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STRUCTURAL MODEL FOR BENZIDINE-VERMICULITE 

P. G. SLADE AND M. RAUPACH 

CSIRO Division of Soils, Glen Osmond, South Australia 5064, Australia 

Abstract A combination of X-ray diffraction, infrared, and chemical data has established that the ion 
exchange of vermiculite with singly charged benzidine cations in an aqueous solution at pH 1.6 results in 
a black, highly ordered benzidine-vermiculite intercalate. The intercalate has a basal spacing of 19.25/~ 
and a primitive unit cell with "a" and "b" edges parallel and equal to those of vermiculite. The number 
of benzidine molecules per cell is equal to its electric charge. In this structure the benzidine molecules are 
steeply inclined to the silicate surfaces and close-packed within domains. The domains contain alternating 
rows of benzidine cations; from row to row the planes are either approximately parallel or perpendicular 
to the (120) plane, but along any one row the planes of the aromatic rings are parallel to each other. Hy- 
drogen bonding operates between amine nitrogens and surface oxygens. 
Key Words--Benzidine, Hydrogen bonding, Intercalation, Vermiculite, X-ray diffraction. 

INTRODUCTION 

The interaction of benzidine (4,4'-diaminobiphenyl) 
with clays has been extensively studied since 1940 
when Hendricks and Alexander described a method to 
identify members of the montmorillonite group by the 
formation of a blue complex when benzidine is ad- 
sorbed and oxidized by the clay. Subsequently, Solo- 
mon et al. (1968) reported that benzidine oxidized to 
benzidine-blue at exposed aluminum atoms on crystal 
edges and at transition metal atoms in the higher va- 
lency state within the silicate structure. Tennakoon et 
al. (1974) presented direct Mtssbauer  spectroscopic 
evidence for the involvement of structural iron(III) in 
the oxidation-reduction process leading to the forma- 
tion of colored benzidine radical cations in montmoril- 
lonite. Recent work by McBride (1979) has shown that 
clay-edge aluminum sites are relatively unimportant in 
the oxidation of benzidine. 

By quantitatively studying the adsorption of benzi- 
dine from aqueous hydrochloride solutions in contact 
with various montmorillonites, Furukawa and Brindley 
(1973) concluded that at pH <3.2, divalent and mono- 
valent species were taken up by displacement of the 
exchangeable cations, but at higher pH, the monova- 
lent species was preferentially adsorbed. They further 
considered that the total amount of benzidine adsorbed 
was equal to the amount of unoxidized cation taken up 
by exchange plus an amount of semiquinone produced 
by oxidation-reduction processes. 

In a study of the color reactions of benzidine and 
chrysoidine (2,4-diamino-azobenzene) with montmo- 
rillonite and other clays, Vedeneeva (1950) emphasized 
the importance of steric parameters in establishing the 
linkages between the organic molecules and the silicate 
sheets. This worker concluded that in benzidine-mont- 
morillonite, the C-N bonds of the organic cations are 
parallel to the surfaces of the silicate sheets and that the 
NH2 groups are located over oxygen ions. Others, in- 
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cluding Hendricks (1941) and Greene-Kelly (1955), also 
concluded that benzidine has its principal axis parallel 
to the basal plane in montmorillonite. 

Knowledge of the benzidine-clay linkage plays a key 
role in designing methods to combat pollution resulting 
from the industrial use of biphenyls. Benzidine has 
been identified as a carcinogen and, because it is pro- 
duced in some industrial processes, its sorption by soil 
clays is of considerable interest (Zierath et al., 1980). 

Previous workers have chiefly been concerned with 
the various charged species and radicals formed by 
benzidine when it is intercalated between clay layers, 
however, the structures of such intercalates are gen- 
erally not known. As part of a program concerned with 
the structures of clay-organic intercalates (Slade et al., 
1978; Raupach et al., 1979), we report here the partial 
structure of a black intercalate formed by vermiculite 
with benzidine hydrochloride in an aqueous solution at 
pH 1.6. 

