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Charge Transfer Interactions in Smectite Clays
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Abstract

ESR and 57Fe Moéssbauer spectroscopy are used
to probe the nature of electron transfer from tetra-
thiafulvalene (TTF) to montmorillonite and laponite
RD. Evidence for electron transfer to structural iron-
(I11) is found for montmorillonite. If the clay is
exchanged with a transition metal ion such as copper-
(II) or vanadyl(IV), TTF may react preferentially
with the interlamellar ion.

[TTF]3(BF,), will ion exchange with sodium
laponite but during the process much of the crystal-
linity of the clay is destroyed.

Disc conductivities of sodium montmorillonite
and sodium laponite are enhanced by an order of
magnitude on intercalation with TTF; the conductiv-
ity is believed to be ionic in origin. Exchange with
[TTF]s(BF,), gives no enhancement to the disc
conductivity of sodium laponite.

Introduction

It is well known that benzidine will interact with
clays such as montmorillonite by transfer of an
electron and intercalation of the benzidine cation.
An elegant *’Fe Méssbauer study [1] showed that
structural iron(III) accepted the electron to become
reduced to iron(II). Some years ago we conceived
the idea that other electron donors might enter
into charge transfer interactions with smectite clays
and decided to study the intercalation of organo-
metallics by smectite clays. A major objective was
(and remains) a study of the intercalation of organo-
tellurium compounds [2], but we decided to start
with a study of tetrathiafulvalene (TTF). However,
during the course of this work a paper was published
by Van Damme et al. [3] which described results
on the intercalation of TTF with smectite clays in
which the major techniques used were XRD, IR and
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UV spectroscopy. Interestingly, the genesis of the
idea was the same in both groups.

On reviewing our results in this general area, it
occurred to us that we had some data which were
complementary to those of the French workers
since we had used mainly Mossbauer and ESR spec-
troscopy; also we had carried out experiments with
clays exchanged with transition metal ions and, in
addition, had investigated ion exchange reactions
with [TTF]3(BF,);. We now report briefly on these
extra data which, fortunately, largely support the
earlier conclusions [3].

Experimental

Materials

Two clays, montmorillonite and a synthetic
hectorite, were used. The montmorillonite was ob-
tained from Berk Limited (SiO,, 52.2; Al,0,, 12.8;
Fe,0,, 10.2; TiO,, 0.6; Mg0, 0.5; Ca0, 2.2; K,0,
0.4; Na,0, 0.1; H,0 (<105 °C), 12.3; H,0 (>105
°C) 6.6%. Cation exchange capacity, 80 meq 100
g "). The montmorillonite was converted to the
sodium form prior to use. The hectorite was laponite
RD (manufactured by Laport Ltd.) and was virtual-
ly free of paramagnetics. It was used in the sodium
form (cation exchange capacity = 70 meq 100 g™').
For some experiments laponite was exchanged with
Cu?* (via CuCl,*H,0 in aqueous solution) and with
VO?* (via VOSQ, in aqueous solution). Tetrathia-
fulvalene (TTF) was obtained from Aldrich Chem-
ical Co. [TTF]s(BF,4), was prepared following the
literature [4].

Reactions with Clays

Following a range of experiments in which the
influence of light, temperature and contact time
between the clay and TTF was evaluated, the pro-
cedure adopted was as follows. Clay (1 g, mont-
morillonite or laponite in Na* form) was stirred
with acetonitrile (15 cm?®) for 15 min in a two
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TABLE 1. ESR Data for Clays Treated Either With TTF or With TTF 3(BF4),

Clay Colour prior to £ value Colour following £ value
treatment treatment

Na* montmorillonite yellow v. broad dark brown 2.005%
(iron(1I1)) (weak)

Cu?* montmorillonite yellow/green 2.102 dark brown 2.0082

Na* laponite white white

Cu?* laponite blue g)=2.264 dark brown 2,005
g1 =2.015

VO, laponite green g1 =1.944 light brown gi=1939¢
gl=1.948 gl=1.948

Na* hectorite (natural Californian) white light brown

Na* laponite white

(i) 40 meq. TTF 3(BR4)2 purple/brown 2.007

(ii) 60 meq purple/brown 2.005

(iii) 80 meq purple 2.005

TTF3(BF4), purple 2.007

8Broad signals,  PSharp.

