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Abstract-Vermiculite crystals from Santa Olalla, Spain, were first Na exchanged and then intercalated 
with monomethylammonium (= NH3(CH3) + , MMA) and dimethylammonium (= NH,(CH3) 2+ ' DMA) 
molecules, respectively, by immersion in I M ammonium-chloride solutions at 65°C for 2-3 wk. MMA
and DMA-exchange with vermiculite resulted in crystals with near perfect three-dimensional stacking, 
suitable for single crystal X-ray diffraction analysis. Unit cell parameters are: a = 5.353(2) A, b = 
9.273(3) A, c = 11.950(6) A, and [3 = 98.45(4)" for MMA-exchanged vermiculite and a = 5.351(2) A, 
b = 9.268(4) A, c = 12.423(8) A, and [3 = 98.33(5)" for DMA-exchanged vermiculite. Refinement results 
are R = 0.059 and wR = 0.073 (MMA-exchanged vermiculite) and R = 0.059 and wR = 0.064 (DMA
exchanged vermiculite). The results are based on structures which show substitutional disorder, and thus 
the presented models are derived from average structures. 

There are two distinct sites for the MMA molecule in MMA-exchanged vermiculite. One crystalIo
graphically unique MMA is oriented such that the N-C axis of the molecule is perpendicular to the basal 
oxygen plane, with the N ion offset from the center of the interlayer by 1.04 A. The other MMA is 
located such that the N ion is at the center of the interlayer between adjacent 2: I layers, presumably with 
the N-C axis of the molecule oriented parallel to the basal oxygen plane. This represents the first known 
occurrence of an organic molecule located exactly betwee.n the two adjacent 2: 1 layers. Both sites are 
located between hexagonal cavities of adjacent layers. DMA molecules in DMA-exchanged vermiculite 
are located such that the N ion is offset from the central plane in the interlayer by 0.95 A. A static model 
is proposed with two orientations of DMA to produce a DMA " zigzag" orientation of molecules parallel 
to the (00l) plane. The plane defined by the C-N-C atoms in the molecule is perpendicular to the (001) 
plane. An alternate model is more dynamic, and it involves the rotation of DMA molecules about one 
C- N axis. 

Identical starting material was used in previous studies on tetramethylammonium (TMA)-exchanged 
vermiculite and tetramethylphosphonium (TMP)-exchanged vermiculite. The effect of onium-ion substi
tutions on the 2: I layer shows that the tetrahedral rotation angle, Ct, is significantly smaller for MMA
and DMA-exchanged vermiculite vs. TMA and TMP-exchanged vermiculite. Tetrahedral and octahedral 
bond distances of the 2: I layer of the TMA, TMP, MMA, and DMA-exchanged structures may be ex
plained by the location of the organic cation relative to the basal oxygen atom plane and by the differences 
in the geometries of the organic molecule. Thus, the 2: 1 layer is affected by the interlayer molecule, and 
the 2: I layer is not a rigid substrate, but interacts significantly with the onium ions. 

Key Words-Dimethylammonium-Exchanged Vermiculite, Monomethylammonium-Exchanged Vermic
ulite, Organoc!ay, Tetramethylammonium-Exchanged Vermiculite, Tetramethylphosphonium-Exchanged 
Vermiculite, Vermiculite, X-ray Diffraction. 

INTRODUCTION 

Clays interact with many organic compounds to 
form complexes of varying stabilities and properties. 
One relatively new class of nanocomposite materials 
involves the pillaring of organic molecules, where 
these molecules prop open the silicate layers of the 
clays to produce a high-surface area material with 
fixed characteristics. These phases, or "pillared 
clays", are potentially useful as catalysts, adsorbents, 
molecular sieves, gelling agents, sensors, etc. Unfor
tunately, by the very nature of the clays used as sub
strates for the pillars, the materials are difficult to char
acterize, because most clays capable of being pillared 
lack three-dimensional periodicity, are fine-grained, 
and are usually a mixture of several phases. Spectro
scopic techniques are often used to obtain data about 
the pillared clay and adsorbed molecules, but these 
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techniques suffer from the inability to provide the pre
cise topology of the atomic environment about the ad
sorbed molecule. 

Early workers (e.g., Barrer and Macleod, 1955) 
found that tetramethylammonium (= N(CH3)4 +, TMA) 
and tetraethylammonium (= N(C2Hs) 4+ ' TEA) inter
calated in montmorillonite changed its adsorption 
properties. In contrast to the original montmorillonite, 
aliphatic and aromatic (i.e., nonpolar) organic mole
cules, as well as polar organic species, are readily ad
sorbed onto the interlayer (Barrer and Millington, 1967) 
of TMA or TEA-exchanged montmorillonite. Although 
long chain alkyl ammonium cations do not produce 
well defined nanopores, organic cations that are small 
and do not fill the entire interlamellar space, such as 
TMA, TEA, monomethylammonium (= NHiCH3)+, 
MMA), dimethylammonium (= NH2(CH3) 2 + , DMA), 
trimethylammonium (= NH(CH3) / , TrMA), or tetra-
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methylphosphonium (= P(CH)4 +, TMP), produce in
terlayer cavities (sometimes referred to as a "gallery" 
site) with adjoining nanopore surfaces consisting of 
the surface of the organic molecule and the siloxane 
surface of the 2: 1 layer. Barrer (1989) showed that the 
sorption characteristics of pillared clays are deter
mined by the shape, size and, in some cases, the 
charge of the organic cation. 

