and solidification of 
liquid hazardous wastes. In addition, they are poten­
tially useful as catalysts, molecular sieves, gelling 
agents and ion conductors. The most common clay 
mineral amenable for cation-exchange studies is smec­
tite, and most studies use this clay for intercalation 
experiments. For example, there is interest in the shape 
selective adsorption capabilities ofTMA-smectite (Lee 
et a1. 1989). Unfortunately, smectites are difficult to 
study structurally, because they are small particles «4 
fLm) with stacking disorder and loss of 3-dimensional 
periodicity, and often are intermixed with other 
phases. 

Understanding the reactivity of organic solutes with 
such clays requires knowledge of the chemistry and 
structure of the clay. With regard to the latter, a struc-

tural study of pillared clay is potentially significant for 
several reasons. Structural data can show the shape 
and dimensions of exchange and adsorption sites, 
thereby explaining shape selective adsorption behavior 
of the pillared clay. In addition, such data can provide 
a basis for models to explain how expansion of the 
space between adjacent layers occurs, how the pillars 
align and how diffusion of organic molecules can oc­
cur in this region. In more general terms, organic in­
tercalates in a fixed orientation within a matrix can 
produce specific properties. Changing either the ori­
entation of the organic intercalate or its chemical en­
vironment can lead to materials with uniquely different 
properties. Thus, understanding the details of the mi­
crostructure of both the organic material and its sur­
roundings can lead to the development of a series of 
materials with variations in properties and potentially 
wide applications. For example, Ogawa and Kuroda 
(1995) reviewed the vast number of studies involving 
layered materials, including clays, and the organiza­
tion of photochemical species with numerous photo­
functions. 

Although vermiculite has a higher layer charge than 
smectite, the two are very similar in structure. Ver­
miculite has the advantage for X-ray structural studies 
because large crystals can be obtained, although 3-
dimensional periodicity may be poor. Slade and Stone 
(1984) demonstrated 3-dimensional order of an orga­
no-vermiculite-complex in aniline intercalated vermic­
ulite. This intercalate has a superstructure which pre-
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exchange with a set consistent with Na exchange 
(d(ool) = 14.11 A) and TMA exchange (d(ool) = 
13.50 A). Laboratory relative humidity and orientation 
effects may affect the d-spacing of the Na phase. After 
2-3 weeks, about half of the flakes showed an inter­
calation rate with TMA of 95-98%, based on the in-... . . . k - 6 tegration of the peak heights . 

. . ~. 

•• 

Figure 1. Okl Buerger precession camera photograph of the 
crystal used for single crystal data collection (Mo radiation, 
Zr filter, 8-h exposure, 40 kV, 20 rnA). 

vented a precise structural refinement. We show that 
cross-linking the silicate layers is not a necessary re­
quirement for 3-dimensional periodicity. We use a 
tetrahedral organic molecule (TMA) and start with a 
vermiculite that has a relatively high degree of peri­
odicity prior to exchange. The resulting intercalate al­
lowed for a precise structural study of pillared ver­
miculite. 

EXPERIMENTAL 

Sample and Preparation 

We used highly crystalline vermiculite from Santa 
Olalla, Spain. The structural formula (Norrish 1973) 
is: CIlo.8s(Sis.48,AI2.s2)(Mg5.os Tio.Q3Mno.o,FeIJIo.58Alo.28) 
0 22(OH)4' The vermiculite is a weathering product of 
phlogopite resulting from the alteration of pyroxenites 
(Luque et al. 1985). Crystals were cut to approxi­
mately 0.7 X 0.7 X 0.05 mm from 1 cm cleavage 
flakes and exchanged with Na+ at 80 °C over a 7-d 
period in an aqueous 1 M NaCI solution. The rate of 
exchange was monitored periodically by examining 
the 001 spacings of individual crystals with a Siemens 
D-5OO0 X-ray powder diffractometer (CuKa radia­
tion). Na saturation was identified from diffractograms 
that showed a unique set of equally spaced reflections 
based on a d(OOI) of 14.72 A (= c sin 13). The Na­
saturated flakes were refluxed at 70°C in aiM TMA 
chloride solution. The solution was changed every oth­
er day, at which time flakes were removed, air dried 
and examined on the powder diffractometer. Two dis­
tinct sets of 001 reflections indicated the progress of 

Preliminary X-ray Study 

X-ray Buerger precession photographs of the pure 
organo-vermiculite phase (Figure 1) show a dramatic 
improvement in the quality of the reflections compared 
to those of the Na-vermiculite sample. TMA-vermic­
ulite shows no streaking for k <F 3n reflections, indi­
cating a high degree of stacking order. Examination of 
zero and upper level nets showed the presence of re­
flections of the type h + k = 2n, which define a C­
centered cell. On the basis of cell geometry and an 
apparent mirror plane perpendicular to a 2-fold axis, 
space group C2/m was assumed, and aIM polytype 
was thus indicated. Examination of 80-90 crystals 
produced a crystal considered suitable for structure re­
finement, although it showed a significant degree of 
mosaic spread. 