necked round bottomed flask. A weighed quantity
of TTF (in the range 0.1—3.0 mmol) was dissolved
in the minimum volume of acetonitrile and added to
the flask and heated under gentle reflux. (In
separate experiments it was established that sodium
montmorillonite assumed, to the eye, a constant
colour after a reaction period of 4 h. The exclusion
of light made no difference to our observations.)
The clays treated under these conditions were:
sodium montmorillonite, copper(II) montmorillonite,
sodium laponite, copper(Il) laponite, vanadyl(IV)
laponite and, for comparison, sodium hectorite
(prepared from hectorite obtained from Hector,
Calif.). We found that constant physical data (ESR
g values, Mossbauer parameters) were obtained at
clay/TTF loadings of 1.0~1.5 mmol TTF per mmol
clay. Table 1 presents qualitative observations on
the change of clay appearance during the reaction;
also included are ESR data (vide infra).

Ion Exchange Reactions with [TTF] 3(BF, ),

Ton exchange capacities of clays are expressed
in units of meq 100 g, hence five solutions of
[TTF]3(BF,), in acetonitrile prepared by dissolving
a known weight of the salt and making up to 25
cm?® in volumetric flasks such that, when contacted
with 0.1 g clay, the solutions were equivalent to
40, 50, 60, 70 and 80 meq 100 g ' of the clay.
The clay selected was sodium laponite (0.1 g) which
was heated under gentle reflux with the full 25
cm® of the above solutions. Release of sodium ions
was monitored by flame photometry. Thus following
separation of the clay by centrifuging, the aceto-
nitrile solution, combined with two further 25
cm® alliquots of acetonitrile used to wash the clay,
was analysed for sodium. A calibration curve was
constructed from measurements on sodium iodide

€Some reduction in relative intensity compared with untreated clay.
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Fig. 1. Sodium release curve.

solutions in acetonitrile. The sodium release as a
function of salt concentration is given in Fig. 1.
ESR data are given in Table I.

Physical Measurements

X-ray powder diffraction studies were made with
a Phillips automatic powder diffractometer with
Cu Ko radiation. Electron spin resonance (ESR)
data were obtained with a JEOL PE-1X instrument.
g Values were determined relative to a Mn?*/MgO
standard. Diffuse reflectance spectra (UV—Vis)
were obtained with a Pye-Unicam SP 800 instrument.
37Fe Mossbauer spectra were measured with a con-
stant acceleration spectrometer of staridard design.
Isomer shifts are relative to iron metal. The Moss-
bauer data are given in Table II.

Measurements of electrical conductivity were
made by pressing the TTF doped clays into discs
(10 tonne hydraulic pressure) the dimensions of
which were measured with a micrometer (£0.001
mm). The faces of the discs were sputter coated
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TABLE II. 57Fe Mossbauer Parameters for Montmorillonites Before and After Treatment With TTF

Clay $7Fe¢ Mossbauer parameters Origin
52 AP
(mm s7Y (mm s~
Na* montmorillonite 0.36 0.45 iron(11I)
0.38 1.06 iron(11I)
Na* montmorillonite®, TTF (experiment A) 0.36 0.48 iron(I1I)
Na* montomorillonite®, TTF (experiment B) 0.36 0.44 iron(I1I)
1.13 2.52 iron(II)
Na* fuller’s earth 0.43 0.86 irion(I1I)
0.27 0.42 irion(1II)
Na* fuller’s earth®, TTF 0.36 0.54 iron(11I)

8Isomer shift vs. metal (all data obtained at room temperature).

bQuadrupole splitting,  Treated with 1 mmol TTF.

TABLE III. Disc Conductivities of Clays Before and After Treatment With TTF or TTF3(BF4)2

Sample Conductivity Sample Conductivity
@ lem™ Q lem™
Na* montmorillonite 6.7%x107° Na* montmorillonite/ TTF 43x1078
(1.5 mmol)
Cu?* montomorillonite/ TTF 3.1x10°8
(1.5 mmol)
Na* laponite 8.4x107° Na* laponite/TTF 52x1078
(1.5 mmol)
Na* laponite/TTF 3(BF 4), 3.5x107°
70 meq
Na* laponite/TTF 3(BF 4)5 9.4 x107°
80 meq
ESR Data

with 99.9% aluminium and thin gold wires were
attached using silver paste. Three to five current
readings were taken for each sample in the potential
range 4.00 to 20.00 V. Data are given in Table III.
Measurements were also made on undoped clays.