EXPERIMENTAL 

Material  

The vermiculite used for the present work came from 
Young River in Western Australia; this vermiculite was 
saturated with sodium and the structural formula was 
determined by X-ray fluorescence analysis to be: 

(Mg2.499Fe3+0.397Tio.005Mno.012Alo.088) 
(All.221Si2.r79)O10(OH)2(Nao.682Cao.oxsK0.000 

The benzidine dihydrochloride salt was obtained from 
Tokyo Kasei Kogyo Limited, Japan, and an almost sat- 
urated stock solution was made by stirring the salt in 
distilled water at about 40~ 

Sample  preparation 

The benzidine-vermiculite was prepared by re fluxing 
flakes (about 1.5 • 0.8 • 0.1 mm)of  the Na-saturated 
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vermiculite in the benzidine dihydrochloride solution. 
Refluxing at 90~ was continued for 3 weeks, but at in- 
tervals the supernatant solution was changed and a few 
flakes were removed for examination by X-ray powder  
diffraction. The exchange reaction was monitored by 
observing the development of a rational set of 00g re- 
flections based upon a fundamental spacing of 19.246 
/~. To remove excess salt, the flakes were finally care- 
fully washed with hot distilled water. 

Infrared methods 

The infrared (IR) spectra were obtained using atten- 
uated total reflectance (ATR) as described by Raupach 
et al. (1979). Briefly, spectra of single clay flakes or 
groups of flakes were recorded by using single reflec- 
tion hemicylinders, of germanium or TIBr/TII (KRS 5), 
fitted to ATR assemblies manufactured by Research 
and Industrial Instruments Co. Matched ATR units 
were positioned in both beams of a Perkin-Elmer 521 
spectrophotometer operating with 4 • slits and purged 
with dry nitrogen. 

X-ray diffraction methods 

A value of 19.25 _+ 0.02/~ for d(001) was calculated 
from the 20 values of the first 19 orders in the 00( spec- 
tra. Measurements were obtained directly from an 
X-ray diffractometer chart produced by a Norelco dif- 
fractometer fitted with the following slits and using Fe- 
filtered CoKa radiation: divergence 0.25 ~ receiving 
0.146 mm before a 1 ~ slit. The scan speed was l~ 

For  Fourier  analysis a flake was mounted about its 
" b "  axis on a Supper two-circle single crystal  diffrac- 
tometer  (equi-inclination Weissenberg geometry). In- 
tensity data for filtered MoK~ radiation were collected 
automatically for 45 00C reflections; the algorithm for 
the data-collection program is essentially that of Free-  
man et al. (1970). A standard reflection was measured 
periodically throughout the data-collection cycle, and 
the errors associated with each experimentally ob- 
served structure factor were derived from the counting 
statistics by the data-collection algorithm. Experimen- 
tal intensities were corrected for Lp factors and for ab- 
sorption using a linear absorption coefficient of/~ = 
12.86 cm -1 and the algorithm of Burnham (1963). Phas- 

es for the observed structure factors were computed 
initially from the z coordinates for the silicate atoms 
only. The parameters used were those of Mathieson 
(1958) but modified for the larger c-dimension of  ben- 
zidine-vermiculite. Structure factors were calculated 
with the ORFLS program of Busing et al. (1962). Sub- 
sequently, as the positions of the organic atoms became 
known they were also included in the trial structure. 

Upon completion of the exchange reaction, a number 
of carefully selected flakes of benzidine-vermiculite 
were oriented upon either their " a "  or " b "  axes and 
their a ' b*  planes photographed. Initially this was done 

by setting flakes perpendicular to the incident X-ray 
beam; they remained stationary during exposures. Sub- 
sequently, areas of the a ' b*  plane well away from the 
direct beam, as well as regions above and below the 
a ' b*  plane (sections cutting c*), were examined either 
by tilting the flakes with respect  to the incident beam 
(again no movement imparted to flakes or films) or by 
using a precession camera. For  precession photogra- 
phy with MoKa  radiation long exposures (two weeks 
or more) were needed. 

