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CRYSTAL STRUCTURE OF A VERMICULITE-ANILINIUM INTERCALATE
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Abstract—If anilinium ions are intercalated into Llano vermiculite, the stacking order of adjacent silicate
layers is increased, resulting in a relatively sharp single crystal X-ray diffraction (XRD) pattern. The
packing of intercalated organic members forms a superstructure and produces bonding from layer to layer
which favors the stacking order. Superlattice reflections occur which, although sharp in the a*b* plane,
are streaked along c*. Apparently there is little coherence between adjacent layers of ordered organic
units.

A three-dimensional set of XRD reflections for a triclinic sub-cell having the following lattice parameters
was measured: a = 5.326(3), b = 9.264(4), c = 14.82(5) A, & = 90.31(7), 8 = 96.70(6), and v = 89.55(5)".
In this unit cell (symmetry C1), ditrigonal cavities in adjacent silicate layers are approximately opposite.
Differential Fourier analyses and least-squares refinements showed that the principal axes of the anilinium
ions, i.e., N=C(1)}~C(4), are nearly perpendicular to the silicate layers. The planes of the aromatic rings,
however, are about +30° to X, neither parallel nor perpendicular to that direction, as indicated by earlier
studies.

Inorganic cations and water molecules are also present in the interlayer; the former and some of the
latter occupy sites near the middle of the layer. Anilinium-rich and anilinium-poor domains coexist. In
the latter, the cation-water system predominates and apparently conforms to the superstructure. Although
the cation-water structure could not be uniquely established from the reflections produced by the sub-
cell, possible positional coordinates were obtained. From structural data for the silicate layers, no evidence

was found for long-range Si/Al ordering in the tetrahedral sites.
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INTRODUCTION

The structures of intercalates formed between layer
silicates and organic species are not readily determined
by routine crystallographic methods. Such intercalates
commonly lack three-dimensional periodicity because
random faults may affect the mutual dispositions of
the silicate layers and the intercalating organic mole-
cules may not have regular configurations with respect
to the layers. Further difficulties arise if superstructures
are produced by the intercalation process. These su-
perstructures produce sets of superlattice reflections
which are not readily phased and, with the exception
of a few, are weak; their information content therefore
is limited.

Additional problems associated with the determi-
nation of intercalate structures arise if their organic
components make only minor contributions to the to-
tal scattering from single crystals whose X-ray dif-
fraction (XRD) patterns, at best, contain many weak
reflections. Vermiculite-organic intercalates previously
examined have yielded XRD patterns consisting of
both sharp and diffuse 0k/ reflections. Slade and Stone
(1984) reported sharp 0k/ reflections, indicative of a
well-ordered structure, for anilinium-intercalated sin-
gle crystals of vermiculite from Llano, Texas.

Previous work by Raupach er al. (1975), Slade et al.
(1978), Slade and Raupach (1982), and Slade and Stone
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(1983) made use of superlattice reflections to charac-
terize the well-ordered arrays formed when some or-
ganic species were intercalated into vermiculites.
Particular note was taken that benzidine, 4-4'-diami-
no-frans-stilbene, and anilinium all gave rise to a single
type of superlattice. Further unpublished work in this
CSIRO Division has shown that a vermiculite-p-
toluidine intercalate also gives similar XRD superlat-
tice reflections.

The superlattice of all the intercalates listed above
is manifest in their a*b* reciprocal lattice planes as a
series of sharp, extra reflections which violate the C-face
centering of the 5 x 9 A unit cell of the parent ver-
miculite and indicate that the true cell has a dimension
of 10 x 18 A(i.e., 2a x 2b). The additional reflections,
however, appear as diffuse rods in the direction of ¢*,
thus showing that little coherence exists between the
relatively well-ordered arrays of organic species on in-
dividual layers. The organic molecules therefore are
not on an ordered three-dimensional lattice through
the whole crystal, and the superstructure is essentially
two-dimensional.

Although some aspects of the interlayer structure of
anilinium-vermiculite were established by Slade and
Stone (1983, 1984) from one- and two-dimensional
Fourier projections, a more comprehensive study has
awaited the collection and analysis of the relatively
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Table 1. Unit-cell parameters of the Llano vermiculite-an-
ilinium intercalate.

Slade, Dean, Schultz, and Self
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Table 2. Electron microprobe analysis of Llano vermiculite
before and after anilinium intercalation.

From X-ray diffraction

photographs Used for this study'
a 5.29(5) A 5.326
b 9.19(9) A 9.264
c 14.76(15) A 14.82
P 90.1(3)° 90.31
8 97.0(3)° 96.70
¥ 89.5(2)° 89.55

! Crystal data based upon this unit cell are as follows: Unit-
cell volume V = 726.02 A3, Z = 2, D,, = 2.21 g/em3, D, =
2.30 g/cm?, ¢ = 8.39 cm™~! (MoKa).

high-quality three-dimensional XRD data for this ma-
terial. For the present study of the structure of anilin-
ium-vermiculite the measurement of superlattice re-
flections was considered to be impractical because of
their rod-like character. Accordingly the analysis was
based upon three-dimensional data collected for a sub-
cell of the superstructure.