Research to determine the crystal structures of a se
ries of related pillared clays was not attempted previ
ously, primarily because of the lack of three-dimen
sional periodicity in most expandable phyllosilicate 
structures. However, Slade and Stone (1984) demon
strated the possibility of obtaining a three-dimension
ally ordered structure of an organo-vermiculite-com
plex by intercalating vermiculite from Llano, Texas 
with aniline. We recently showed (Vahedi-Faridi and 
Guggenheim, 1997, 1999) that it is possible to produce 
an intercalated three-dimensionally periodic crystal for 
single crystal X-ray methods with appropriate starting 
material and techniques, even for pillared intercala
tions of spherically-charged organic cations. This 
study uses high-crystallinity vermiculite from Santa 
Olalla, Spain, to produce pillared clays by intercalating 
a series of organic pillars with different size and shape. 
Previously, Vahedi-Faridi and Guggenheim (1997, 
1999) intercalated TMA and TMP pillars to compare 
the effects of two structures with tetrahedral pillar ge
ometry. In this study we examine a series of increas
ingly complex pillars: linear (MMA), planar (DMA), 
and a cation with a non-planar, trigonal geometry 
(TrMA). 

Barrer and Reay (1957) related the d(OOI)-value of 
MMA-montmorillonite (12.0 A) to the calculated 
MMA heights for orientations with the N-C axis of 
the molecule parallel and perpendicular to the basal 
oxygen atom plane. They concluded that MMA as
sumes an orientation in MMA-montmorillonite such 
that the N-C axis of the molecule is not parallel to the 
(001) plane. Diamond and Kinter (1961) determined 
from an experimental cross-sectional area study of 
MMA-montmorillonite that the amines are oriented 
perpendicular to the basal oxygen atom plane. Row
land and Weiss (1961) showed that different loading 
of MMA on montmorillonite produced different 
d(OOl)-values. Adsorption values of near 100% cation 
exchange capacity (CEC) produced a d(OOI)-value of 
11.7 A, whereas adsorption between 300-600% CEC 
showed a d(OOl)-value of 12.4-12.9 A, and adsorption 
in excess of 600% CEC exhibited basal spacings of 
17.4 A. They showed also that these phases were rel
atively unstable, since washing each phase with H20 
returned cSinJ3 to 11.7 A. Thus, they concluded that 
the amount adsorbed in excess of CEC is more loosely 
bound "free" amine. With a paucity of X-ray data, 
they concluded that the 11.7 A phase consisted of one 
amine layer and that each molecule was oriented in 

the same direction. Williams et al. (1996), in a one
dimensional Fourier analysis involving neutron dif
fraction data (30 reflections) on a hydrated phase of 
MMA-vermiculite [d(OOI) = 12.3 A], found a maxi
mum in scattering densities at z = 0.5 and z = 0.415. 
They attributed the latter to the nitrogen of the am
monium-group, whereas the former was interpreted as 
interlayer water. 

Rowland and Weiss (1961) intercalated montmoril
lonite with DMA, which resulted in a d(OOI)-value of 
12.5 A at 100% CEC. At concentrations between 100-
400% CEC the d(OOl)-value was 12.7 A, and above 
600% they found a second layer of DMA forming to 
produce a d(OOI)-value of 17 A. They suggested that 
DMA molecules for the 12.5 A phase are arranged as 
a zigzag chain of DMA parallel to the (001) plane, 
whereas for the 12.7 A phase, they believed that the 
cation was perpendicular to the basal oxygen atom 
plane. Diamond and Kinter (1961) examined hydrated 
vs. dehydrated DMA-montmorillonite with d(OOI)-val
ues of 12.94 A and 12.52 A, respectively (c/ , to those 
of Theng et al. (1967) of 12.9 A and 12.72 A). Dia
mond and Kinter (1961) suggested a structure in which 
one of the methyl-groups of DMA is embedded into 
the silicate ring of the 2: 1 layer, with the nitrogen ion 
positioned above the hole and the second methyl
group offset to maintain the appropriate C-N-C bond 
angle. 

In this study, we compare the structures of DMA 
and MMA-exchanged vermiculites to previously de
termined vermiculite structures containing TMA and 
TMP (Vahedi-Faridi and Guggenheim, 1997, 1999). 
Each study, including the current study, used frag
ments from the same homogeneous vermiculite crys
tal, which allows precise comparisons. 

EXPERIMENTAL AND RESULTS 

Material and sample preparation 

The vermiculite is from a weathered pyroxenite de
posit (Luque et al., 1985) at Santa Olalla, Spain. The 
structural formula (Norrish, 1973), based on 22 oxy
gens and anhydrous conditions, is Clit) 8s(Sis.48,Alz.sz) 

(MgS.05 TiomMnomFeJ+ o.5sAlo.2s)022 . The macroscopic 
crystals were cut by surgical blade to flakes of - 0.7 
X 0.7 X 0 .05 mm before being sodium exchanged at 
80°C in aiM NaCl solution. Solutions were renewed 
every second day and the exchange rate of the crystals 
analyzed (CuKu radiation) with a Siemens D-5000 X
ray powder diffractometer. The exchange-product has 
d(OOI) of 11.9 A, consistent with a "monolayer" 
phase of Na-vermiculite (de la Calle et al., 1985). The 
Na-vermiculite flakes were subsequently treated with 
1 M solutions of MMA, DMA, and TrMA-chloride, 
respectively, at 65°C for 2-3 wk. Individual flakes 
were examined on the powder diffractometer to check 
the exchange process and the solutions changed every 
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Table 1. Atomic coordinates of MMA-vermiculite. 