RESULTS 

Chemical 

Analysis of the Young River vermiculite-benzidine 
intercalate,  carried out by the Australian Microana- 
lytical Service, shows the material to contain 19.55% 
C, 2.48% H, and 4.28% N on a vacuum-dry basis. In 
relation to the structural formula of the Young River 
vermiculite these analyses show 1.59 molecules of ben- 
zidine per single layer unit cell (from the nitrogen value) 
or 1.35 molecules per  cell as calculated from the carbon 
value; the value for hydrogen was not used because of 
the possible loss or gain of  H. The mean of  these two 
numbers (1.47) agrees with the vermiculite interlayer 
charge (1.45 charge units per  single layer cell) and leads 
to the conclusion that each organic cation carries but  
a single charge. The totality of the charges on the ben- 
zidine completely satisfies the exchange capacity of the 
vermiculite. This result was unexpected because the 
exchange reactions were carried out at a pH near 1.6 
with slightly undersaturated solutions of benzidine di- 
hydrochloride. At  20~ the solutions were saturated 
and gave a pH of 1.6; this value dropped less than 0.1 
units on warming the solutions from 20 ~ to 90~ From 
Furukawa and Brindley 's  work (1973) on montmoril- 
lonite the exchange reaction at pH <3.2 was expected 
to involve mainly divalent species. 

Powder and single crystal X-ray diffraction photo- 
graphs of the benzidine salt crystals, removed from 
their mother liquor at 20~ showed them to be of a sin- 
gle homogeneous phase having unit-cell dimensions 
quite different from those of either benzidine or ben- 
zidine dihydrochloride. The benzidine salt crystals had 
the following composition: C = 67.68%, H = 4.82%, 
N = 13.02%, and C1 = 15.1% compared with benzi- 
dine monohydrochloride (theoretical composition: C = 
65.31%, H = 5.94%, N = 12.69% and C1 = 16.07%) 
and benzidine d ihydrochlor ide  (C = 56.05%, H = 
5.49%, N = 10.89% and CI = 27.57%). Although the 
experimental values for H and CI are low in comparison 
with their theoretical equivalents, and bearing in mind 
that the single crystal diffraction patterns were sharp 
and different from those of benzidine or its dihydro- 
chloride, the existence of benzidine monohydrochlo- 
ride as a distinct species is certain. 
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Therefore, because the exchange reactions were ac- 
tually carried out with benzidine cations, the one-to- 
one relationship between the number of charges and the 
number of saturating organic cations per single layer 
cell is appropriate if the benzidine cations are singly 
charged. It should be mentioned that benzidine dihy- 
drochloride will crystallize from a saturated solution 
provided the pH is lowered to 0.6 by the addition of 
HC1. However, attempts to carry out the exchange re- 
actions with divalent benzidine cations (at pH 0.6) 
merely caused a disintegration of the vermiculite 
flakes. 

Infrared 

Figure 1 shows the IR spectra in the range 3750-2300 
cm -1 of benzidine, its mono- and dihydrochlorides, and 
the benzidine-vermiculite intercalate. Further details 
and assignments for the spectra will be discussed in a 
subsequent paper on these and associated compounds. 
Figure 1 shows that the spectrum of benzidine-vermic- 
ulite is closer to that of the monovalent salt than it is to 
that of the divalent salt. 

The spectrum of benzidine dihydrochloride contains 
well-developed broad bands from the amine salt groups 
at about 2830 and 2560 cm -1. In contrast, the spectrum 
of benzidine shows only a series of sharp absorption 
bands above 3000 cm 1 associated with NH2 groups. 
Both NH2 and amine salt groups are present in the 
monovalent salt and also in the benzidine-vermiculite 
intercalate. In the spectrum of the latter, the intensities 
of the NH3 + bands are relatively weaker than those of 
the corresponding bands in the spectrum of the mono- 
valent salt. The benzidine-clay intercalate thus con- 
tains mainly NH2 groups, and most of its benzidine is 
probably in the radical cationic form. 

Two hydrogen bond distances for O . . .  H - N  may 
be estimated from the bands for the intercalate at 3228 
and 2580 cm -1. These distances represent the extremes 
of a range of four or five hydrogen bond maxima in the 
spectrum; from the relationships of Schuster et al. 
(1976) the range of hydrogen bond lengths is therefore 
2.93-2.62/~. A further useful feature of the complete 
benzidine-vermiculite spectrum, obtained with polar- 
ized radiation, relates to the fact that the strong out-of- 
plane C-H bending vibration at 800 cm 1 is very highly 
polarized, indicating that the aromatic rings are steeply 
inclined to the silicate surface. 