EXPERIMENTAL
Determination of the unit-cell dimensions

XRD photographs reported by Slade and Stone (1983,
1984) of the zero layers about the g and b axes suggested
that the unit cell of anilinium-vermiculite was mono-
clinic and that it contained only a single silicate layer
having ¢ = 14.89 A. For the present study, upper-layer
Weissenberg photographs about the a axis of a crystal
of the material described by Slade and Stone (1983)
were taken with CoKa radiation. The photograph for
the second layer (2k/ reflections) not only showed b*
curving as expected for a monoclinic unit cell with a
8 angle of ~97°, but it also showed a small curvature
in ¢*; hence, the true unit cell is triclinic. A computer-
simulated Weissenberg template for this reciprocal lat-
tice layer showed that such a curvature results if the
unit cell has a v value of =89.5°. The unit-cell param-
eters deduced from Weissenberg and precession films
are shown in column 1 of Table 1. On the basis of
these values a SUPPER two-circle diffractometer was
used to establish a more accurate set of unit-cell pa-
rameters. The results, given in column 2 of Table 1,
describe the triclinic unit cell which was used as the
basis for the subsequent intensity determinations.

Electron microprobe analyses

Electron microprobe analyses were carried out on
the sodium-saturated and anilinium-intercalated ver-
miculites referred to by Slade and Stone (1983). Several
crystals of each material were mounted on blank Aral-
dite briquettes, coated with about 25 nm of carbon,
and analyzed with a JEOL 733 Superprobe using a
KEVEX 7000 series energy-dispersive system. The ac-
celerating voltage was 15 kV; the beam current and
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After intercalation
with anilinium ions

Before intercalation
(Na-saturated)

wt. % wt. %

Si0o, 374 37.2
ALO, 13.2 12.4
Fe,0, 0.58 0.42
TiO, 0.21 0.26
MgO 25.8 23.40
Na,O 6.25 not detectable
Sum of

oxides 83.44 73.68
H,O (dif- 'An,0 12.80

ference) 16.56 13.52

Cations per Cations per Cations per
11 oxygens 11 oxygens 2.86 silicons

Si 2.86 3.01 2.86
Al 1.14} 400 499 }4'00 1.13}‘ 3.99
AV 0.0 0.20
Fe?* 0.03 0.03 0.03
Ti ootf 303 go2 396 g2l 273
Mg 2.94 2.82 2.68
Na 0.93 0.93 An 0.61 0.58
H,O 4.23 H,0 3.65 3.47

! Oxide equivalent of anilinium (An) calculated from the C
and N analyses from the Australian Microanalytical Service.

diameter were 5 nA and 20 um, respectively; and all
counting times were 60 s. The results shown in Table
2 were obtained from the data after ZAF correction
with PIBS software (Ware, 1981).

Data collection

The crystal used was that on which the upper-layer
Weissenberg photographs had been taken. It measured
900 x 530 x 20 um. Three-dimensional intensity data
were collected with a SUPPER two-circle diffractom-
eter; its controlling algorithm incorporated the refine-
ments previously discussed by Slade and Stone (1983).
Equi-inclination geometry was used to record data from
five reciprocal lattice layers along the [100] rotation
axis. The index ranges were: 0 = h =4, —10 =k =
10, and —20 = / = 20. An /28 step-scan mode and
filtered MoKa radiation were employed. To increase
the reliability of the intensity measurements, especially
for the weak reflections which comprised a very sig-
nificant portion of the total diffraction pattern, count-
ing was prolonged between 30 and 100 s at each 0.05°
step of the scan range (Aw). Aw was varied according
to the formula of Guss et al. (1970). Of the 1928 unique
reflections which were measured, 1825 were above zero
intensity. Experimental intensities were corrected for
Lp factors and absorption (linear absorption coeffi-
cient = 8.39 cm™!). The transmission factors ranged
between 0.95 and 0.70. The space group assumed for
the data collection was P1, with the additional con-
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dition of C-face centering. Structure amplitudes were
not squared before use in refinement.

Initial adjustment of silicate-layer parameters

To phase the structure amplitudes, a trial model for
the silicate atoms was derived from the atomic coor-
dinates given by Slade and Stone (1984). Because the
present work showed the structure to be triclinic and
because superlattice reflections were not included in
the data set, the asymmetric unit chosen had the lowest
symmetry likely to be shown by the silicate-only por-
tion of the structure viz. Cl. (The nonprimitive unit
cell with C1 symmetry enables the structure to be di-
rectly compared with those of other layer silicates.) The
interlayer structure as determined by X-rays represents
an average over many cells, each of which is able to
incorporate an organic molecule in one of four equiv-
alent sites. Because the average structure was expected
to have a center of symmetry, the origin of the cell
used for this work was moved by b/6 with respect to
the cell origin previously chosen by Slade and Stone
(1984).

For the octahedral and tetrahedral cation sites,
“mixed-atom” scattering factors were computed from
the structural formula based on 2.86 silicons (Table 2),
in conjunction with the scattering curves for fully ion-
ized cations. For oxygen, two scattering curves were
used —initially only that for non-ionized atoms was
used, but as refinement proceeded the octahedral an-
ions were found to be more appropriately assigned to
the O?~ curve of Tokonami (1965). All other curves
were taken from the International Tables for X-ray
Crystallography (1974).