Site x 'K U" U z-, U" 

M(1) 0.5 0 0 0.25 0.Ql0(l) 0.003(1) 0.046(2) 0 0.006(1) 0 0.0198(9) 
M(2) 0 0.1686(2) 0 0.5 0.0102(9) 0.0019(8) 0.047(1) 0 0.0061(9) 0 0.0196(7) 
T 0.4095(3) 0.1667(2) 0.2308(2) 1.0 0.0103(6) 0.0021(5) 0.044(1) 0.0000(7) 0.0053(6) 0.0000(5) 0.0187(5) 
0(1) 0.456(1) 0 0.2807(6) 0.491(3) 0.026(2) 0.008(2) 0.045(3) 0 0.005(2) 0 0.026(1) 
0(2) 0.1601(8) 0.2344(5) 0.2799(5) 0.987(3) 0.021(2) 0.016(2) 0.054(3) 0.003(2) 0.008(2) 0.005(2) 0.030(1) 
0(3) 0.3632(7) 0.1666(4) 0.0924(4) 1.0 0.010(1) 0.005(1) 0.050(2) 0.001(2) 0.008(2) 0.001(1) 0.021(1) 
OH 0.352(1) 0.5 0.0870(6) 0.5 0.016(2) 0.008(2) 0.061(3) 0 0.007(2) 0 0.028(1) 
N(1) 0 0 0.5 0.253(3) 0.189(3) 0.173(3) 0.143(3) 0 0.016(3) 0 0.169(2) 
N(2) 0.969(3) 0 0.413(3) 0.275(3) 0.141(3) 0.137(3) 0.133(3) 0 0.014(3) 0 0.138(2) 
C 0.93 0 0.535 0 0 0 0 0 0 0 0 

1 K = refined value of site occupancy, except where noted in text. 
2 Note: Displacement parameters are of the form exp[-2TI2(Ullh2a*2 + U 22k2b*2 + U 33f2C*2 + 2U12hka*b* + 2U I3hla*c* + 

2U23klb*c*)]. 

other day. The observation of a unique set of spacings 
along cSin[3 occurred in ~95% of the samples [d(OOl) 
= 12.13 A for MMA-vermiculite, deOOl) = 12.48 A 
for DMA-vermiculite, and d(OOl) = 12.93 A for 
TrMA-vermiculite] which indicated complete ex
change. However, because flakes were dried under 
normal laboratory conditions, these phases are not de
hydrated. 

Single crystal X-ray data collection 

Buerger precession photographs of the majority of 
the examined MMA- and DMA-vermiculite crystals 
showed a high degree of three-dimensional ordering 
as illustrated by sharp k ,e 3n type reflections. In con
trast, the unexchanged-vermiculite and the TrMA-ver
miculite showed streaking along the [001]* direction 
for k ,e 3n reflections indicating a high degree of 
stacking disorder. Space group C21m was chosen for 
the refinement of MMA and DMA-exchanged vermic
ulite due to the systematic presence of h + k = 2n 
reflections, and an apparent mirror plane perpendicular 
to a two-fold axis. The best crystal from each batch 
of MMA-vermiculite and DMA-vermiculite crystals 
was mounted on a Picker four-circle diffractometer. 
Unit cell dimensions (MoKa = 0.71069 A) were ob
tained from 19 unique reflections from 8 octants (to 
yield 8 X 19 = 152 reflections). The results were: a 
= 5.353(2) A, b = 9.273(3) A, c = 11.950(6) A, and 
[3 = 98.45(4t for MMA-vermiculite and a = 5.351(2) 
A, b = 9.268(4) A, c = 12.423(8) A, and [3 = 
98.33(5t for DMA-vermiculite. 

Data were collected from half the limiting sphere 
for 20 = 4-600 with h equals -8 to 8, k equals -14 
to 14 and I equals 0 to 18. Three check reflections 
were measured every 300 min to determine electronic 
and crystal stability. A total of 1791 reflections for 
MMA-vermiculite and 1853 reflections for DMA-ver
miculite was obtained. Lorentz and polarization cor
rections were made and absorption corrected by the 
psi-scan based technique utilized by the SHELXTL 
PLUS program (Siemens, 1990), with 100 intervals in 

tjJ, resulting in a total of ~400 reflections. Reflections 
were not used where the intensity was <6cr. After 
omitting these reflections and averaging the reflections 
based on symmetry considerations, there were 669 in
dependent reflections for MMA-vermiculite and 725 
independent reflections for DMA-verrniculite. An ad
ditional 30 (MMA-vermiculite) and 35 (DMA-vermic
ulite) reflections were omitted, respectively, due to un
usual peak shape. 

STRUCTURAL REFINEMENT 

The SHELXTL PLUS program (Siemens, 1990) 
was used also for the refinement. Starting atomic co
ordinates for the silicate layer were taken from the 
refinement of TMA-vermiculite (Vahedi-Faridi and 
Guggenheim, 1997). Scattering factors were taken 
from Cromer and Mann (1968) and the method of 
Sales (1987) was used to calculate half ionized atoms 
or scattering factors for sites where isomorphous sub
stitution occurs. The refinement used unit weights and 
a single scale factor for the reflections. 

MMA-vermiculite 

After initial refinement of the 2: 1 layer, a Fourier 
map of the interlayer region revealed two independent 
peaks, associated with different positions of nitrogen
ions in the MMA molecule. These positions were re
fined and yielded site occupancy factors of 25 and 
28% (Table 1). The distance of 1.03 A between these 
two sites does not correlate with the N-C bond dis
tance of 1.47 A, indicating that these are two indepen
dent MMA sites in an average structure. We refer to 
the nitrogen atom positions, N(l) and N(2), when dis
cussing the nitrogen, and MMA(l) and MMA(2) for 
discussions relating to the molecule associated with 
N(l) and N(2), respectively. In addition to the above 
argument, charge sums of both sites yielded a value 
of 0.8 electrostatic valency units (evu) per unit cell, 
which is close to the value of 0.85 evulunit cell as 
derived by chemical analysis (Norrish, 1973). In the 
later stages of the refinement, a Fourier difference 
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Table 2. Atomic coordinates of DMA-vermicu1ite. 