X-ray diffraction 
Electron density distribution projected onto the "c" 
axis of  the unit cell. A one-dimensional Fourier projec- 
tion was computed from 45 orders of 00( structure fac- 
tors initially phased from the model with the silicate 
portion only (Figure 2). To explain this curve, Fourier 
images were calculated for models in which the angle 
of rise of the C-N bonds of the intercalated benzidine 
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Figure 1. Infrared attenuated total reflectance spectra over 
the range 3750-2300 cm 1 for (a) benzidine crystals with par- 
allel radiation using a Ge hemicylinder at 28 ~ incidence and 5 • 
expansion, (b) benzidine dihydrochloride single crystal using 
a Ge hemicylinder at 40 ~ incidence and 3 • expansion, (c) ben- 
zidine monohydrochloride single crystal with parallel radia- 
tion using a Ge hemicylinder at 45 ~ incidence and 4.3• ex- 
pansion, (d) benzidine vermiculite intercalate with parallel 
radiation using a KRS-5 hemicylinder at 50 ~ incidence and 4• 
expansion (thick line), and using a Ge hemicylinder at 26 ~ in- 
cidence and 5• expansion (thin line). 

molecules ranged from 45 ~ to 90 ~ A satisfactory fit was 
only found when the benzidine molecules were very 
steeply inclined to the vermiculite layers. This result 
agreed with the IR data. With this finding established, 
work upon the one-dimensional Fourier projection was 
set aside until the diffraction pattern in the a 'b*  plane 
had been considered. 

The diffraction pattern in the a'b* plane. Stationary- 
crystal, stationary-film photographs of benzidine-ver- 
miculite flakes set perpendicular to the direct beam 
show not only the reflections expected for vermiculite, 
but an additional group of strong, sharp reflections 
close to the direct beam. By tilting the flake, other, 
much weaker reflections further from the direct beam 
were revealed. Although such photographs were easily 
and quickly made, they suffer from geometrical distor- 
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One dimensional Fourier projection onto the "c"  axis, of the electron density in benzidine-vermiculite. 
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tions caused by the projection of planar reciprocal lat- 
tice sections onto the photographic plate. In the present 
experiment this plate was curved. A second disadvan- 
tage arose from the structural disorder between the sil- 
icate layers,  which causes hk reflections to become 
rods parallel to c*. I f a  knowledge of the exact  t a indices 
of points along these rods is required the stationary geo- 

Figure 3. Precession photograph of benzidine-vermiculite 
(Young River), c axis zero level,/2 = 15 ~ MoKt~; 45 kV, 26 
mA, 6 days. 

metrical system is inconvenient. To overcome these 
disadvantages a photograph of the a ' b*  plane of ben- 
zidine-vermiculite was taken with a Huber  precession 
camera (Figure 3). 

The interpretation of this pattern was based upon the 
realization that it is a composite pattern (Figure 4a) ob- 
tained by superimposing the three resultants given by 
rotating a simpler fundamental pattern (Figure 4b) suc- 
cessively through 60 ~ . From the fundamental reciprocal 
lattice illustrated in Figure 4b, the vermiculite and the 
intercalated vermiculite unit cells appear to be the same 
size, although the c-face centering of the former is de- 
s troyed and therefore the cell changes to primitive dur- 
ing the benzidine exchange reaction. 

A primitive benzidine-vermiculite cell can be pro- 
duced by considering the surface of a single silicate 
sheet as a hexagonal array (of ditrigonal rings of oxygen 
atoms) with alternate rows of rings populated by enti- 
ties whose scattering differs from those in adjacent 
rows. Because the superlattice points in the a ' b*  net 
are arranged along lines parallel to b*, the rows (be- 
tween which there is contrasting scattering power) on 
the silicate surface must 'be  perpendicular to the " b "  
axis. 