X-ray Data Collection 

A Picker 4-circle diffractometer with graphite 
monochromator and MoKa radiation (MoKa = 
0.71069 A) was used for data collection. Cell param­
eters, refined from 71 reflections, were obtained: a = 

5.353(1) A, b = 9.273(2) A, c = 13.616(6) A, 13 = 
97.68(3t. Data were collected with h equals -8 to 8, 
k from -14 to 14 and 1 equals 0 to 20, producing a 
total of 2150 reflections at 29 of 4° to 60°. Reflections 
were measured at a scan rate of 29 = l°/min, with a 
2° scan window adjusted as a function of 29, and a 
background-time count equal to one-half the scan 
time. To check system and crystal stability, 3 standard 
reflections were monitored every 300 min. SHELXTL 
PLUS (Siemens 1990) programs were used for data 
reduction and refinement. Data were corrected for Lor­
entz and polarization effects, and absorption effects 
were empirically determined using about 400 reflec­
tions from psi scans taken at psi-intervals of 10° for 
reflections at many values of 29 and X. Reflections 
with intensity less than 6rr were considered to be 
unobserved. Reflections were symmetry averaged to 
yield 811 independent data. Of these, 37 reflections 
were removed, because of large inconsistencies related 
to unusual peak shapes. 

Refinement 

Starting atomic coordinates of the 2: 1 layer were 
taken from Slade et al. (1987), but referred to a 1-
layer C2/m cell. Scattering factors were calculated us­
ing the method of Sales (1987) and the tables of Crom­
er and Mann (1968), assuming half-ionized atoms. Re-
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Table 1. Atomic coordinates of TMA-venniculite. 

Atom xla ylb z/c Kt 
V lI* V" U33 VB VI] V" V,q 

M j 0.5 0 0 0.244(2) 0.015(2) 0.020(1) 0.078(2) 0 0.008(1) 0 0.037(1) 
M2 0 0.1687(3) 0 0.489(6) 0.015(1) 0.020(1) 0.077(2) 0 0.007(1) 0 0.037(1) 
T 0.4006(3) 0.1668(2) 0.2025(2) 1.0 0.0164(7) 0.0198(7) 0.078(1) 0.0003(8) 0.0087(7) 0.0001(6) 0.0377(6) 
OJ 0.451(1) 0 0.2457(6) 0.5 0.031(2) 0.025(2) 0.083(3) 0 0.006(2) 0 0.046(1) 
O2 0.1469(8) 0.2319(5) 0.2466(4) 1.0 0.025(2) 0.032(2) 0.088(2) 0.003(2) 0.011(2) 0.006(2) 0.048(1) 
0 3 0.3606(7) 0.1668(4) 0.0816(4) 1.0 0.018(1) 0.021(2) 0.072(2) 0.001(2) 0.009(2) 0.000(1) 0.037(1) 
OR 0.360(1) 0.5 0.0775(6) 0.5 0.022(2) 0.029(2) 0.094(3) 0 0.009(2) 0 0.050(1) 
N 0.962(2) 0 0.387(2) 0.418(3) 0.163(3) 0.148(3) 0.18(3) 0 0.023(3) 0 0.164(2) 
C j 0.921 0 0.282 

t K = refined value of site occupancy, except where noted in text. 
:j: Note: Displacement parameters are of the form exp[ -21T2(Ullh2a*2 + U22k2b*2 + U33[2C*2 + 2U12hka*b* + 2U13hla*C* 

+ 2U23klb*c*)]. 