Site x y U22 U:n 

M(1) 
M(2) 
T 
0(1) 
0(2) 
0(3) 
OR 
N(1) 
C(1) 
C(2) 

0.5 0 0 0.25 
o 0.1685(2) 0 0.5 
0.4077(2) 0.1667(1) 0.2225(1) 1.0 
0.452(1) 0 0.2691(6) 0.5 
0.1584(7) 0.2354(5) 0.2691(4) 1.0 
0.3612(6) 0.1663(4) 0.0873(3) 1.0 
0.3623(8) 0.5 0.0840(5) 0.5 

0.006(1) 0.004(1) 0.043(2) 
0.0065(8) 0.0029(8) 0.045(2) 
0.0071(5) 0.0061(6) 0.040(1) 
0.030(3) 0.013(2) 0.045(4) 
0.018(2) 0.024(2) 0.049(3) 
0.008(1) 0.009(1) 0.048(3) 
0.011(2) 0.010(2) 0.056(4) 

o 0.006(1) 0 0.0174(9) 
o 0.0062(8) 0 0.0182(7) 
0.0002(6) 0.0055(5) 0.0004(4) 0.0176(5) 
o 0.003(3) 0 0.030(2) 
0.003(2) 0.009(2) 0.009(2) 0.030(1) 
0.002(2) 0.008(1) 0.001 0.021(1) 
o 0.007(2) 0 0.025(2) 

0.477(4) 0.5 0.424(2) 0.42(1) 0.10(1) 0.16(1) 0.12(1) o 0.022(9) 0 0.125(6) 
0.236 0 0.5 0 
0.823 0.077 0.5 0 

000 
000 

o 0 0 0 
o 0 0 0 

1 K = refined value of site occupancy, except where noted in text. 
2 Note: Displacement parameters are of the form exp[ -27T2(U Il h2a*2 + U 22k2b*2 + U 33[2C*2 + 2U 12hka*b* + 2U 13hla*c* + 

2U23klb*c*)]. 

electron density (DED) map located a peak consistent 
with a methyl group of one of the MMA cations (0.93, 
0, 0.535). The final R value, R = ~(IIFol - IFcII)I!IFol), 
including anisotropic displacement factors, refined to 
0.059 (wR = 0.073). 

DMA-vermiculite 

Isotropic refinement of the 2: I layer in DMA-ver
miculite resulted in an initial R value of 0.145. A DED 
map located a single site for the DMA cation in the 
interlayer region above the hexagonal cavities (Table 
2). Nitrogen was placed at this site (0.477, 0, 0.42) 
and further isotropic refinement lowered the R factor 
to 0.123. A DED map showed two peaks (at z = 0.5) 
consistent with methyl-group sites. The standard de
viation, s, of the DED difference Fourier peak was 
calculated at 0.092 e/A3 (Ladd and Palmer, 1977). 
Both peaks (0.83 and 0.87 e/A3) are well above 3s. 

Figure 1. A model structure of MMA-exchanged vermicu
lite viewed nearly along the [100] direction. The MMA sites 
(related Nand C atoms illustrated as "ball and stick") are 
partially-occupied as noted in the text. A complete 2: I layer 
and a tetrahedral sheet from an adjacent layer are shown. 
Within the 2: 1 layer, the polyhedral corners represent oxygen
atom centers. Octahedra represent M sites and tetrahedra rep
resent T sites (Si, AI). 

Inclusion of these sites in the refinement process did 
not result in a further lowering of the R value. Final 
anisotropic refinement reduced the R value to 0.059 
(wR = 0.064). 

DISCUSSION 

MMA-vermiculite 

The intercalation of vermiculite with MMA produc
es a d(OOI)-value of 11.8 A (cSin~), which is consis
tent with the spacings obtained by powder diffraction 
techniques (11.7 A, Rowland and Weiss, 1961; 12.0 
A, Barrer and Reay, 1957) of MMA-montmorillonite 
for adsorption values at near 100% cation exchange. 
Larger basal spacings could not be achieved with San
ta Olalla vermiculite, and we assume that the layer 
charge of the vermiculite does not allow further ex
pansion. 

Figure 1 shows the model for the distribution of 
MMA-cations in the interlayer of MMA-vermiculite 
with partial occupancy of the MMA sites (25 and 
28%), and Figure 2 shows the rotational radii of the 
MMA molecule for two orientations. Since the dis
tance between MMA(I) and MMA(2) is 1.03 A, it is 
concluded from the rotational radii that both sites can
not be occupied in the unit cell simultaneously; thus, 
the observed structure is an average structure. The C
N axis of the MMA(I) molecules is perpendicular to 
the basal oxygen plane with the N(I) located at z 

···tt ......... . 

~~1:::::::" 
___ N_

H H . 

[00 1] 

H H 
... .\ .............. .,. . .-;.;., ... ..... . 

.... C--N .... 

~.\: : J \ .' .) 
l"t ···· .. ······· ····H····· .. ····· H 

r -M A(2) = I AoA r-MMA( I) - 2.20A 

Figure 2. Rotational radii of MMA(1) and MMA(2). 
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Figure 3. Local arrangement of MMA-exchanged vermic
ulite showing three MMA molecules along the [110] direc
tion. In the structure, the three MMA sites cannot be occupied 
simultaneously. 