After the scaling factors for the reciprocal lattice lay-
ers were adjusted, the positional parameters for pseu-
do-symmetrically related atoms were adjusted inde-
pendently. The position of one octahedral cation was
fixed at 0,%,0 in all refinements. The isotropic tem-
perature factors for pseudo-symmetrically related at-
oms were independently adjusted. For these initial cal-
culations unit weights were used and reflections for
which |Fo|/<0.5 and |Fo| — |Fc| >3.0 were ex-
cluded. All positional parameters were then adjusted
simultaneously in two cycles of refinement, followed
by two more cycles during which all the temperature
factors were released to given an R factor of 17.5% on
1685 reflections.

The peak profiles of all reflections with |[Fo| — |Fc|
>3 were inspected for any obvious measurement errors.
A significant number were found to be affected by over-
lap with adjacent peaks or counting problems. Where
possible, peak profiles were re-determined and new
structure amplitudes were calculated.

After these corrections were made, the three-dimen-
sional difference Fourier maps described in the next
section were computed. The maps represent the resid-
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ual electron densities after subtraction of the electron
densities described by the model for the silicate portion
only. The interlayer atomic sites therefore show up as
strong peaks.

Positioning of the anilinium ions from
difference Fourier maps

The sections, shown in Figure 1, were sited according
to the positions at which the organic interlayer atoms
were expected from the previously published one- and
two-dimensional projections. Figure la, the section at
y = Y, shows substantial peaks in pairs on opposite
sides of the interlayer. For comparison, two aniline
molecules are shown drawn at the same scale. (Note
that only the carbon atoms along the line between the
upper and lower nitrogen atoms are close to the plane
of this Fourier section.) Figure 1b is a section through
the peak ascribed to nitrogen at z = % and Figures lc
and 1d are sections through the expected C(1) and C(4)
positions. The peaks associated with these positions
were well defined and helped to confirm that the prin-
cipal axes of the anilinium groups, i.e., N=C(1). . . C(4)
are aligned approximately perpendicular to the silicate
layers, as shown by Slade and Stone (1983, 1984).

The probable z coordinates for the carbon atoms
C(2), C(3), C(5), and C(6), the “wing carbons,” were
determined from the known geometry of the aniline
molecule (Brown, 1949). This known geometry also
determined approximately where, on the appropriate
Fourier sections, peaks belonging to the “wing car-
bons” might be. Figures le and 1f show the difference
Fourier sections at z = 0.46 and z = 0.55 on which the
“wing carbons’’ should be visible. Although other sec-
tions were computed, only those at z= Y%, x = Y2, y =
Y, and y = % revealed significant extra interlayer peaks
(Figure 2). The relative positions of the peaks shown
in these sections indicated that cations and water mol-
ecules also occupied interlayer sites.

Initial refinement of parameters for
interlayer organic atoms

Because four ditrigonal cavities are present in the
unit cell under consideration four alternative ditrigonal
rings of surface oxygen atoms exist to which the am-
monium groups of the anilinium ions can be attached.
Two rings surround the ditrigonal cavities in the sili-
cate half-layer at the base of the cell, and two surround
the cavities in the half-layer at the top of the cell. Due
to the C-centering of the cell, however, only two of the
ditrigonal rings are crystallographically unique.

For the postulated nitrogen sites a trial set of posi-
tional parameters was read from the Fourier maps and
then refined by two cycles of least-squares. Subse-
quently, the trial site-occupancy factors assigned to each
site (0.25) were varied during two additional cycles,
and values of 0.23 and 0.31 for the lower and upper
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Figure 1. Difference Fourier (Fo — Fc) syntheses at (a) y = ', (b) z = 15, (¢) z = 0.42, (d) z = 0.60, (e) z = 0.46, and (f)
z = 0.55. Contour interval used is 0.17 in (a) and 0.09 e/A? in (b)(®).

sites, respectively, were obtained. The temperature fac-
tors were arbitrarily maintained at B = 2.5. These ad-
justments reduced R by only 0.1%.

The relative insensitivity of the R factor to changes
in the parameters for the interlayer atoms, compared
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with changes in parameters for silicate-layer atoms,
prompted a transfer of the data and the partially ad-
Jjusted model from the program ORFLS (Busing et al.,
1962) to the program SHELX (Sheldrick, 1976) for
further calculations. The latter program allows a re-
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Figure 2. Three-dimensional (Fo — Fc) syntheses at (a) z = Y2, (b) x = Y2, (¢) y = %, and (d) y = %. Contour intervals used
are 0.09 ¢/A3 in (a) and (b) and 0.14 and 0.13 e/A? in (c) and (d), respectively.

finement to be made of the parameters for a rigid group
of atoms, and thereby produces a greater overall effect
upon the least-squares fit. Furthermore, the program
allows for the geometric idealization of positional pa-
rameters which, on input, may only approximate those
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of an aromatic ring. Aromatic hydrogens can also be
placed in idealized positions. Of the 1928 measured
reflections, 577 had {F| <0.7 and were omitted from
the structure refinement with SHELX which therefore
used the remaining 1351 reflections.
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Table 3. Final positional and temperature parameters for
the Llano vermiculite-anilinium intercalate.