flections were assigned unit weights and a single scale 
factor. In the initial stages of the refinement, only the 
scale factor and atomic positions were varied, fol­
lowed by the isotropic temperature factors. The R(R = 
l(Fo - Fc)21/IFoI2) value decreased to 0.163 after the 
completion of 7 cycles. A Fourier map showed posi­
tive electron density of 2.7 el A3 in the interlayer region 
near the silicate rings. Nitrogen was placed in these 
positions, and further refinement reduced the R value 
to 0.145 with a N-site occupancy of 0.418, Ml occu­
pancy of 0.244, and M2 occupancy of 0.489. Other 
site occupancies were refined and did not greatly de­
viate from expected values, except for 03, which var­
ied to 1.2 occupancy. The T site and anion sites were 
then reset to values indicated in Table 1, which shows 
final refinement results for atomic coordinates and dis­
placement factors. Attempts at subgroup refinements 
in C2, Cm, cI and Cl symmetries produced similar 
results without a significant reduction in R value. 

Anisotropic temperature factors were introduced, 
and R decreased to 0.073 (wR = 0.082), which was 
judged to be good for a crystal of this quality. As the 
final step, a difference Fourier map was used to locate 
possible C and H positions. The standard deviation of 
a difference Fourier peak, s, was calculated at 0.084 
e/A3 (Ladd and Palmer 1977). The highest peak in the 
difference map located at (0.921, 0, 0.282) was 0.98 
e/A3 and is well above the background of 3s. The peak 
position correlates with a partially occupied (35%) C 
atom site of the TMA tetrahedra pointing to the hex­
agonal hole of the silicate ring. Attempts to refine 
these coordinates led to a small decrease in the R value 
(0.072). Such a small reduction does not warrant in­
clusion in the refinement, and may be related to the 
increased number of varied parameters. 

DISCUSSION 

The appearance of 2 distinct phases (Na-vermiculite 
and TMA-vermiculite) rather than the gradual de­
crease of the d-spacing during cation exchange sug­
gests that a single crystallite during exchange consists 
of sets of layers that are completely exchanged with 

TMA and a set saturated with sodium. There is no 
evidence of individual planes occupied with both 
TMA and sodium. 

Electron density, interpreted as about 35% occupan­
cy of a C site, was located near the center of the sil­
icate ring. The bond distance (Tables 2 and 3) of 
1.42(3) A from N to this site is consistent with the C­
N distances of TMA published by Caetano et al. 
(1995) for the crystal structure of Tetraethylammon­
ium Tetramethylammonium Tetrachlorozincate (II). 
Also, the position of a methyl group at this position is 
likely from steric arguments (discussed below). Be­
cause the methyl group is keyed into the silicate ring, 
the C site is sufficiently constrained to be observable 
in a time-averaged diffraction experiment, such as this 
one. Remaining methyl groups were not located, pre­
sumably because either the TMA molecule has con­
siderable positional disorder, or it is in continuous ro­
tation, or both, and this smears the electron density. 

Table 4 presents the derived parameters commonly 
used to describe phyllosilicate structures. The rotation 
of adjacent Si,AI tetrahedra is given by n, and is an 
indication of the misfit between the tetrahedral sheet 
and the octahedral sheets. The value of 7.15° indicates 
that the tetrahedral sheet must reduce its lateral di­
mensions to fit to the octahedral sheet. Thus, the tet­
rahedral sheet deforms to produce a ditrigonal hex­
agonal ring. A more complete description of these data 
will be given elsewhere. 

Figure 2 represents the average structure of TMA­
vermiculite. The locations of the central N atom and 
the C of 1 methyl group in TMA requires the remain­
ing 3 C atoms to be located in the opposing plane 
parallel to the basal oxygen plane of the silicate ring. 
These 3 methyl groups cannot be fixed within the 
plane, and Figure 2 includes them for illustrative pur­
poses only. The key features of this model are: 1) the 
TMA molecule is offset from the center of the inter­
layer region by 1.52 A, 2) one C atom of the TMA 
tetrahedron is keyed into the silicate ring, and 3) each 
N site is occupied at 0.418. The occupancy factor for 
N is consistent with the layer charge of 0.85 for this 
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Table 2. Calculated bond lengths and angles. 