0.413 and located above the hexagonal cavity. Figure 
3 shows the C-N axis of the MMA-molecule situated 
perpendicular to the basal oxygen atom planes and 
pointing towards the lower and upper hexagonal cav
ities. The offset from the center of the interlayer (z = 

0.5) as determined from the N ion is 1.04 A. (Table 3). 
The distance from the ammonium group to the oxygen 
atom plane is 1.57 A., thus being considerably smaller 
than the distance of the methyl-group to the upper 
plane of basal oxygen atoms (2.20 A.). Although the 
methyl-group and ammonium-group are approximate
ly equal in size, positive charge is located on the N 
ion of the latter. This charge interacts with the negative 
charge of the silicate layer, thereby requiring a shorter 
distance in comparison with the methyl-group to basal
oxygen plane distance; there is an electrostatic inter
action between the ammonium-group and the oxygens 
of the hexagonal hole. For steric reasons involving the 
tetrahedral geometry of the TMA molecule, this inter
action does not occur between TMA and the 2: 1 layer 
in TMA-vermiculite (Vahedi-Faridi and Guggenheim, 
1997), where a methyl-group is pointing towards the 
closest hexagonal cavity. Although the structure is a 
"one-layer" structure where there is a single plane of 
interlayer pillars, there is a random alternation be
tween MMA-pillars associated with the lower plane 
and the upper plane (Figure 3). 

A second MMA molecule occurs at the N(2) site at 
z = 0.5, between adjacent hexagonal cavities across 
the interlayer. In contrast to MMA(l), there is no re
sidual electron density in a DED map to locate the 
associated methyl-group, and we have no direct evi
dence regarding its location. A keying of the methyl
group into the hexagonal cavities, however, would re
sult in a much smaller distance of the methyl-group to 
(basal) oxygen atom plane than that of the anunonium
group to the oxygen atom plane. As noted above, elec
trostatic interactions would not require such an ar-

Table 3. Single crystal pillared-vermiculite data. 

P,N- P.N-
Basal- Inter-

d(OOl)-value oxygen- layer-
CRT)' p,N--CHJ2 Pillar-heightl plane4 center~ 

TMP 14.394 A 1.87 A 4.68 A 2.7 A 1.2 A 
TMA 13.494 A 1.47 A 4.16 A 1.91 A 1.52 A 
TrMA 12.93 A 1.47 A 3.25-4.16 A 
DMA 12.289 A 1.47 A 3.25 A 1.89 A 0.95 A 
MMA 11.821 A 1.47 A 2.93 A 1.57 A 1.03 A 

I d(OOI)-value at room temperature and relative humidity. 
2 Phosphorus, Nitrogen-to methylgroup distance. 
3 Calculated minimum pillar-height for observed orienta

tions. 
4 Phosphorus, Nitrogen-to basal oxygen plane distance. 
5 Phosphorus, Nitrogen-to center of interlayer distance. 

rangement. Thus, a more likely model is that the mol
ecule is dynamic and is oriented parallel or nearly par
allel to the basal oxygen atom planes (as shown in 
Figures 1 and 3). It is noteworthy that the N(2) site is 
located exactly between two silicate layers, since all 
other organoclay structures refined to date show the 
source of the charge in the (organic) molecule more 
closely associated with a 2: 1 layer. 

Williams et al. (1996) reported a neutron diffraction 
study on the hydrated phase of MMA-vermiculite 
(d(OO!) = 12.3 A.). The one-dimensional analyses 
showed a maximum in scattering densities at z = 0.5 
and z = 0.415. They attributed the latter to the N of 
the ammonium-group, as found here. The peak at z = 
0.5 was thought to be interlayer water of the hydrated 
phase. It is likely, based on this study, that some or 
all of the scattering at z = 0.5 is due to the presence 
of N(2) or MMA(2). 

Electrostatic interactions between the ammonium
group and the oxygen atom plane cannot explain the 
difference in the orientations of MMA(l) and 
MMA(2). It is possible that the two orientations result 
from differences in hydration states of the two mole
cules. However, we do not have sufficient data to de
termine this. 

DMA-vermiculite 

Intercalation of the Santa Olalla vermiculite with 
DMA resulted in a d(OOI) = 12.29 A., which is com
parable to the dehydrated structure (Rowland and 
Weiss, 1961) of 12.5 A. for DMA-montmorillonite at 
concentrations of 100% CEC. Longer exchange times 
did not produce a greater exchange. 

In DMA-vermiculite as derived from the X-ray 
analysis, the N site appears to have four possible as
sociated C atoms (C1, C2, and symmetry-related at
oms). The more likely arrangement is that DMA mol
ecules are arranged in two orientations throughout the 
structure: one DMA molecule has a C1-N-C1 angle 
of 108° and the other DMA molecule has a C2-N-C2 
angle of 105° (Table 2). The estimated standard devi-
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! 

N1 

~'" (jC2 C2 

Figure 4. Model structure of the DMA-exchanged vermic
ulite viewed nearly along the [100] direction. The DMA is 
represented as "ball and stick", see Figure 1 for details of 2: 
1 layer. 

ations for these C positions may be quite high, because 
the atomic parameters were not determined by least
squares. Thus, these angles represent only approxi
mations. Nonetheless, both values are near the ideal 
tetrahedral angle of 109.50 and thus support the con
clusion that there are two orientations. These angle 
differences may be related also to the development of 
H bonds between the basal oxygen atom plane and the 
H of the NH2 + group, where differences in the H bond 
strength may result in differences in these C-N-C an
gles. 

Both N atoms superpose in the average structure as 
determined by X-ray analysis, whereas the C atoms do 
not. This model is "static" and the molecules are in 
well-defined locations. Figure 4 shows the structure of 

DMA-vermiculite based on this interpretation of DMA 
orientations. Although unlikely, this model may be an 
artifact of the choice of the space group, since the 
symmetry-related C atoms may be imposed by the 
mirror plane generated, for example, by Friedel's Law. 
If this is the case, then the space group is either C2 
(monoclinic) or CI (triclinic). 

