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Highly nanostructured hybrid materials were prepared by the intercalation into the interlayer spaces of
kaolinite of ionic liquids based on imidazolium derivatives. Their structure, thermal behavior, and
composition were characterized by a range of methods, including X-ray diffraction, solid-state NMR,
thermal gravimetric analysis, and elemental analysis. Measurements of their electrical conductivity were
carried out by impedance spectroscopy in the temperature range 23-250 °C. Three imidazolium derivatives
were used: 1-methyl 3-propyl imidazolium bromide (Im-1), 1-methyl 3-(2-chloroethyl) imidazolium cloride
(Im-2), and 1-methyl 3-(benzyl) imidazolium chloride (Im-3). The electrical conductivity depends on the
size as well as on the structural organization of the salts into the interlayer space. In the case of the
intercalates Im-1-K and Im-2-K, the electrical conductivity measured at room temperature is about 2 ×
10-5 S cm-1. This value varies with temperature. The maximum of conductivity, 4 × 10-4 S cm-1, was
obtained in a relatively short-range of temperatures, between 160 and 200 °C. No conductivity could be
measured in the case of Im-3-K. An optimization of the structures of the three nanohybrid materials was
performed using the PM6 semiempirical method. Alternating channels of organic cations and halide
anions are formed in the cases of Im-1-K and Im-2-K, leading to the observed ionic conductivity behavior.
In the presence of a bulkier substituent of the imidazolium ring, such as in Im-3-K, the anionic channels
are blocked by the substituent, resulting in the absence of conductivity. To the best of our knowledge,
this is the first report of electrical conductivity displayed by an interlayer modification of kaolinite.

Introduction

Nanohybrid materials prepared by the nanoscale incorpo-
ration of organic moieties into the interlayer spaces of layered
inorganic hosts have received considerable attention in the
past decade.1 These materials combine the structural and
textural properties of the host matrix with the chemical
functionality of the organic guest.2

Among these nanohybrid materials, organo-clays constitute
a versatile area of investigation, which is due in particular
to the availability of natural clay minerals and their ability
to incorporate a large variety of functional molecules,
including polymers.3 Among the clay minerals, the smectite
group, including montmorillonite, is the most studied because

of its favorable characteristics, such as swelling ability and
cationic exchange capacity.4

Kaolinite is one of the most abundant clay minerals on
Earth.5 It is a 1:1 layered dioctahedral aluminosilicate,
characterized by the chemical composition Al2Si2O5(OH)4.
The individual layers are linked together through hydrogen
bonds between the aluminol groups of the octahedral sheet
on one side, and the siloxane macrorings of the tetrahedral
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sheets on the other side. They are linked also by the strong
dipole interactions between the noncentrosymmetric layers.6

Consequently, kaolinite has been described as nonexpandable
for a long time, until it was shown in the early sixties that
some polar molecules could indeed be intercalated in its
interlayer spaces.7 Kaolinite is widely used in industry for
various purposes, for example, as paper or cosmetics additive,
and in ceramics.8 However, because its interlayer spaces are
not easily accessible, its interlayer chemistry is much less
developed than the one of the clay minerals from the smectite
group, particularly montmorillonite.

Intercalation of various organic molecules into kaolinite
has been reported on the basis of direct replacement of
intercalated polar molecules or salts. Recently, ionic liquids
were intercalated in kaolinite, forming highly nanostructured
materials.10 Kaolinite-polymer intercalated nanocomposites
have also been reported. They were prepared principally on
the basis of two methods: (i) the direct intercalation of the
polymer in synergy with the displacement of a polar guest
preintercalated in kaolinite;11 (ii) the intercalation of a
monomer by a displacement method followed by its polym-
erization in situ.12 Several examples of covalent grafting of
organic units on the interlayer aluminol surfaces were
reported in the last fifteen years.13

Montmorillonite shows ionic electrical conductivity result-
ing mainly from the migration of interlayer cations and from

the diffusion of surrounding water molecules.14 In the case
of nanocomposites obtained by intercalation and polymeri-
zation of organic monomers into the interlayer space of
montmorillonite, the electrical conductivity is mainly related
to charge delocalization, resulting in electronic conduc-
tivity.14c,15

This paper reports electrical conductivity results of nano-
structured materials prepared by intercalation of imidazolium
salts into the interlayer space of kaolinite. The nanostructured
materials were characterized by various techniques, and their
electrical conductivities were measured at various temper-
atures (23-250 °C) using impedance spectroscopy.