A primitive cell could be produced by siting benzi- 
dine molecules, with their long axes nearly vertical,  
over the centers of those rings of surface oxygen atoms 
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Figure 4. Schematic representation of reflections for benzidine-vermiculite. Reflections due to unreacted vermiculite are 
shown as dots; the extra reflections caused by intercalation are shown as circles. (a) Representation of the composite a'b* 
plane. (b) Representation of a fundamental component of Figure 4a. 

along alternate rows perpendicular to " b . "  Such a 
model only incorporates one molecule of benzidine per 
unit cell and thus does not explain the chemistry of the 
Young River vermiculite-benzidine intercalate. This 
problem can be overcome if benzidine molecules are 
sited over the centers of oxygen rings along every row. 
However, to maintain a primitive unit cell, the orien- 
tation of the organic molecules in alternate rows must 
be different. By taking into account packing require- 
ments, and the argument developed in the previous sec- 
tion, the model shown in Figure 5a was arrived at. 

The 120, 120, ]20 and ]20 reflections are considerably 
more intense than any of the other reflections produced 
by the benzidine intercalation. To ensure that the model 
illustrated in Figure 5a is compatible with this obser- 
vation, hk0 structure factors were computed by using 
a specially modified version of ORFLS. The modifi- 
cation allowed all of the symmetry operators for a given 
space group to be applied to a specified set of atoms 
(here space group 15 operators were applied to the sil- 
icate atoms only), whereas for a second set (the inter- 
layer atoms) only the identity and the centrosymmetric 
transformations were applied. The positional parame- 
ters for the silicate atoms were taken from Mathieson 
(1958) and adjusted to a unit cell with a = 5.33, b = 
9.18, c = 38.79/~, andfl  = 97 ~ The coordinates of the 

atoms in the benzidine molecules were obtained from 
the three-dimensional scale model prepared from Fig- 
ure 5a and illustrated in Figure 5b. This latter figure 
shows that for each unit cell no more than a pair of ben- 
zidine molecules can exist in the interlayer, their nitro- 
gen atoms being directed towards the center points of 
the ditrigonal rings of oxygen atoms which form the 
opposed surfaces of adjacent silicate layers. To observe 
the effects upon the structure factors for the extra hk0 
reflections due to intercalation, the model was varied 
by altering the angles between the principal axes of the 
benzidine molecules and the crystallographic axes. The 
resulting changes of the structure factors were plotted 
on an a 'b* net. The essential correctness of the model 
represented by Figures 5a and 5b was confirmed, as it 
was the only configuration which produced the ob- 
served pattern of structure factors, i.e., 120, 120 very 
strong; 2i0, 210 strong; the rest medium to weak. It 
should be noted that the experimental pattern has a 
mirror plane of symmetry perpendicular to the a 'b*  
plane and through b*. The presence of such a mirror is 
compatible with the equal probability that, within or- 
dered domains, the planes containing the benzidine 
molecules nearest the cell corners can be inclined either 
to the left or the right of the " b "  axis. The molecules 
at the cell center positions are arranged as appropriate. 
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Figure 5. Schematic presentation of the interlayer cation ar- 
rangement in a fully ordered domain of benzidine-vermiculite. 
The benzidine cations are drawn from their van der Waals radii 
reduced to the same scale as that used for the vermiculite cell. 
The centers of the oxygens in the silicate surface are shown 
as small circles, and an indication of the hexagonal array of 
ditrigonal rings formed by them is given. (b) The model for the 
structure of benzidine vermiculite as viewed along the b axis. 
Possible hydrogen bonds to surface oxygens are shown thus 
by dashed lines. 

Initially, the calculations were made with the amino 
nitrogen atoms equidistant from the symmetry related 
oxygen atoms of the two opposed layers. Subsequent- 
ly, small changes were made to this arrangement, and 
their effects were monitored by comparing calculated 
and experimentally derived electron densities as pro- 
jected onto the " c "  axis. The best fit resulted when the 
amino groups were at slightly different distances from 
the silicate surfaces. 

Table 1 lists the 00, a structure factors, and Table 2 
gives the coordinates for the atoms in the final model. 
The dashed curve in Figure 2 represents the Fourier 

Table 1. Comparison of mutually scaled observed and cal- 
culated structure amplitudes for benzidine-vermiculite. 

O ~  Fobs. F~ale. 00~ Fobs. Fcale. 