Atom x y z B

Mg, 0.0000 0.5000 0.0000 0.94(1)
Mg, —0.0030(1) 0.8309(1) 0.0013(6) 1.00(1)
Mg, —0.0012(7) —0.8325(9)  0.0017(6) 0.75(1)
T, 0.4079(6) 0.1597(8) 0.1832(6) 0.34(7)
T, 0.4049(1) 0.8382(8) 0.1831(6) 0.59(1)
T 0.6176(9) 0.1713(9) 0.8141(6) 0.92(1)
T, 0.6208(2) 0.8253(9) 0.8141(6) 1.15(1)
O, 0.8604(7) 0.0012(6) 0.735(9) 1.01(2)
0, —~0.8567(5)  0.0019(3) —0.0673(8) 1.00(2)
0, 0.3619(2)  0.1703(1)  0.0725(9) 0.87(2)
O, 0.3584(1) —0.1639(2) 0.0757(4) 0.87(2)
Os —0.3606(3) 0.1700(2) —0.0704(1) 1.60(2)
O —-0.3521(2) -—0.1630(1) -—0.0743(5) 1.78(2)
0, 0.1688(5)  0.2416(3)  0.2240(2) 2.48(2)
Oq 0.1787(5) —0.2381(1) 0.2237(1) 1.65(2)
0, —0.1193(6) 0.2350(2) -—0.2252(6) 1.50(2)
O, —0.1236(5) —0.2340(5) —0.2244(8) 1.05(2)
(O 0.4525(1) 0.0053(4) 0.2256(9) 1.14(2)
0,, —0.4196(9) 0.0058(7) —0.2239(7) 1.48(2)
N(1) 0.425(1) 0.487(5) 0.320(6) 2.2(2)
(1) 0.443(4) 0.487(3) 0.410(3) 2.2(2)
C(2) 0.236(4) 0.528(3) 0.4543) 2.2(2)
C3) 0.255(4) 0.529(3) 0.548(3) 2.2(2)
C4) 0.482(4) 0.488(3) 0.599(3) 2.2(2)
) 0.589(4) 0.447(3) 0.555(3)  2.2(2)
C(6) 0.669(4) 0.446(3) 0.460(3) 2.2(2)
N@) 0.565(6) 0.483(2) 0.667(4)  2.2(2)
Cc(12) 0.543(4) 0.466(3) 0.578(33) 2.2(2)
C(22) 0.350(4) 0.536(3) 0.523(3) 2.2(2)
C(32) 0.328(4) 0.517(3) 0.429(3) 2.2(2)
C(42) 0.499(4) 0.428(3) 0.390(3) 2.2(2)
C(52) 0.692(4) 0.358(3) 0.446(3) 2.2(2)
C(62) 0.714(4) 0.377(3) 0.5403) 2.2(2)
N(1) 0.459(1) 0.483(6) 0.310(3) 2.2(2)
C(19) 0.529(4) 0.461(3) 0.397(3) 2.2(2)
C(2") 0.371(4) 0.388(3) 0.450(3) 2.2(2)
C@3") 0.448(4) 0.364(3) 0.542(3) 2.2(2)
C@4) 0.682(4) 0.414(3) 0.582(3) 2.2(2)
C(5") 0.840(4) 0.487(3) 0.529(3) 2.2(2)
C(6) 0.764(4) 0.510(3) 0.437(3) 2.2Q2)
N(29) 0.575(2) 0.495(6) 0.676(7)  2.2(2)
C(12) 0.538(4) 0.500(3) 0.586(3) 2.2(2)
Cc(22) 0.319(4) 0.444(3) 0.539(3) 2.2(2)
C(32) 0.284(4) 0.450(3) 0.444(3)  2.2(2)
C(42) 0.467(4) 0.513(3) 0.397(3)  2.2(2)
C(52) 0.686(4) 0.569(3) 0.445(3) 2.2(2)
C(62") 0.722(4) 0.563(3) 0.539(3) 2.2(2)
Cat, 0.5279(1)  0.1614(6)  0.4671(7) 5.5(4)
Cat, 0.5116(8)  0.8424(7)  0.4978(2) 5.5(4)
(H,0), 0.3217(7) —0.0036(1) 0.4848(9) 5.0(4)
(H,0), 0.2599(3)  0.1672(7)  0.4455(1) 5.0(4)
(H;0), 0.2953(4)  0.3092(6) 0.4916(4) 5.0(4)
(H,0), 0.7499(1)  0.2981(5)  0.4503(2) 5.0(4)
(H,0)s 0.8342(4) 0.1560(6) 0.4974(1) 5.04)
(H,0), 0.5588(6)  0.0325(6)  0.4721(9) 5.0(4)

The tabulated observed and calculated structure factors and
hydrogen atomic parameters are available on request from
the first author.
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Figure 3.

(left) Three-dimensional (Fo — Fc) syntheses in
the planes defined by the coordinates of N(1), C(1), and C(2);
and (right) by N(2'), C(12'), and C(22). Contour intervals are
0.14 and 0.16 e/A?, respectively.