Bond length (A) Bond angles Cl 

About T 
T-O(l) 1.664(4) 0(1)-0(2)' 2.698(5) 108.3(3) 
0(2)' 1.664(5) 0(2) 2.697(5) 108.0(2) 
0(2) 1.670(4) 0(3) 2.707(8) 110.5(3) 
0(3) 1.631(6) 0(2)-0(2)' 2.697(5) 108.0(3) 

mean 1.657 0(3) 2.722(2) 11 Ll(2) 
0(2)'-0(3) 2.713(7) 110.8(2) 

mean 2.706 mean 109.5 
N(1)-O(l) x2 3.13(3) 

0(1) x2 3.44(2) 
0(2) x2 3.13(2) 
0(2) x2 3.45(2) 

mean 3.29 
Shared About M{ll 

M(1)-0(3) X4 2.099(4) 0(3)-0(3) X2 2.838(7) 85.1(2) 
OR X2 2.070(6) OR X4 2.792(8) 84.1(2) 

mean 2.089 mean 2.815 
Unshared 
0(3)-0(3) x2 3.093(5) 94.9(2) 

OR X4 3.098(4) 96.0(2) 
mean 3.096 

Shared About M{21 
M(2)-0(3) x2 2.083(5) 0(3)-0(3) 2.838(7) 85.9(2) 

0(3)' X2 2.095(4) 0(3)' X2 2.832(7) 85.3(2) 
OR X2 2.082(5) OR-0(3)' X2 2.792(8) 83.9(2) 

mean 2.087 OR 2.747(9) 82.6(2) 
mean 2.802 

Unshared 
0(3)-0(3)' X2 3.089(5) 95.4(2) 

OR X2 
OR-0(3)' X2 

vermiculite (Norrish 1973), and thus the TMA-cation 
occupies the sites in Figure 2 at 41.8%. Therefore, the 
4 possible TMA sites per unit cell in the average struc­
ture must involve an alternation of TMA occupancy 
between 2 of the 4 sites, in a way that, on average, 
these sites are slightly less than half occupied, In ad­
dition to site-occupancy refinement data and layer­
charge arguments, full occupancy of these sites would 
require too many TMA molecules per formula unit and 
the TMA cations related by the 2-fold axis would be 
too close, considering both charge and steric consid­
erations (NIl and N21 distances of 3,05(4) A). 

The location of the TMA offset from the midpoint 
of the interlayer combined with the keying of 1 meth­
yl-group into the silicate ring satisfies the given inter­
layer separation (related to the plane of the oxygen 
centers) of 6.851 A (Table 4). Dehydration of TMA-

Table 3. Additional calculated bond lengths and angles. 

N1-C1 
N l1 -N21 

N l1 -N31 

NU-N41 

Bond Jength 
(A) 

1.42(3) 
3.05(4) 
5.35(1) 
6.16(2) 

Bond angles Cl 

3.090(4) 95.9(2) 
3.088(5) 95.4(2) 

mean 3.089 

vermiculite at 250°C resulted in a d(OOI)-spacing of 
13.25 A, a decrease of the d(OOI)-spacing of only 0.37 
A. Thus H20 is not primarily arranged as a layer be­
tween the TMA cations and the tetrahedral sheets. In­
stead, H20 is dispersed randomly between the TMA 
pillars, and there is no apparent evidence of scattering 
from the H20 in the current structural analysis. The 

Table 4. Calculated structural parameters for TMA-vermic­
ulite. 

Parameter 

'flo' C)§ 
Sheet thickness'lI 

Octahedral (A) 
Tetrahedral (A) 

Interlayer separation (A) 
8zave (A)# 
~ideal C)tt 

t Ol = 1,2[120 o-mean Ob-Ob-Ob angle]. 
:j: '" = cos-1[thickness/2(M-0)]. 
§ 'f = mean Ob-T-Oa • 

'lI Tetrahedral thickness includes OR. 
# 8zave = Basal oxygen corrugation. 
tt ~ide'" = 180 ° - cos-1[aI3c]. 

Value 

7.15 
59.17 M(l) 
59.09 M(2) 

llO.8 

2.147 
2.248 
6.851 
0.014 

97.53 
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Figure 2. Average structure ofTMA-exchanged vermiculite viewed nearly along [100] direction. Note that polyhedral comers 
are based on oxygen-atom centers. Tettahedra contain Si, Al and octahedra contain Mg, Fe, AI, Ti, Mn. TMA is depicted as 
ball-and-stick figures with N at the center and C at the corners. As an average structure, 2 layers of TMA apparently occur 
in the interlayer, but these sites are only partly occupied (see text) . 

offset of the TMA from the midpoint between the lay­
ers also explains the easy expandability ofTMA-clays, 
due to the TMA pil1ars being linked primarily to 1 
tetrahedral sheet, leaving the other side of the inter­
layer region free to expand. TMA-montmorillonite, for 
example, expands to a d(OOl)-spacing of 14.6 A in the 
presence of benzene vapor (Barrer and Perry 1961). 