Another interpretation of DMA molecular orienta
tion is more dynamic. In this case, C1 and C2 sites 
are occupied statistically and DMA-molecules are ro
tating about one C-Naxis, as illustrated in Figure 5. 
This model may explain why the distance of the N 
atom to the basal oxygen atom plane in DMA-vermic
ulite is considerably greater than in MMA-vermiculite 
(Table 3). In addition, differences in distance may be 
attributed to the different number and strengths of H 
bonds between MMA and DMA and the basal oxygen 
atom plane. 

The N atom is offset from the central plane of the 
interlayer by 0.95 A, and C atoms are at z = 0.5 (Table 
2). The offset of N and the location of the C atoms 
produces a zigzag arrangement of DMA in the (001) 
plane in the static model. In this "chain" [we believe 
that the term "chain" should be reserved for structural 
motifs that are linked, but we follow the usage here 
of Rowland and Weiss (1961)], the plane defined by 
the C-N-C molecule is perpendicular to the (001) 
plane. Thus, if DMA-vermiculite may be compared to 
DMA-montmorillonite (Rowland and Weiss, 1961), 
our results do not support the model for the 12.5-A 
phase of montmorillonite. In that model, the N of the 
DMA must be located at z = 0.5 to produce a zigzag 
"chain" of DMA in the (001) plane with the plane 
defined by the C-N-C molecule parallel to the (001) 
plane. Interestingly, Rowland and Weiss (1961) pre-

~ 
Basal oxygen plane 

Hexagonal hole 
* methyl-group is rotated out of plane 

Figure 5. Rotational (dynamic) model for DMA pillars in DMA-exchanged vermiculite, viewed along the (00l) plane. In 
this model, the methyl groups are freely rotating; note the arrow indicating the N-C axis of rotation. The methyl group 
identified with an asterisk (*) is rotating out-of-plane, as illustrated. 
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dicted a zigzag "chain" with the C-N-C axis perpen
dicular to the (001) plane for the 12.7-A phase of 
DMA-montmorillonite, and this "chain" is similar to 
the one found in vermiculite. 

TrMA 

In contrast to other examined onium-vermiculites 
(this study; Vahedi-Faridi and Guggenheim, 1997), 
TrMA-vermiculite did not show three-dimensional 
stacking order as indicated by intensity diffuseness 
parallel to the [001]* direction of k ~ 3n reflections. 
The minimum pillar height of the TrMA molecule 
(3.04 A) is similar in height to the DMA molecule 
(3.25 A), where the latter is oriented perpendicular to 
the basal oxygen atom plane. In contrast, the maxi
mum height (4.54 A) of the TrMA molecule is close 
to that of the TMA molecule (4.16 A, Vahedi-Faridi 
and Guggenheim, 1997). However, the d(OOI)-value of 
TrMA-vermiculite lies between that of DMA-vermic
ulite and TMA-vermiculite (Tables 3 and 4), suggest
ing that the TrMA molecule is randomly oriented in 
the interlayer. This randomized orientation seemingly 
does not have the capability to lock the silicate layers 
symmetrically, thus leading to random interstratifica
tion. 

2:1 layer 

Comparisons between this study (Tables 4 and 5) 
and two previous studies using Santa Olalla vermicu
lite as starting material (Vahedi-Faridi and Guggen
heim, 1997, 1999) show that the mean bond lengths 
for each of the cation sites in the 2: 1 layer are nearly 
identical (MMA, DMA, TMA, TMP for T: 1.654, 
1.657, 1.657, 1.660 A; for Ml: 2.082, 2.077, 2.089, 
2.075 A; for M2: 2.081, 2.074, 2.087, 2.074 A). These 
values suggest that the chemistry of the 2: 1 layer re
mains constant regardless of the composition of the 
interlayer. Note also that mean bond lengths of Ml 
and M2 sites within each sample are identical within 
estimated standard deviations (Table 4), indicating the 
lack of octahedral cation ordering in each sample. 

However, individual bond lengths and angles do 
vary significantly within and between coordination 
units, thereby indicating that each organic molecule 
substitution affects the 2: 1 layer. A small effect is ob
served for distances involving the apical oxygen atom, 
0(3), which varies systematically between the four 
samples, with MMA and TMA-vermiculite being sim
ilar with relatively smaller T-0(3) distances and larger 
Ml,M2-0(3) distances, compared to DMA and TMP
vermiculite (MMA, DMA, TMA, TMP: tetrahedron 
1.635(5), 1.662(5), 1.631(6), 1.660(3) A; octahedron 
Ml: 2.095(4), 2.083(4), 2.099(4), 2.084(3) A; octa
hedron M2: 2.082(4) and 2.085(4), 2.074(3) and 
2.075(4),2.083(5) and 2.095(4),2.070(3) and 2.082(2) 
A). Octahedral thickness (Table 5) follows the same 

trend, with MMA and TMA-vermiculites being similar 
with a thicker octahedral sheet than the other two. 

The interaction between the exchanged organic cat
ion and the basal oxygen atom plane should affect the 
tetrahedral bond distances, and to a lesser extent, the 
octahedral bond distances. A close approach by the 
charged organic molecule to a basal oxygen (Ob) atom 
will result in a weakening of the T -Ob bond (making 
the distance longer), a strengthening of the T-03 (api
cal) bond, and a weakening of Ml or M2 to 03 bonds. 
Table 3 shows organic cation to basal oxygen atom 
distances, where MMA more closely approaches the 
basal oxygen plane than DMA, and TMA more closely 
approaches the basal oxygen plane than TMP. Com
parisons between MMA and DMA show this trend of 
bond distances (Table 4), as do comparisons between 
TMA and TMP. Because the geometry of the tetrahe
drally-shaped molecules (TMA, TMP) is different 
from MMA and DMA, these groups should not be 
compared. The geometrical differences produce a well 
shielded charge in TMA and TMP, but not in the other 
cations. 