002 742 
004 322 
006 96 
008 162 
00,10 222 
00,12 337 
00,14 266 
00,16 90 
00,18 130 
00,20 167 
00,22 51 
00,24 96 
00,26 111 
00,28 125 
00,30 110 
00,32 80 
00,34 65 
00,36 54 
00,38 56 
00,40 62 
00,42 74 
00,44 75 
00,46 55 
00,48 27 
00,50 very weak 

421 00,52 40 -22 
143 00,54 10 6 

-59 00,56 very weak 29 
-70 00,58 very weak 34 
187 00,60 very weak 11 
283 00,62 very weak -11 
202 00,64 very weak - 16 

- 11 00,66 8 2 

-116 00,68 41 30 
- 165 00,70 22 41 
-27 00,72 30 32 
111 00,74 7 10 
149 00,76 34 -5  
136 00,78 very weak -4  
94 00,80 very weak 8 
66 00,82 30 14 
72 00,84 very weak 11 
66 00,86 13 2 
75 00,88 27 -7  
86 00,90 very weak -8  
82 00,92 37 -3  
71 00,94 40 2 
40 00,96 very weak 4 
-2  00,98 26 23 

-29 
Overall R factor = 0.21. 

projection of the atoms of the full model onto the " c "  
axis of the unit cell. 

DISCUSSION 

On the basis of the experimental data available for 
the Young River vermiculite-benzidine intercalate it is 
not possible at present to provide a full description of  
its structure in the classical sense. Such a description 
would require the determination of many more vari- 
ables than can be computed from the poor diffraction 
patterns given by the Young River intercalate. Reflec- 
tions with more general indices than those mentioned 
here are extremely diffuse and, as the modulation of  
intensities by the organic component is weak, little use 
can be made of them. 

The development of extra reflections in the a 'b*  
plane is therefore quite important because, although 
they are only observable near the direct beam, their 
presence and the broad distribution of their intensities 
enable a probable structure to be arrived at. 

Although most of the present work was carried out 
on the intercalate formed by benzidine with the medium 
charged Young River vermiculite, similar intercalates 
were also prepared with the higher charged vermicu- 
lites from Llano County, Texas (for compositions, see 
samples 1 and 7 of Norrish, 1973). The products formed 
with these materials have the same basal spacing and 
similar extra reflections to those given by the Young 
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River vermiculite. Therefore, in spite of the charge 
variations, the structure of each of these materials is 
similar. 

The model proposed for the structure of benzidine- 
vermiculite represents a close-packed, ordered do- 
main. With increasing charge, the size of the fully or- 
dered domains can be expected to increase and so the 
packing of molecules within the interlayer regions as a 
whole will more closely approach the limiting situation 
represented by the model. In materials carrying less 
than two charges per unit cell, the packing of the or- 
ganic molecules will be less dense than the limit shown 
in Figure 5a. However, a single domain will necessarily 
contain equal numbers of benzidines with their ring 
planes inclined both to the left and to the right of the 
" b "  axis. Support for this concept of the effect of 
charge, comes from a comparison of the extra reflec- 
tions: in the diffraction patterns given by the Young 
River vermiculite-benzidine intercalate, these reflec- 
tions are more diffuse than in the Llano equivalent. 

Although considerable evidence exists to show that 
benzidine molecules become involved in such chemical 
reactions as rearrangement, charge transfer, and po- 
lymerization, the structure of benzidine as determined 
in its dihydrochloride by Chung et al. (1972) satisfies 
our experimental data. Nevertheless, the benzidine 
rings are packed in close proximity both to the silicate 
surfaces and to one another; this packing, coupled with 
the electric field imposed by the vermiculite sheets, 
could cause small distortions of the benzidine structure 
which this study would not have detected. 

The fact that the intensities of the NH3 + bands in the 
IR spectrum of the intercalate are weaker than the cor- 
responding bands in the monovalent salt is evidence for 
a hydrogen transfer process occurring when the mono- 
valent benzidine cations become incorporated into the 
intercalate structure. Chemical analysis of the Young 
River vermiculite-benzidine intercalate shows the ra- 
tios of H/C and H/N to be less than for benzidine 
monohydrochloride, confirming that hydrogen is dis- 
placed into the silicate structure, or otherwise lost from 
the system. 

Although the amount of benzidine in the intercalate 
equals the exchange capacity of the vermiculite and 
adsorption appears to occur largely by an exchange 
process involving monovalent benzidine cations, our 
chemical results do not rule out the possibility that 
some divalent and some oxidized species may also be 
present in small amounts. The black color of the ver- 
miculite-intercalates contrasts strongly with the col- 
orless nature in their salt crystals. This color difference 
suggests that a charge disturbance, possibly associated 
with an oxidation process, occurs in the aromatic rings 
upon intercalation. 