To the best of our knowledge, this is the first report of
electrical conductivity displayed by an interlayer modification
of kaolinite.

Experimental Section

Materials. Well-crystallized kaolinite (KGa-1b; Georgia) was
obtained from the Source Clay Repository of the Clay Minerals
Society, Purdue University, West Lafayette, IN, USA. The purifica-
tion of KGa-1b and the preparation of the dimethylsulfoxide-
kaolinite intercalate (DMSO-K) were done according to previously
published procedures.10 1-Methyl 3-propyl imidazolium bromide
(Im-1), 1-methyl 3-(2-chloroethyl) imidazolium cloride (Im-2), and
1-methyl 3-(benzyl) imidazolium chloride (Im-3) (Scheme 1) were
synthesized and characterized according to previously published
procedures.10b Im-1 and Im-2 are liquids at room temperature,
whereas Im-3 is a solid and its melting point is 33 °C.

Intercalation Reaction. (Scheme 2) The imidazolium salts were
intercalated in kaolinite by a melt intercalation method using
DMSO-K as starting material. Typically, 1.6 g of the imidazolium
salt were added to 400 mg of DMSO-K (Im:DMSO-K ) 4:1 w/w)
at room temperature. The mixture was heated under a flow of
nitrogen gas. The temperature was ramped up to 180 °C. During
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Scheme 1. Chemical Structures of the Imidazolium Salts
Used in the Preparation of the Kaolinite Nanohybrid

Materials
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the heating process, the modified clay (DMSO-K) was in suspension
in the ionic liquid. The suspension was then magnetically stirred
at 180 °C during two hours under a flow of nitrogen. The excess
molten salt was removed following four washing-centrifugation
cycles using isopropanol. The recovered solid sample was dried at
60 °C overnight in air.

Characterization and Computational Details. X-Ray diffrac-
tion (XRD) patterns were obtained with a Philips PW 3710
instrument equipped with Ni-filtered and Cu KR radiation (λ )
0.15418 nm) operating at 45 kV and 40 mA. Differential thermal
analyses (DTA) and thermal gravimetric analyses (TGA) were
recorded on a SDT 2960 Simultaneous DSC-TGA instrument with
a heating rate of 3 °C min-1. 13C NMR CP/MAS spectra were
collected on a Bruker AVANCE 500 NMR spectrometer operating
at 125.77 MHz. The 13C chemical shifts were referenced to
tetramethylsilane (TMS) at 0 ppm using the high frequency signal
of adamantane at 38.4 ppm as a secondary standard. Electrical
conductivity behavior of the nanocomposites in the 23-250 °C
temperature range was determined from ac impedance spectroscopy.
Sputtered gold was used to cover the surface of the samples
prepared as pellets (pressed at 4 ton/cm2) to ensure electrical contact
during impedance measurements. Impedance experiments were
carried out with a Solartron 1255 HF frequency response analyzer
coupled to Solartron Instrument SI 1287 Electrochemical Interface
(100 mV applied signal in the 0.1-100 KHz frequency range).
Z-PLOTW computer program was used for treatment of data and
simulation of spectra.

The resistance of materials was determined as a function of
temperature based on the equivalent electric circuit (EEC) meth-
odology. Appropriate EECs, consisting of a series/parallel arrange-
ments of resistors, capacitors and constant phase elements were
determined and fit to the experimental data. The material resistance,
RB, was obtained from this analysis.16

The geometry optimizations of the nanohybrid materials were
performed using the MOPAC2007 semiempirical package (version
7.072W). The atomic positions and cell dimensions were optimized
with no constraints, using the PM6 semiempirical method. The
eigenvector-following optimization scheme and the periodic bound-
ary conditions with the tight energy and geometry convergence
criteria were used.

Results and Discussion

The oriented XRD patterns of the pristine kaolinite (K),
the starting materials (DMSO-K) and the nanohybrid materi-
als recovered after the centrifugation, washing with isopro-
panol, and drying processes are shown in Figure 1. Upon
intercalation of the imidazolium salt, the XRD patterns are
characterized by an intense 001 reflection at 1.40 nm (Im-
1-K) and at 1.34 nm (Im-2-K). Similarly, the 001 reflection
of Im-3-K is observed at 1.53 nm. In all the cases, the d060