The chemical analysis indicated that an average unit
cell contains 1.22 anilinium groups. If the probability
of an anilinium ion being attached to the oxygens about
one ditrigonal cavity is the same as the probability of
its being attached to those about another cavity, the
four sites will each have site occupancy factors of ~0.25.
The average (0.27) of the experimentally determined
site-occupancy factors for the nitrogen atoms is there-
fore close to the expected value.

The peaks ascribed to the ““wing carbons” on the
difference Fourier sections shown in Figures le and 1f
indicated that individual organic cations had the planes
of their aromatic rings directed at about +30° to the
a-axis of the unit cell. Because the “wing carbons’ are
not on the central axes of the molecules, these atoms
have lower site-occupancy factors (0.13).

After obtaining a set of trial positional coordinates
for the carbon atoms, the structure analysis was con-
tinued as follows. Initially SHELX was used to modify
the coordinates to suit the geometry of the hexagonal
aromatic-ring portion of an anilinium ion. The rigid
group refinement option was then used to obtain the
best positional coordinates for atoms in the four unique
configurations adopted by the organic ions.

Fourier sections in the planes of the
organic molecules

To obtain a satisfactory visual representation of the
organic molecules, a program was written to project
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Table 4. Bond lengths for a selection of interlayer atoms and
surface oxygen atoms.

Atoms Distance (A)
O~N(1) 2.93
O-N(1) 293

O,-N(1) 2.74
0O,~N(2) 3.04
0,-N(2) 2.84
0,,~N(2) 3.03
O~N(1") 2.93
O-N(1") 2.74
O,-N(1") 2.85
0O,~N(2) 2.90
0,~N(2") 2.87
0,,-N@2) 2.92
O~C(4) 3.55
0,~C@) 3.44
0,-C(4) 3.58
0,-C(42) 3.34
0,—-C(42) 3.14
0,,~C(42) 3.64
0O,~-C(4") 3.38
0,~C@4") 3.74
0,-C@) 3.48
0~C42") 3.60
0~C(42") 3.66
0,,C42") 3.51

Standard deviation for all bond lengths is 0.03 A.

the difference electron densities calculated by SHELX
onto planes at any orientation in a unit cell and to
contour the resultant maps. Each plane was specified
by the coordinates of three atoms. Figures 3 (left) and
3 (right) show the difference electron densities on planes,
each of which is defined by three atoms (one nitrogen
and two carbon atoms), whose positions were estab-
lished by the rigid group refinement.

Non-organic interlayer sites

As mentioned above, certain difference sections (e.g.,
at x = 5, y = 5, and z = '») show peaks attributable
to partially occupied interlayer cation and water sites.
From the section at x = %, Figure 2b, the cation sites
arrowed at (y = Y and y = %, z = '») show considerable
positional variation and low levels of occupancy. The
adjacent water sites seen in the other two sections,
Figures 1a and 2a, are also diffuse and indicate that
the water molecules may have different arrangements
throughout the structure.

The principal arrangement adopted is apparent from
the section at z = Y2 (Figure 2a), which shows three
weak and three stronger peaks about each cation site.
To maintain water-water contact distances of about
2.8 A, however, only three of the six sites about any
one cation can be occupied. The alternative set of three
sites can only be occupied in other cells. Apparently
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the water molecules form triangular clusters, the planes
of which are tilted out of the plane at z = ¥2; the sections
at y = V2 (Figure la) and y = 4 and y = 0.84 (Figures
2c and 2d) show the water peaks tail away from the
plane at z = '2. In addition to the relatively well-de-
veloped peaks considered above, weaker ones exist at
the positions occupied by water in two water-layer hy-
drates (Slade et al., 1985).

The positional parameters and site occupancy factors
for the interlayer cations (assigned to the scattering
curve for Mg2+) and the oxygens of the water molecules
were refined by initially holding their thermal param-
eters fixed at 5.0 and 2.5, respectively. All parameters
for the whole structure were then released, but for in-
terlayer atoms of a similar kind group isotropic tem-
perature factors and site occupancy factors were ad-
justed. The final R was 14.4% and R, was 15.8% (Table
3). The weighting scheme applied gave reflections
weights = k/(1 + |g|F?), where k and g were refined.

The presence of interlayer inorganic cations was un-
expected inasmuch as none of the sodium which had
saturated the exchange sites prior to the anilinium in-
tercalation was found by a flame-photometric analysis
of the intercalate itself. The identity of the residual,
inorganic, interlayer cations is uncertain, but they are
probably magnesium ions. These, along with alumi-
num ions, are released from vermiculite when it takes
up anilinium ions from aqueous hydrochloride solu-
tions at a pH of 2.8 (Dino Pisaniello, South Australian
Health Commission, Adelaide, South Australia 5001,
Australia, personal communication). A back-reaction
was then responsible for the incorporation of the cat-
ions into the interlayer sites identified from the Fourier
maps.