Discussion

The UV-Vis data that we obtained parallel
exactly those reported previously [3] and hence
are not tabulated or discussed. Our XRD data were
obtained on specimens equilibrated with the labora-
tory atmosphere and which were consequently not
anhydrous. In a typical experiment the basal (001)
spacing of sodium montmorillonite on treatment
with TTF increased from 13.46 to 20.08 A of which
the intercalation of TTF can be shown to contribute
a minimum of 6.6 A. It is probable, particularly in
the light of the IR results of Van Damme et al. [3],
that the molecular plane of the TTF is perpendicular
to that of the clay. In the remainder of this dis-
cussion we concentrate on data which are new for
the clay/TTF system.

Table I indicates that, generally, a colour change
to brown occurs on treating montmorillonite with
TTF. This is also true of hectorite a natural clay,
but laponite — a synthethic hectorite essentially iron
free — shows no change on intercalation of TTF;
however if laponite is used in the Cu®** or VO?**
form rather than the Na* form, distinct colour
changes are seen. A parallel ESR study showed that
constant g values were obtained from clay specimens
treated with 1 mmol TTF/mmol of clay and the data
in Table I are these constant values. For Na* mont-
morillonite a very broad iron(III) signal is seen but
after treatment with 1 TTF a new signal at g=
2.005 is superimposed. For Cu?* montmorillonite,
the Cu(Il) is detectable as a broad isotropic signal
at g =2.102 but this is removed on TTF treatment
and is replaced by a new signal at g=2.008. Na*
laponite gives no ESR signal before or after TTF
treatment; however Cu?* laponite gives a well re-
solved anisotropic spectrum typical of tetragonal
copper(Il). Treatment with TTF totally removes
this signal and replaces it with a strong, sharp signal
at g=2.005. It is clear that a redox reaction has



102

occurred between Cu(Il) and TTF in both mont-
morillonite and laponite:

Cu(Il) + TTF — Cu(l) + TFF**

There is no clear evidence from the radical g values
that Cu(l) and TTF" are coordinated. Vanadyl
laponite showed a colour change on treatment with
TTF but no unambiguous ESR evidence for TTF
radicals was seen; a reduction in the vanadyl signal
intensity was noted as was a slight modification to
the value of gy. The ESR data show that organic
radicals may be generated either by reaction with
interlamellar transition metal ions (laponite and
Cu* montomorillonite) or with structural iron
(montmorillonite).

57 Fe Mdssbauer Spectra

In their study of the interaction of benzidine
with montmorillonite, Thomas et al. [1] used a clay
which contained both structural iron(lIl) and iron-
(I1). It was noted that on treatment with benzidine
the iron(I) doublet (6 =1.36, A=2.77 mm s ")
increased in intensity at the expense of the iron(III)
doublet (6 =0.59, A=0.65 mm s~!). These ob-
servations illustrated the value of Mossbauer spec-
troscopy to detect charge transfer to structural
iron(III).

The Mossbauer spectrum of our Na* montmoril-
lonite was fitted to two doublets (Table II), the inner
doublet (8 =0.36, A=0.45 mm s~ ') being more
intense (approximately 2:1) than the outer doublet
(6=0.38, A=1.06 mm s !). The goodness of fit
(x? values) and the parameters were not significantly
altered by constraining either only areas or areas
and widths of the lines. The width of the peaks
(T'y,2) was considerable, ie. 0.6—0.8 mm s !. No
structural iron(II) was detected in this sample mont-
morillonite. The two doublets have often been ob-
served for montmorillonite samples [5] and an
interpretation which has gained acceptance suggests
the larger quadrupole splitting to arise from iron(III)
in trans-04(OH), sites (M1) and the smaller from
iron(IIT) in cis-O4(OH), sites (M2). This is certainly
consistent with the point charge model [6]. How-
ever, a recent electron diffraction study of a
Wyoming montmorillonite showed that 75—100%
of the MI sites were occupied by iron(III) [7], thus
the assignment of the most intense doublet to M2
sites is unlikely to be correct. Cardile and Johnson
[8] have reassessed the Mossbauer data for mont-
morillonites and have shown that the fit obtained is
to some extent a function of the constraints with
the fitting program; they point out that since the
iron content of montmorillonite is low the Moss-
bauer parameters will be sensitive to variations in
the geometrical arrangement of neighbouring cations
and even to the more distant interlamellar ions. The
two doublet fit is then in a sense of fortuitous con-
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sequence of a contimunium of & and A values for
individual iron(III) sites.