reflection of kaolinite remains at 1.49 Å (2θ ) 62.3°),
characteristic of a dioctahedral clay mineral, showing that
the structure of the layers of kaolinite is maintained after
the intercalation and the reaction processes. The intercalation
ratios (obtained as an approximation, from the relative
intensities of the d001 peaks of the intercalated and of the
nonintercalated kaolinite) are 98% for Im-2-K and at least
more than 90% for Im-1-K. In this case, one can only give
a lower estimate of the ratio of intercalation because of the
overlap of the 001 reflection of kaolinite at 0.71 nm with
the 002 reflection of the nanohybrid at 0.70 nm. The
reflection at 1.10 nm, characteristic of DMSO-K, was not
observed after the reaction of the preintercalate with the ionic
liquids. This is an indication that the intercalated DMSO
molecules were replaced by the imidazolium ionic liquid
during the intercalation process, which was fully confirmed

(16) Impedance Spectroscopy. Theory, Experiment and Applications, 2nd
ed.; Barsoukov, E., Macdonald, J. R., Eds.; Wiley-Interscience:
Hoboken, NJ, 2005.

Scheme 2. Intercalation Process of the Ionic Liquids in the
Interlayer Space of Kaolinite

Figure 1. Oriented XRD patterns of (a) kaolinite (K), (b) kaolinite
intercalated with DMSO (DMSO-K), (c) Im-1 (Im-1-K), (d) Im-2 (Im-2-
K), and (e) Im-3 (Im-3-K).
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by 13C MAS NMR. The two signals characteristic of DMSO
intercalated in kaolinite at 42.9 and 43.8 ppm are completely
absent in the NMR spectra of the nanohybrid materials.10b

The thermal gravimetric (TG) and differential thermal
gravimetric (DTG) analysis traces are given in Figure 2 for
Im-1-K, Im-2-K, and Im-3-K. The corresponding traces are
given for kaolinite and DMSO-K in the Supporting Informa-
tion (Figure S1). These data confirm the complete displace-
ment of DMSO during the intercalation process. No weight
loss was observed in the range 170-200 °C, which would
be expected if DMSO molecules were still present in the
intercalate. Compared to the starting material (DMSO-K),
the nanohybrid materials exhibit improved thermal stability.
The removal of the ionic liquids occurs in multiple steps at
higher temperatures between 270 and 460 °C. The dehy-
droxylation of kaolinite is observed at 509, 504, and 513
°C, respectively, for Im-1-K, Im-2-K, and Im-3-K. These
temperatures are close to the one characteristic of dehy-
droxylation of pure kaolinite at 515 °C, which confirms that
the structure of kaolinite is not altered during the intercalation
process.

The quantity of ionic liquid loaded by one structural unit
of kaolinite was calculated from TG analysis (nTG) and
elemental analysis (nEA). It was compared to theoretical
values (nTH) obtained taking into account the dimension of
the organic cation, the Van der Waals radius of the
corresponding halide. A very good agreement between the
results obtained by the three methods supports the idea of
an alternating cationic and anionic arrangement (see below,
Computational Analysis). For all three nanohybrid materials,
the number of ionic liquid molecules loaded by one kaolinite
structural unit is close to 0.5. The similarity of the chemical
structure of the ionic liquids could explain the similar loading

obtained. It was previously reported that the number of salt
molecular units loaded by one kaolinite structural unit
depends on the size of the organic cations. It is lower for
larger salts.10b

Impedance Diagrams. The Nyquist plots of the Im-1-K
sample obtained at various temperatures are presented in
Figure 3. Typically, at room temperature (23 °C), the diagram
is a distorted semicircle. The diameter of the semicircle is
directly related to the resistance of the material. At higher
temperatures (170-196 °C), the shapes of the Nyquist
diagrams are different. They are composed of a semicircle
at high frequencies, followed by a Warburg tail at low
frequencies. For temperatures in the range of 200-225 °C,
the impedance diagram exhibits predominantly a diffusion
segment. Finally, for temperatures higher than 240 °C, the
diagram is a dispersion of points, with an ill-defined Warburg
tail. This is interpreted as a reactive system in which a
progressive and continuous transformation is taking place.
This phenomenon is related to the release and further
decomposition of the imidazolium salts from the interlayer
space of kaolinite, and is reminiscent of other reactive
systems displaying similar behavior such as polypyrrole
intercalated in montmorillonite and nontronite.14a

Evolution of Electrical Conductivity with Time. The
electrical conductivity values σ of the nanohybrid materials
were derived from the impedance diagrams. The conductivity
was calculated from eq 1 where e is the thickness of the
pellet in cm, A is the area of the pellet in cm2, and RB is the
bulk resistance in ohms (see Experimental Section).