The tetrahedral rotation angle, a, is significantly dif
ferent for each exchanged vermiculite (Table 5), al
though the chemical composition of the 2: 1 layer is 
identical for all samples. The tetramethylonium-ver
miculites exhibit a much greater tetrahedral rotation 
than MMA- and DMA-vermiculite. The major difference 
of these two groups is the association of the positive 
charge and methyl-group of the pillar to the tetrahedra 
of the 2: 1 layers. For tetramethylonium-vermiculites, 
this positive charge is shielded by the methyl-groups. 
In contrast, for MMA- and DMA-vermiculite, there is 
a more direct interaction between the positively
charged nitrogen ion and the basal oxygen atoms. This 
interaction may be responsible for the lesser degree of 
tetrahedral rotation for MMA and DMA-exchanged 
vermiculite. TMA-vermiculite and MMA-vermiculite 
have the larger tetrahedral rotation compared to TMP
vermiculite and DMA-vermiculite, respectively. Va
hedi-Faridi and Guggenheim (1999) suggested that 
there will be greater tetrahedral rotation where there 
is a (relatively small) centrally-located cation within 
the tetrahedral ring, since there are electrostatic attrac
tions between this cation and the nearest neighbor bas
al oxygen atoms. Also consistent with this model, the 
MMA molecule in MMA-vermiculite is centrally lo
cated with respect to its tetrahedral ring, and it has a 
larger a value than DMA-vermiculite. The comparison 
cannot be extended to include (unexchanged) Llano 
vermiculite, however, because the partially-occupied 
interlayer sheet forms hydrogen bonds to the basal ox
ygen atom plane. 

CONCLUSION 

This study compares two simple organic molecules 
(MMA, DMA) with an asymmetric distribution of 
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Table 4. Selected calculated bond lengths and angles. 

Bond length CA.) and Bond angles C) of MMA-vermiculite Bond length CA.) and Bond angles (0) of DMA-vermiculite 

About T About T 

T-O(l) 1.663(4) 0(1)-0(2)' 2.694(5) 108.5(3) 1.655(3) 0(1)-0(2)' 2.689(5) 108.7(2) 
0(2)' 1.656(5) 0(2) 2.689(5) 108.0(3) 1.653(4) 0(2) 2.690(5) 108.6(3) 
0(2) 1.661(4) 0(3) 2.712(8) 110.7(3) 1.656(4) 0(3) 2.719(8) 110.1(3) 
0(3) 1.635(5) 0(1)-0(2)' 2.692(5) 108.5(3) 1.662(5) 0(2)-0(2)' 2.689(4) 108.7(2) 

mean 1.654 0(3) 2.703(7) 110.4(3) 1.657 0(3) 2.724(6) 110.5(2) 
0(2)'-0(3) 2.709(7) 110.6(3) 0(2)'-0(3) 2.720(6) 110.1(2) 

mean 2.700 mean 109.5 mean 2.705 mean 109.5 

About About 
Shared M(I) shared M(I) 

M(l )--0(3) X 4 2.095(4) 0(3)-0(3) X 2 2.829(6) 85.0(2) 2.083(4) 0(3)-0(3) X 2 2.802(6) 84.5(2) 
OH X 2 2.056(5) OH X 4 2.766(7) 83.6(2) 2.065(4) OH X 4 2.757(7) 83.3(1) 

mean 2.082 mean 2.798 2.077 mean 2.780 

unshared unshared 

0(3)-0(3) X 2 3.090(5) 95.0(2) 0(3)-0(3} X 2 3.083(5) 95.5(2) 
OH X 4 3.094(5) 95.4(2) OH X 4 3.098(4) 96.7(1) 

mean 3.092 mean 3.091 

About About 
shared M(2) shared M(2) 

M(2)--O(3) X 2 2.082(4) 0(3)-0(3) 2.829(6) 85.6(2) 2.074(3) 0(3)-0(3) 2.802(6) 84.9(2) 
0(3)'X2 2.085(4) 0(3)' X 2 2.815(6) 85.0(2) 2.075(4) 0(3)' X 2 2.789(6) 84.5(2) 
OH X 2 2.075(4) OH-0(3), X 2 2.766(7} 83.4(2) 2.073(4) OH-O(3) , X 2 2.757(7) 83.3(2) 

mean 2.081 OH 2.727(9) 82.2(2) 2.074 OH 2.726(7) 82.2(2) 
mean 2.784 mean 2.769 

unshared unshared 

0(3)-0(3)' X 2 3.091(5) 95.8(2) 0(3)-0(3)' X 2 3.093(4) 96.4(2) 
OH X 2 3.092(4) 96.1(2) OH X 2 3.093(4) 96.4(2) 

OH-0(3)' X 2 3.088(5) 95.8(2) OH-0(3)' X 2 3.077(4) 95.8(2) 
mean 3.090 mean 3.088 

Bond length (ft..) and Bond angles C) of TMA-vermiculite Bond length (ft..) and Bond angles C) of TMP-vermiculite 