On treatment with TTF results of varying con-
sistency were obtained, thus in some experiments
(B, Table II) definite evidence of the generation
of iron(Il) was obtained (6§ =1.13, A=2.52 mm
s~!). However, more usually (A, Table II) only a
modified iron(III) spectrum was seen. Significantly
better x* values were otained by a fit to one broad
iron(IIT) doublet (this is also true for the iron(IIl)
resonance in experiment B). These data accord with
the view of Cardile and Johnson that the spectrum
will be influenced by near and more distant ions;
also the measured basal spacing is likely to be a
factor. The data are also consistent with the view
that there is indeed a small degree of charge transfer
from TTF to structural iron(IIl), although this is
not always adequate to produce sufficient iron(II)
to be detectable by Mdssbauer spectroscopy.

We had available a specimen of fuller’s earth which
was in the Na* form. A Mossbauer study showed
a close parallel to the montmorillonite work. The
only significant difference was that in the TTF
treated sample the intensity of the component of
the doublet at higher velocity was lower than the
lower velocity component. This may reflect the
presence in the fuller’s earth of small quantitatives
of tetrahedral iron(Ill) which we did not allow for
in the fitting procedure.

Experiments with [TTF] 3(BF, ),

We had hoped to observe enhanced conductivities
for TTF treated clays and felt that ion exchange
of [TTF]3?* might enhance the ‘TTF’ loading of
the clay — it was also a way of obtaining some TTF
radical character for laponite. The sodium release
curve (Fig. 1) shows that ion exchange proceeds to
approximately 75% completion on treating the
laponite with 80 meq of [TTF]3(BF,);. (We also
monitored the intensity of the spectra of [TTF];-
(BF,), in the supernatant with similar conclusions.)
An ESR study (Table I) showed that at lower salt
concentrations (40 meq 100 g! clay) the g value
of the separated clay was identical to that of the
crystalline salt (2.0066). As the salt concentration
increased and the proportion ion exchanged increased
a g value of 2.005 was observed for the clay, i.e.
identical with those seen for other systems detailed
in Table I (vide supra). These data reflect the fact
that sorption on the crystal surface is probably a
precursor to ion-exchange.

The diffuse reflectance spectrum of the exchanged
laponite is dominated by a broad band at 480 nm
which does not correlate well with any band seen
in the acetonitrile solution spectrum of [TTF];-
(BF,),. It is known that the salt contains trimeric
[TTF]3%* ions [9] but it is not certain that the same
species exists in the interlamellar region of laponite.
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Nor, despite the identity of g values to those seen for
intercalated TTF, does the reflectance spectrum
parallel those of the TTF intercalates which have
as their dominant band a peak at 435 nm [3].

XRD data were both disappointing and surprising
in that there was no indication of the low angle re-
flections normally observed for phyllosilicates. The
very broad bands obtained indicated lack of a
crystalline phase and resembled those obtained from
a calcined clay. We are unable to comment there-
fore on the orientation of the intercalated species.

Disc Conductivities

In contrast to Van Damme et al. [3], we did
observe an order of magnitude increase in conduc-
tivity on treatment of the clays with TTF (Table III).
Almost certainly the mechanism for the conduction
is ionic and we speculate that the mobility of the
interlamellar ions may be increased by the increase
in the basal spacing. Certainly we cannot attribute
the increase to the charge transfer process since Na*
laponite/TTF for which there is no evidence of charge
transfer does show the same enhancement of conduc-
tivity as the other clays.

By contrast, the [TTF];(BF,), exchanged lapo-
nite shows no increase in conductivity.
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