Residual silicate disorder

Although the intercalation of anilinium ions into
Llano vermiculite orders the stacking of the silicate
layers such that they have relative positions resembling
those found in 1M mica-type structures, the process is
not fully achieved throughout the crystal. Residual dis-
order is therefore present and is seen, for example, on
the difference section at z = 0.16 (the level of the tet-
rahederal cations) where the positions at the centers of
the rings of tetrahedra were found to be slightly oc-
cupied. Sections through the surface oxygens, parallel
to the basal plane, also showed peaks associated with
the residual disorder, but no extra peaks were found
on a section through the octahedral cations. The re-
sidual disorder proved to be difficult to model, but it
appeared to be largely associated with irregular shifts
of the whole silicate layer by +5/3. Because the oc-
tahedral cations are already separated by b/3, no extra
peaks on the section were present through the octa-
hedral cations. Refinement of the site occupancy of the
atoms as a group in the alternate /3 shifts showed
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Figure 4. Structure of anilinium-intercalated Llano vermic-
ulite. For clarity, only two of the four possible anilinium ions
are shown.

that the amount of each layer in a +5/3 or —5/3 po-
sition was ~ 5% of the total number of layers.

DISCUSSION

This study of anilinium-vermiculite illustrates some
of the problems that can affect crystallographic work
on clay-organic materials. For example, although an-
ilinium ions and some substituted anilinium ions im-
prove the stacking order in vermiculites, some degree
of residual disorder remains. Part of the remainder
probably results from an incomplete reaction between
the organic species and the clay. Transmission electron
micrographs of edge-on views of flakes of anilinium-
intercalated and Mg-saturated Llano vermiculite
showed randomly distributed packets of unopened
(mica-like) layers.

Atoms having low site-occupancy factors can be dif-
ficult to locate. In this study “wing carbons,” having
site occupancy factors of only 0.13, were difficult to
find. Fortunately, the higher occupancy factors for at-
oms along the axes of the aniline molecules enabled
the ipso, C(1), and the para, C(4), carbons to be readily
found. The true unit cell of the intercalate has four
times the volume of the cell actually used in this study;
therefore, the images of the interlayer structure, shown
by the Fourier maps, are averages of the contents of
the four different cells that together comprise the su-
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Figure 5.
in a closest packed domain in the interlayer region of the
intercalate formed with Llano vermiculite. Anilinium ions,
drawn to the same scale as the silicate surface oxygens, are
shown with their amino groups directed alternately up and
down. This arrangement is only one of the possible arrange-
ments for these groups.

Computer drawing (PLUTO78) of anilinium ions

percell. Although this averaging was confusing, the geo-
metrical relationships possible between the organic at-
oms enabled the weak images of the “wing carbons”
to be found. These atoms were more readily located
because of the close proximity of the sites of carbon
atoms in the upper and lower rings. Therefore, peaks
belonging to the “wing carbons” were mutually rein-
forcing.

Although the earlier studies of Slade and Stone (1983,
1984), based only upon one- and two-dimensional
Fourier projections, correctly located the nitrogen at-
oms and also the ipso and para carbons, the “wing
carbons” were incorrectly located. As a result, the planes
containing the aromatic rings were reported to be par-
allel and perpendicular to [010]. The present study,
based upon three-dimensional data, has located the
ring planes to be about +60° to [010]. In the vermic-
ulite-anilinium intercalate (Figure 4) the planes of the
aromatic rings are therefore similarly oriented to those
proposed by Slade and Raupach (1982) for a vermic-
ulite-benzidine intercalate.

Superstructure

A more serious difficulty associated with the descrip-
tion of the structure for the vermiculite-anilinium in-
tercalate in a sub-cell, arises because the absolute po-
sitions of the inorganic cations, the water molecules,
and the organic cations cannot readily be uniquely de-
termined. To investigate how the superstructure might
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Figure 6. Computer drawing (PLUTO78) of water mole-
cules, anilinium ions, and inorganic cations as might be or-
ganized in a domain having a low density of organic units.
Overall the arrangement conforms to the superstructure.

govern the arrangement of water molecules and cations
(both organic and inorganic), several possible arrange-
ments were examined with the molecule drawing pro-
gram PLUTO78 (Motherwell, 1978). For an average
sub-cell to contain about one anilinium ion, each sub-
cell must contain one organic unit. Alternatively, co-
existing anilinium-rich and anilinium-poor domains
might coexist throughout the crystal. No superstructure
arrangement could be found in which each sub-cell
contained an anilinium ion and also allowed for tri-
angular groups of water molecules about cations po-
sitioned, as found, between tetrahedral bases. The al-
ternative model, involving domains, was therefore
examined.

Sub-cells in anilinium-rich domains can contain a
maximum of two anilinium ions arranged as in Figure
5. A similar close-packed arrangement exists in aniline
hydrochloride (Brown, 1949) and in aniline hydro-
bromide (Nitta ef al., 1948) and has been postulated
for benzidine in a vermiculite-benzidine intercalate
(Slade and Raupach, 1982). For the arrangement shown
in Figure 5, the repeat distance along a row perpen-
dicular to the b-axis is ~5.33 A. This distance is also
the intermolecular distance and the b-axis length in
aniline hydrochloride. In aniline hydrobromide the an-
ilinium groups are displaced alternately up and down
in the direction of their N-C(1) ... C(4) axes. The
similar packing arrangement in the intercalated ver-
miculite maintains the interlayer separation.