Work in progress shows that benzidine montmoril- 
lonite has a basal spacing of 15.5/~ under the conditions 
of our experiments. Therefore its structure is quite dif- 

Table 2. Atomic coordinates and temperature factors for 
benzidine-vermiculite. 

A t o m  x y z 

(Mg, Fe, AI) oct. 0.0000 0.0000 0.000 
(Mg, Fe, A1) oct. 0.0000 0.3333 0.000 
(Mg, Fe, A1) oct. 0.0000 0.6667 0.000 
(Si, A1) tet 0.3970 0.0000 0.0715 
(Si, A1) tet 0.3970 0.3333 0.0715 
O1 0.3580 0.0000 0.0276 
O1 0.3580 0.3333 0.0276 
O1 0.3580 0.6667 0.0276 
O2B 0.1470 0.4040 0.0850 
O2A 0.1470 0.9290 0.0850 
03 0.4340 0.1670 0.0850 
N1 molecule 1 0.9662 0.1634 0.1246 
C1 molecule 1 0.9906 0.1634 0.1749 
C2 molecule 1 0.8255 0.0436 0.1847 
(:3 molecule 1 0.8443 0.0490 0.2200 
C4 molecule 1 0.0375 0.1634 0.2329 
C5 molecule 1 0.1876 0.2832 0.2097 
C6 molecule 1 0.1689 0.2525 0.1762 
C4' molecule 1 0.0844 0.1961 0.2742 
Ca' molecule 1 0.9287 0.0218 0.2974 
C2' molecule 1 0.9531 0.0436 0.3335 
C( molecule 1 0.0844 0.1416 0.3464 
C6' molecule 1 0.2533 0.2451 0.2883 
C0' molecule 1 0.2814 0.2614 0.3252 
NI' molecule 1 0.1313 0.1307 0.3850 
N~ molecule 2 0.4662 0.6634 0.1126 
C1 molecule 2 0.4906 0.6634 0.1513 
C2 molecule 2 0.6876 0.5763 0.1629 
C3 molecule 2 0.7064 0.5871 0.2003 
C4 molecule 2 0.5375 0.6634 0.2209 
C~ molecule 2 0.3499 0.7778 0.2067 
C0 molecule 2 0.3311 0.7832 0.1719 
(:4' molecule 2 0.5844 0.6961 0.2622 
C3' molecule 2 0.7814 0.5763 0.2751 
C2' molecule 2 0.8002 0.5871 0.3112 
C~' molecule 2 0.5844 0.6416 0.3344 
C 5' molecule 2 0.4250 0.8050 0.3241 
C6' molecule 2 0.3874 0.8000 0.2880 
N~' molecule 2 0.6313 0.6307 0.3730 

Temperature factors (B) 

Atoms of the silicate structure 1.5 x 10 -15 cm 2. 
Atoms of the organic structure 2.5 • 10 -15 cm 2. 