σ) (1/RB)(e/A) S cm-1 (1)

Figure 4 displays the evolution of the electrical conductivity
with time for different sets of temperature, a different sample
being used for each temperature. At room temperature (23
°C), the conductivity value remains constant during 60 min,
around 1 × 10-5 S cm-1. The lowest value obtained,
corresponding to a sample heated to 120 °C, is 2 × 10-6 S
cm-1. At this temperature, the water adsorbed on the material
is completely removed and thermal activation is sufficient

Figure 2. TG and DTG traces of Kaolinite intercalated with (a) Im-1 (Im-
1-K), (b) Im-2 (Im-2-K), and (c) Im-3 (Im-3-K).

Figure 3. Nyquist plots and equivalent electric circuit of Im-1-K sample
obtained at different temperature.
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to ensure motion of the interlayer ionic species. A further
increase in the temperature results in an increase in the ionic
conductivity, as is observed for measurements done at 170,
196, and 210 °C. Measurements done at 170 °C show the
highest conductivity. It is close to 3 × 10-4 S cm-1. It
remains constant for more than 90 min, whereas the values
obtained at 196, 210, and 225 °C decrease with time due to
a continuous decomposition of the material as it was observed
by thermal analysis (see below).

Variation of Conductivity with Temperature. The
electrical conductivity σ is given in Figure 5 as a function
of 1000/T for the Im-1-K nanohybrid. In this case, the same
sample was used throughout the full range of temperature,
being heated 15 min at the desired temperature before each
measurement. For comparison, a cross-section of Figure 4
after 15 min of heating each sample at the measurement
temperature is also given in Figure 5. The fact that the sample
treatment was different in the two cases, but resulted in
similar conductivity results, points to the reproducibility of
these experiments.

The Arrhenius plot reveals 4 zones described for Figure
5:

Zone (I): The ionic conductivity decreases with temper-
ature from 2 × 10-5 S. cm-1 at RT to 6 × 10-6 S. cm-1 at
100 °C. As shown by the thermal analysis data (see below,
Figure 7), externally adsorbed water molecules are lost in
that temperature range, which results in a continuous decrease
of the observed conductivity until all the adsorbed water
molecules have been removed. This is also in agreement with
the 13C NMR data, showing the unalteration of the imida-
zolium molecular structure up to 170 °C.

Zone (II): In the range 100 to 160 °C, the conductivity
reaches a plateau, corresponding to a minimum of about 6
× 10-6 S. cm-1. This corresponds to the actual contribution
of the intercalated ionic liquid to the ionic conductivity. As
observed from TG-DTG analysis, after complete removal
of adsorbed water, no weight loss is observed in this range

Figure 4. Electric conductivity versus time. Measurements were done at
different temperatures for different samples of Im-1-K.

Figure 5. Evolution of the electric conductivity of Im-1-K with temperature.
(9) Before each measurement, the same sample was maintained during 15
min at the desired temperature. (2) For comparison, the data points resulting
from a cross-section of Figure 4, at 15 min.

Figure 6. 13C NMR CP/MAS spectra of (a) Im-1-K recovered after air
drying at 60 °C and (b) Im-1-K heated at 170 °C for 90 min.

Figure 7. (a) TG traces of Im-1-K sample heated and maintained at different
temperature. (b) Evolution of the temperature versus time.
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of temperature. The sample does not undergo any structural
transformation.

Zone (III): The electrical conductivity σ rises drastically
from 6 × 10-6 S cm-1 to more than 2 × 10-4 S cm-1 within
a short temperature range (160-200 °C) in which the
mobility of the interlayer ions is strongly improved by
thermal activation.

Zone (IV): As the temperature increases above 200 °C, a
decrease of the conductivity is observed. It results from the
release and the decomposition of the intercalated salts, in
agreement with the decomposition observed from TG/DTG
analysis (see Figures 2 and 7).

A similar behavior is observed when the sample is heated
for a longer time before the conductivity measurements, in
good agreement with the results displayed in Figure 4.

Figure 6a gives the 13C CP/MAS NMR spectrum of the
Im-1-K nanohybrid material dried at 60 °C. The expected
signals of the imidazolium salt are observed, with an overlap
of two signals in the olefinic region. To further test the
thermal resistance of the intercalated organic salt, we recored
the 13C CP/MAS NMR spectrum after heating the material
at 170 °C for 90 min. According to the TGA data, the organic
salt has not yet been decomposed at that temperature. Only
its partial loss is observed. This is nicely borne out by the
NMR data. After heating at 170 °C for 90 min, the 13C NMR
spectrum is essentially identical to the one of the dry material,
with an observed decrease of the signal-to-noise ratio.