About T About T 

T-O(1) 1.664(4) 0(1)-0(2)' 2.698(5) 108.3(3) 1.658(2} 0(1}-0(2)' 2.693(4) 108.6(2) 
0(2)' 1.664(5) 0(2) 2.697(5) 108.0(2) 1.658(3) 0(2) 2.694(4) 108.5(2) 
0(2) 1.670(4) 0(3) 2.707(8) 110.5(3) 1.662(3} 0(3) 2.723(5) 110.3(2) 
0(3) 1.631 (6) 0(2}-0(2)' 2.697(5) 108.0(3) 1.660(3) 0(2)-0(2)' 2.693(3) 108.5(2) 

mean 1.657 0(3) 2.722(2) 111.1 (2) 1.660 0(3) 2.725(4) 110.5(2) 
0(2)'-0(3) 2.713(7) 110.8(2) 0(2)'-0(3) 2.728(4} 110.5(1 ) 

mean 2.706 mean 109.5 mean 2.709 mean 109.5 

About About 
shared M(l) shared M(l) 

M(I)--O(3) X 4 2.099(4) 0(3)-0(3) X 2 2.838(7) 85.1(2) 2.084(3) 0(3)-0(3) X 2 2.797(4) 84.3(1) 
OH X 2 2.070(6) OH X 4 2.792(8) 84.1(2) 2.059(4) OH X 4 2.757(4} 83.4(1) 

mean 2.089 mean 2.815 2.075 mean 2.777 

unshared unshared 

0(3)-0(3) X 2 3.093(5) 94.9(2) 0(3)-0(3) X 2 3.089(4) 95.7(1) 
OH X 4 3.098(4) 96.0(2) OH X 4 3.092(4) 96.6(1) 

mean 3.096 mean 3.091 

About About 
shared M(2) shared M(2) 

M(2)--O(3) X 2 2.083(5) 0(3)-0(3) 2.838(7) 85.9(2) 2.070(3) 0(3)-0(3) 2.797(4) 85.0(1) 
0(3)'X2 2.095(4) 0(3)' X 2 2.832(7) 85.3(2) 2.082(2) 0(3)' X 2 2.795(4) 84.6(1) 
OH X 2 2.082(5) OH-0(3)' X 2 2.792(8) 83.9(2) 2.069(3) OH-0(3)' X 2 2.757(4) 83.2(1) 

mean 2.087 OH 2.747(9) 82.6(2) 2.074 OH 2.713(6) 82.0(1) 
mean 2.802 mean 2.766 

unshared unshared 

0(3)-0(3)' X 2 3.089(5) 95.4(2) 0(3)-0(3)' X 2 3.088(4) 96.1(1) 
OH X 2 3.090(4) 95.9(2) OH X 2 3.089(3) 96.5(1) 

OH-0(3)' X 2 3.088(5) 95.4(2) OH-0(3)' X 2 3.086(4} 96.0(1) 
mean 3.089 mean 3.088 
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Table 5. Calculated structural parameters for methyl-onium-vermiculites. 

Parameter TMP-vermiculite 

7",(°)3 

Sheet thickness4 

octahedral (A.) 
tetrahedral (A.) 

Interla),er separation (A.) 
~Zm (A.)5 
i3ide,1 (0)6 

6.75 
59.57 M(l) 
59.55 M(2) 

110.4 

2.102 
2.264 
7.764 
0.004 

97.06 

1 ex = 1/2[120° - mean Ob-Ob-Ob angle]. 
2 'It = COS-1[(OCt. thickness)/(2(M-0),ve)]' 
3'T = mean Ob-T-Oa' 
4 Tetrahedral thickness includes OR. 
5 ~Zave = Basal oxygen corrugation. 
6 i3ideal = 1800 

- cos- 1 [aI3c]. 

charge. In MMA-vermiculite, there are at least two 
orientations for the MMA molecule. In one orienta
tion, the N of the MMA molecule is associated with 
the hexagonal ring to offset the layer charge originat
ing from Al for Si tetrahedral substitutions. In contrast, 
a second MMA orientation has the source of the 
charge on the molecule, N, exactly between the adja
cent 2: 1 layers [if this orientation is dynamic, then 
there are multiple orientations, although this molecule 
presumably remains parallel to the (001) plane]. This 
is the first reported case for a 2: 1 layer phyllosilicate 
where the organic molecule is found exactly between 
the layers, much like inorganic interlayer cations. The 
two orientations of MMA molecules may be related to 
different hydration states of the molecules, but because 
any interlayer water is randomly distributed between 
the layers, X-ray data alone cannot be used to locate 
H20 molecules. DMA-vermiculite shows two crystal
lographically unique DMA molecules, where the C
N-C planes differ in orientation, although both planes 
are normal to the (001). 

Mean bond lengths of coordination polyhedra in the 
2: 1 layer for MMA, DMA, TMA, and TMP-ex
changed vermiculites indicate that the respective poly
hedra are chemically identical, but individual bond 
lengths differ significantly. MMA and DMA-ex
changed vermiculites vs. TMA and TMP-exchanged 
vermiculites show different bond-length systematics in 
the polyhedra of the 2: 1 layer because of differences 
in the geometries of the organic molecule. Additional 
evidence for interactions between the organic mole
cule and the silicate layer is indicated by the different 
tetrahedral rotation angles of the vermiculite struc
tures. Clearly, the organic molecule has an important 
affect on the silicate layer substrate. 

This study does not address two important features 
of these organo-vermiculite structures: (1) the number, 
position, and orientation of the H20 molecules in the 

TMA-vermiculite DMA-vermiculite MMA-vermiculite 

7.1 5.8 6.1 
59.17 M(I) 59.52 M(1) 59.42 M(1) 
59.10 M(2) 59.47 M(2) 59.40 M(2) 

110.7 110.2 110.6 

2.142 2.107 2.119 
2.125 2.254 2.251 
6.852 5.677 5.189 
0.014 0 0.012 

97.53 98.26 98.59 

interlayer and (2) the extent that hydrogen bonds may 
play in the bonding between the organic cations and 
basal-oxygen atom planes. Further work is necessary 
to develop a better understanding of these features. 
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