ferent from that proposed here for benzidine-vermic- 
ulite. The surface charge densities in montmorillonite 
and in vermiculite can cause different packing arrange- 
ments in their benzidine intercalates. There is room for 
both divalent (Furukawa and Brindley, 1973) and 
monovalent benzidine cations to lie flat and to satisfy 
the exchange capacity of montmorillonite. In vermic- 
ulite, only divalent cations would have sufficient room 
to lie flat; monovalent species would have to stand at 
an angle to the surface and so give rise to spacings 
above 15.5/~, in agreement with our findings. 
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Pe3mMe--KoMrHHaRn~ ~aHnbIX no peHTFeHOBCKOfi nopomKoBOfi ~InqbpaKI~nH, nnqbpaKpaCnOM H 
XHMHqeCKOM aHaJIn3ax noKa3a~a, HTO peayabTaTOM o6Mena HOHOB BepMnKym4Ta C o~Inoaapg~KeUHbIMn 
5eHan~muOBblMn KaTnOHaMn B BO~HblX paCTBOpax npn pH = 1,6 gaJl.qeTcg qepHhlfi, Cri~bnO ynopa~oqeH- 
nblfi, npoczoenHqfi 6enan~ano-BepMnKyanT. 9TOT npo~ygT MneeT npoMeXyTOK 19,25 A n npnMHTnaHyrO 
aaeMeuTapnyro ~qefiKy C KpagMn " a "  H " b , "  napa_aae~bnbiMn n paBHhIMn no Be:In~nHe KpaaM a 
aepMnKyanTe, qncJIO MOaeKy~ 6enan~iHa B aaefiKe paBno ero 3JIeKTpnaeCKOMy 3ap~y .  B 3TOil 
cTpyKType MO~eKy.lIbl 6eHBI,14IBHa KpyTo naK.rIOHeHbl K CHJIHKaTOBbIM HoBepXHOCT~IM H IUIOTHO ynaKOBaHbl 
BHyTOH O6JlacTefi. Or~laCTn coAep~KaT uepeMenHbie pflJ1bl 6eH3H~HHOBbIX KaTHOHOB; OT p~.~Ia ~o p~g~a 
naocrocTrl rtnn upnranarITeni,OO napa2Ine~t,m,i nnH nepnen~lnKy~mpHbI K ILrIOCKOCTH (120), HO B~Om, 
nlororo p~Laa ILrIOCKOCTH apoMaTHqeCKHX Koner~ napahJIeJibHbl Me~Oly CO60~. BoJIopo~Hag CBg3b 
JIe~CTByeT Me:~r,J~y aMHHOBhIMH aTOMaMH a3oTa H IIOBepXHOCTHbIMH aTOMaMH KnC.llOpoJIa. [E.C.] 

Resiimee---Eine Kombination von Rrntgendiffraktion-, Infrarot-, und chemischen Daten hat gezeigt, daB 
der Ionenaustausch von Vermiculit mit einfach geladenen Benzidinkationen in einer wiissrigen Lrsung bei 
pH 1,6 zu einer schwarzen, gut geordneten Benzidin-Vermiculit Wechsellagerung fiihrt. Die Wechsella- 
gerung hat einen Basisabstand von 19,25/~l und eine primitive Elementarzelle mit " a "  und " b "  Kanten 
parallel und gleich denen von Vermiculit. Die Zahl der Benzidinmolekiile pro Elementarzelle entspricht 
der elektrischen Ladung. In dieser Struktur sind die Benzidinmolekiile steil zu den Silikatoberfl~ichen und 
in dichtbesetzten Domiinen angeordnet. Diese Dom~inen enthalten abwechselnde Reihen yon Benzidin- 
kationen; von Reihe zu Reihe sind die B enzidinebenen entweder nahezu parallel oder senkrecht zur (120)- 
Fl~iche angeordnet, aber innerhalb einer Reihe sind die Ebenen der aromatischen Ringe zueinander parallel. 
Wasserstoffbriickenbindung besteht zwischen Aminstickstoffen und den Oberflhchensauerstoffen. [U.W.] 
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R6sum6----La combinaison de donn6es de diffraction aux rayons-X et d'analyse infrarouge et chimique a 
6tabli que l '6change des ions de vermiculite avec les cations de benzidine simplement charg6s dans une 
solution aqueuse h u n  pH de 1,6 resulte en un intercalate noir benzidine-vermiculite tr~s ordonn6. 
L'intercalate a un espacement de base de 19,25/~ et une maille primitive ayant les c6t6s " a "  et " b "  par- 
alleles et ~gaux h ceux de la vermiculite. Le nombre de mol6cules de benzidine par mallle est 6gal h sa 
charge 61ectrique. Dans cette structure, les mol6cules de benzidine sont fortement inclin6es vers les sur- 
faces silicates et sont arrang6es de mani6re tr~s compacte end6ans les domaines. Les domaines contierment 
des rang6es alternantes de cations benzidine; d 'une rang6e A l'autre, les surfaces planes sont soit approx- 
imativement parall~les, soit perpendiculaires h la surface plane (120), mais le long d'une seule rang6e, les 
surfaces planes contenant les anneaux aromatiques sont parall61es l 'une h l 'autre. La liaison d'hydrog6ne 
se passe entre les nitrog6nes amin6s et les surfaces oxyg~nes. [D.J.] 
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