Whereas the above considers the average TMA-ver­
miculite structure, a plausible model may be given for 
the actual arrangement of TMA in the structure. If 
TMA molecules pointing towards the same direction 
(:tc axis) occupy adjacent sites in the interlayer plane, 
the N-N distance is 5.35 A (a-cell dimension). In con­
trast, adjacent TMA molecules pointing in opposite di­
rections have a minimum N-N distance of 6.16 A (see 
Figure 3). Thus, there is an energetic advantage for 
TMA tetrahedra to alternate, with adjacent TMA mol­
ecules pointing in opposite directions. Figure 4 shows 
such a 2-dimensional TMA distribution with a maxi­
mum number of adjacent TMA molecules pointing in 
opposing directions. As a result, the smallest adsorp­
tion unit of this structure consists of trigonal clusters 
of neighboring TMA pil1ars where all 3 pillars do not 
point in the same direction. Of course, Figure 4 is not 

unique, since many distributions can be produced by 
following the above constraints. In contrast, however, 
a random-distribution model would have clusters of 3 
pillars pointing in the same direction, thereby resulting 
in close TMA-to-TMA distances and a less stable ar­
rangement. A random-distribution model may be sta­
ble only insofar as it obtains a lower energy caused 
by the higher state of disorder. Thus, this model cannot 
be ruled out, although it is less likely to exist. For this 
reason, we discuss the model of Figure 4 below, al­
though the discussion applies equally to a random-dis­
tribution model. 

This model provides a physical picture of why the 
TMA-exchanged vermiculite produces a more ordered 
stacking arrangement than a Na-vermiculite, since 
TMA molecules key the structure together in several 
ways. Because the tetrahedral apex is fixed to the sil­
icate ring center and there are constraints to the lateral 
spacings of TMA, ordered stacking of the silicate lay­
ers along the c axis is perfect. 

The proposed model and the distribution of TMA 
clusters of Figure 4 explains also the adsorption prop­
erties of TMA-exchanged vermiculites and TMA-ex­
changed high-charge smectites. There are 2 possible 
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Figure 3. Two-dimensional representation of TMA pillars along the [110] direction. 

dsorption ite B 

I 
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Microscopic 

'Cluster' 

Figure 4. Two-dimensional representation of TMA pillars on the (001). Hexagons represent stylized silicate rings and 
triangles show TMA molecules with solid or dashed lines representing TMA tetrahedra that point in opposite directions along 
the [001] direction, respectively. A microscopic "cluster" is labeled and this is where 2 TMA molecules point in an opposing 
direction from the third. These clusters are more stable than cases where all 3 tetrahedra may point in 1 direction. Absorption 
site A is the "classical" vacant site associated with the center of the hexagonal silicate ring. Absorption site B is associated 
with 2 TMA molecules pointing in the same direction. See text for details. 
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adsorption sites in TMA-vermiculite. Adsorption site 
A (Figure 4) is associated with the silicate ring in the 
TMA-vermiculite structure. Because the Santa Olalla 
vermiculite carries a layer charge of 0.85, 15% of the 
hexagonal holes (between adjacent silicate rings across 
the interlayer) are vacant. This type of adsorption site 
was proposed by Barrer and Perry (1961) for low­
charge smectites. Barrer and Perry (1961) suggested 
that adsorbed benzene exists in a tilted orientation rel­
ative to the basal plane to achieve the most efficient 
packing at the TMA-vacant site between 2 adjacent 
TMA cations pointing in opposing directions. Their 
model assumed that the TMA site was midway be­
tween adjacent silicate layers. 

Based on the determined structure, the TMA-tetra­
hedra adjacent to the vacant site may be pointing in 
the same or in opposite directions. In the latter case, 
adsorption can occur in a tilted orientation, as de­
scribed by Barrer and Perry (1961). For the former, 
however, adsorption can occur also in a parallel ori­
entation relative to the basal plane. The minimum dis­
tance between 2 rotating TMA molecules pointing in 
the same direction and adjacent to the vacant site (site 
A) is 5.8 A, which is sufficient to accommodate a ben­
zene molecule in a non-tilted orientation. 