To accommodate the triangular groups of water mol-
ecules expected about the inorganic cations, anilinium-
poor domains must exist in the close-packed array
shown in Figure 5. Figure 6, therefore, shows how water
molecules can form triangular groups about cations in
an anilinium-poor domain. The presence of such do-
mains requires that anilinium ions must also exist in
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close-packed arrays so that the overall arrangement
will consist alternately of more and less densely pop-
ulated domains. In the overall domain system the ar-
rangement of organic ions, water molecules, and metal
cations must conform to the superstructure even while
the intercalation reaction proceeds, because only one
set of superlattice reflections has ever been observed.

Unpublished work carried out by the authors has
shown that some vermiculites, for example, those from
Young River, Western Australia, or Phalaborwa,
Transvaal, can take up more anilinium ions than the
material from Llano, Texas. The overall packing den-
sity can be expected to reflect the extent of organic
uptake. In turn, the organic uptake will be governed
by the layer charge and the competition between ani-
linium ions and those ions, initially from the clay,
entering the interlayer via a back-reaction.

For large organic molecules to enter interlayer sites,
both water molecules and cations must be removed.
Thus, although the high layer charge of Llano vermic-
ulite could have been expected to produce a complete
coverage of the silicate layer surfaces by anilinium ions,
the back reaction in the acidic medium used for the
exchange restricted the coverage to about one half.

Elemental analyses

A comparison between the two lower left-hand col-
umns of Table 2 shows an unlikely increase in the
numbers of Si atoms in tetrahedral sites and an unlikely
redistribution of Al between the silicate tetrahedral and
octahedral sites. These results demonstrate that the
formula is incorrectly calculated from the usual base
of 11 oxygens.

The difficulty was overcome by assuming that the
number of silicons in tetrahedral sites remained essen-
tially constant during intercalation. The cation num-
bers for a formula unit were then recalculated from the
constant silicon concentration. The lower right-hand
column of Table 2 gives the intercalate’s composition
with respect to 2.86 silicons, the number in the original
Na-vermiculite. The analytical data presented in this
way suggest that cations were lost mainly from octa-
hedral sites.

The octahedral cation deficiency, in association with
the elemental analyses for the cationic components
means that insufficient oxygen is accounted for when
the elemental concentrations are converted to oxides.
If these oxide sums plus the anilinium components are
used to obtain the water content by difference, the re-
sults are too high, as can be seen from the-values in
the lower two right-hand columns of Table 2. These
total water contents each include a single molecule of
structural water per formula unit, but the number of
water molecules remaining (2.65 per formula unit, or
5.3 per cell) still exceeds the number likely to be present
in the interlayer region of an average unit cell. A re-
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Table 5. Interatomic distances and angles for the silicate layer atoms.

Tetrahedron about T(1)

T(1)-O* 1.63 A 0,-0, 2.66 A
-0, 1.65 -0y 2.78
O 1.78 0O-04 2.73
—Ou L57 0,-0; 2.74

mean 1.66 -0, 2.65
mean 2.70

Tetrahedron about T(2)

T(2)-0.* 1.58A 0.0, 2.74 A
-0, 1.71 -0y, 2.71
—O4 1.58 0~0, 2.59
-0, 1.68 -0, 2.62

mean 1.64 -0y 2.65
0,,-0, 2.69
mean 2.67

Tetrahedron about T(3)

T(3)-Os* 1.70 A 0,-0; 2.83A
-0 1.69 0,05 2.69
-0, 1.60 o 2.70

2 1.64 -0, 2.64
mean 1.66 0,705 2.72
-0, 2.67

mean 2.71

Tetrahedron about T(4)

T(4)-Og* 1.65 A 040, 271 A
-0, 1.59 00, 2.68
Oy 1.63 10 2.66

12 1.77 12 2.73
mean 1.66 0,605 2.73
O 271

mean 2.71

Octahedron about Mg,

Mg,—OH(1) 209 A 0,-0, 3.10A
-0, 2.08 -OH(1) 3.07
-0, 2.09 0.-OH(1) 3.09
—OH(2) 2.04 05;-04 3.09
-0 2.08 —OH(2) 3.08
-0 2.07 0O~OH(2) 3.09

mean 2.08 mean (unshared) 3.09
Shared edges between Mg, and Mg,

0,-OH(2) 2.74

O,~0OH(1) 2.79

0,0, 2.85

mean 2.79

Octahedron and Mg,

Mg,-OH(1) 2.08 A 0,0, 3.06 A
-0, 2.01 ~OH(1) 3.06
-0, 2.10 0,-0OH(1) 3.05
-OH(2) 2.09 0,04 3.02
—O, 2.02 —-OH(2) 3.07
-0, 2.08 0,-OH(2) 3.05

mean 2.06 mean (unshared) 3.05
Shared edges between Mg, and Mg, Shared edges between Mg, and Mg,

OH(1)»~-OH(2) 2.71 0,-0; 2.72

0,-04 2.80 0,-0OH(2) 2.76

0,05 2.80 O~OH(1) 2.80

mean 2.77 mean 2.76
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Continued.

Table 5.
Octahedron about Mg,
Mg,—OH(1) 207A
-0, 2.09
-0, 2.09
—-OH(2) 2.03
O 2.08
O, 2.15
mean 2.08
Angles about T(1)
0,-T(1)~-0, 117.2°
0,,-T(1)-0, 110.7
0,,-T(1)-04 106.1
0,-T(1)}-0, 107.9
O-T(1)-O4 109.0
O~T(1)}-04 105.4
mean 109.4
Angles about T(3)
0,,~T(3)-0,, 109.1°
0,~-T(3)-0 110.3
0,~T(3)-0; 108.8
0,,~-T(3)-0, 106.7
0,,~T(3)-0s 109.0
O,-T(3%0s 112.9
mean 109.5

0,-0, 3.09
-OH(1) 3.11
0,~0OH(1) 3.10
0,-0¢ 3.14
-OH(2) 3.09
0O,~0OH(2) 3.11
mean 11
Angles about T(2)
O-T(2)}-0, 110.0°
Os-T(2)-0, 111.4
OT(2)~-0, 105.1
O,~T(2)-0,, 112.6
O,-T(2)-0, 112.2
0,,-T(2)-0, 105.3
mean 109.4
Angles about T(4)
0O~T(4)-0,, 111.6°
O,-T(4)-O¢ 111.9
0,~T(4)-0,, 108.9
0,6-T(4)-O; 113.2
0,,-T(4)-0., 106.0
OG_T(4)_012 _1 04.8
mean 109.4

* Apical oxygens.
Standard deviation for all bond lengths is 0.02 A,

liable water content was difficult to obtain but the sam-
ple was found to lose ~4% of its weight at 120°C. On
this basis, about one water molecule may be associated
with each formula unit.

Interlayer water molecules

If vermiculites having two sheets of water molecules
between their silicate layers are dehydrated, a phase is
produced in which single sheets of water molecules are
interleaved with the silicate layers (de la Calle et al.,
1985). Vermiculites having single interlayer water sheets
contain extensive stacking disorder which causes their
Okl reflections, where k + 3n, to be streaked. As a result
of their degraded diffraction patterns, the hydrates with
single water sheets are not structurally well defined.

This study has shown that the water molecules in
the vermiculite-anilinium intercalate are also in a pla-
nar network, albeit a slightly puckered network. Al-
though the positions of the water molecules have not
been uniquely determined, the comparatively sharp
sub-cell reflections used for the work have allowed their
probable positions in an average sub-cell to be found.
Earlier studies have only been able to determine x and
z coordinates from 40/ reflections (de la Calle et al,
1985).

The x and y coordinates for the water molecules in
the intercalate are essentially the same as those for
water molecules forming the upper and lower trian-
gular faces of the octahedrally arranged clusters about
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cations in vermiculites having two interlayer water
sheets. On dehydration, a phase having a single water
sheet forms from a phase having two water sheets if
three out of every six water molecules are lost. This
process can be thought of as a movement of either an
upper or lower triad of water molecules from an oc-
tahedron to the middle of the interlayer. Apparently
the cations may also be partially displaced from their
positions at the middle of the interlayer.

Structure of the silicate layers

The structure of a natural two-layer Mg-vermiculite
from Llano, Texas, was determined and comprehen-
sively described by Shirozu and Bailey (1966). The
material was found to be affected by stacking disorder,
as was the Kenya vermiculite studied earlier by Ma-
thieson and Walker (1954). Because the anilinium in-
tercalation reaction substantially reduces the stacking
disorder of vermiculites and thereby reduces streaking
in their XRD patterns, these are measured more easily.
The details of the silicate part of the intercalated struc-
ture, although partially damaged by acid attack, are of
interest if determined from such an “improved” dif-
fraction pattern.

Table 5 gives the structural data for Llano vermic-
ulite as calculated from the positional coordinates in
Table 3. Except for the averages of the bond lengths
about individual tetrahedra, the data in Table 5 accord
well with those given for Llano vermiculite by Shirozu
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and Bailey (1966). The present averages for the tetra-
hedral bond lengths do not show the consistent differ-
ences necessary to confirm the /long-range Si/Al or-
dering pattern described by Shirozu and Bailey (1966).
The errors associated with the T-O bonds in the in-
tercalate are greater than those claimed by Shirozu and
Bailey (1966) and may obscure any differences asso-
ciated with Jong-range ordering. That short-range Si/
Al ordering occurs in Llano vermiculite is shown by
the nuclear magnetic resonance 2°Si spectrum of
Thompson (1984). This spectrum showed three peaks;
hence, over short distances at least, three non-equiv-
alent sites must exist for Si atoms. For these three sites
to exist in an ordered array through the crystal, the
symmetry must be lower than C2/¢ as used by Shirozu
and Bailey (1966).

The average T-O bond length determined by this
study for all tetrahedral sites is 1.65 A; therefore, from
the regression equation given by Hazen and Burnham
(1973) it is equivalent to a composition of Si, ¢, Al 45
over all tetrahedral sites. Table 2 shows that from the
microprobe analyses, this value is Si, 5, Al o,.
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