In contrast, where there is no associated vacant site 
and where TMA molecules point in opposing direc­
tions, there is insufficient space between neighboring 
TMA pillars for an adsorption site to form. Distances 
between 2 adjacent TMA-pillars in TMA-vermiculite 
varies at 5.35 A and 6.16 A. Thus, there are 2 possible 
cavity sizes of 1.26 A and 0.45 A between 2 rotating 
TMA-molecules pointing in opposing directions. 
These sizes are determined with a TMA radius of 2.45 
A for an in-plane rotation of the molecule. Therefore, 
benzene and other aromatics cannot be adsorbed in 
such cavities. 

Lee et al. (1990) compared the adsorption properties 
of high-charge TMA-smectite from Arizona (SAz-l, 
layer charge of 0.87) with a low-charge TMA-smectite 
from Wyoming (SWy-1, layer charge of 0.32). The 
adsorption of benzene from water for TMA-SWy-l 
was about 1 benzene molecule for each TMA-pillar, 
which conforms to the model of adsorption-site A. In 
contrast, the adsorption of benzene for TMA-SAz-l 
was considerably less; the ratio of benzene to TMA 
was approximately 0.29. This ratio indicates that only 
one-third of the TMA-pillars is associated with an ad­
sorbed benzene molecule, assuming that adsorption is 
negligible on external surfaces in an aqueous solution. 
Although it is expected that with a high layer charge, 
the number of vacant sites is greatly diminished and 
adsorption would be low, the ratio of 0.29 is consid­
erably larger than expected. For example, the Santa 
Ollala vermiculite with a layer charge nearly identical 
with SAz-l (0.85 vs. 0.87), contains only 17.65% ad­
jacent pillars separated by a vacant site. We note that 

the layer charges for the comparison of smectite with 
vermiculite were calculated from total chemical anal­
ysis and may not correlate to the actual cation ex­
change capacity. 

Due to the large offset (1.52 A) of the TMA mol­
ecule from the center of the interlayer, an additional 
cavity exists that may act as an adsorption site (labeled 
adsorption site B in Figure 3) adjacent to the methyl 
groups of the TMA-tetrahedral basal plane and the ba­
sal oxygen plane of the silicate layer. Small molecules, 
such as benzene, would be adsorbed at such sites in 
an orientation parallel to the silicate layers. The small­
est distance between the basal oxygen planes and the 
TMA-tetrahedral basal plane can be calculated from 
the height of the TMA molecule. Figure 5 illustrates 
the calculation of the TMA height of 4.16 A (assuming 
ideal tetrahedral geometries, an H covalent radius of 
0.37 A, ideal bond distances of N-C = 1.47 A, C-H 
= 1.09 A, and that the methyl groups are freely rotat­
ing). We note that this value is 0.7 A smaller than that 
reported by Barrer and Reay (1957), in which they 
measured the TMA height based on a physical model. 
This difference may be related to the use by Barrer 
and Reay (1957) of the van der Waals radius for free 
H instead of the covalent H radius. 

With the established N position and the geometry 
of TMA, it is possible to determine the cavity height 
of adsorption site B. The cavity height is either 1.7 A 
or 2.4 A, depending on the orientation of the methyl 
group associated with the TMA (1.7 A for freely ro­
tating methyl groups). Barrer and Perry (1961) showed 
that the adsorption of benzene expanded the lattice 
from 13.6 A to 14.6 A, thereby adding 1 A to the 
interlayer. An expanded interlayer would increase also 
the cavity size by the same amount, to 2.7 A or 3.4 
A. The 3.4-A spacing is sufficient to accommodate 
benzene in an orientation parallel to the basal plane. 
Examination of Figure 4 shows that pairs of TMA 
molecules point in the same direction, thereby creating 
a potential adsorption site. Further work is necessary, 
however, to determine if these cavities are involved as 
actual adsorption sites. However, the presence of such 
an adsorption site would explain the greater adsorption 
of benzene in the structure than anticipated from ear­
lier models. 

CONCLUSIONS 

We show that 3-dimensional periodicity in vermic­
ulite is enhanced using TMA as an intercalate, thereby 
allowing the most precise refinement to date for a ver­
miculite-type material. The most important aspect of 
this refinement is that TMA occurs offset to the center 
of the interlayer, thereby creating other possible ad­
sorption sites. Thus, this study illustrates the nature of 
the adsorption site for this material. In addition, the 
described site is consistent with the observed selectiv­
ity for benzene in some montmorillonites. Finally, the 
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Figure 5. Model of TMA molecule showing calculated height. 

keying of the TMA molecules into the silicate rings 
explains the mechanism involved in how the interlayer 
region can readily expand. 
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