Figure 7a gives the variation of the materials weight as a
function of time after heating at a given temperature and
keeping the sample at that temperature for a fixed period of
time (3 h). Figure 7b illustrates the heating vs time process:
the sample is slowly ramped to the desired temperature at a
rate of 3 °C/min, then the temperature is held constant.

After being heated at 120 °C, water is lost, and the material
is then thermally stable. Heating at 170 °C releases, slowly
over time, a fraction of the organic material, but its molecular
structure is conserved (see 13C NMR data in Figure 6). This
is essentially the behavior that can be observed at temper-
atures in the range of the sudden increase of conductivity
with temperature increase. In that range, approximately from
160 to 200 °C (Figure 5), some organic material is removed,
decreasing the packing of the organic cations and halogen
anions in the interlayer space, consequently favoring the ionic
mobility. At higher temperatures, a large fraction of the
organic material is lost and begins to decompose. As a
consequence, the conductivity falls considerably.

The conductivity was measured over time under the same
conditions for the three nanohybrid materials. At room
temperature, Im-1-K and Im-2-K give essentially the same
result of conductivity, approximately 2 × 10-5 S. cm-1,
constant over time (Figure S2, Supporting Information). In
strong contrast, no conductivity could be observed in the
case of Im-3-K, in the range from room temperature to 200
°C.

Computational Analysis. To account for the conductivity
behavior of Im-1-K and Im-2-K, and also to account for the
lack of conductivity of Im-3-K, optimization of the structures
of the nanohybrid materials was performed using the PM6
semiempirical method.

The structure of kaolinite was optimized on the basis of
previously published data,17 and was in perfect agreement
with the published results.17a The structures of Im-1-K and
Im-3-K were optimized without any constraints (see Experi-
mental Section) and are shown in Figures 8 and 9. The
number of imidazolium halide ion pairs incorporated in the
kaolinite structure was based of the experimentally deter-
mined loading of four ion pairs per eight kaolinite structural
units.10c Then, periodic boundary conditions were used. The
d001 values obtained from the computation, 1.39 and 1.49
nm for Im-1-K and Im-3-K, respectively, are remarkably
close to the experimental values obtained from XRD, 1.40
nm and 1.53 nm, respectively. The interlayer distance is
regulated by the tilt angle of the organic cation, which is
approximately 60° with respect to the kaolinite internal
surface. The imidazolium cations are aligned in a roughly
parallel arrangement, with two slightly different structures.
Tunnels are formed by the alignment of the imidazolium
cations. The four walls of these truly nanohybrid tunnels are
made of two imidazolium cations separated by 0.46 nm and
of the two internal surfaces of kaolinite, the siloxane one
and the aluminol one, separated by 1.40 nm. The tunnels,
characterized by cross-sections of roughly 1.4 × 0.5 nm2

are occupied by the bromide anions whose van der Waals
diameter is 0.37 nm. Consequently, the movement of the
anions in the tunnels of the interlayer spaces is not impeded

(17) (a) Benco, L.; Tunega, D.; Hafner, J.; Lischka, H. J. Phys. Chem. B.
2001, 105, 10812–10817. (b) Hobbs, J. D.; Cygan, R. T.; Nagy, K. L.;
Schultz, P. A.; Sears, M. P. Am. Mineral. 1997, 82, 657–662.

Figure 8. Calculated crystal structure of Im-1-K. For clarity, the top view
(a, b plane) does not show kaolinite atoms and the side view (c, b plane)
does not include the hydrogen atom. The dotted line is a representation of
the tunnel structuration of the halide anions (see text).
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along the a axis (Figure 8). One can assume that the situation
is similar in the case of Im-2-K in which the imidazolium
structure is similar to Im-1-K and the chloride anion has a
van der Waals diameter of 0.35 nm.

However, in strong contrast, in the structure of Im-3-K,
whereas the imidazolium cations are also oriented in a
roughly parallel arrangement, the phenyl rings of the benzyl
substituants form a tetrahedral angle with respect to the
imidazolium rings. This results in an arrangement that does
not allow the formation of nanostructured tunnels as de-
scribed in Im-1-K above (Figure 9). Consequently, the
chloride anions are isolated in nanocavities surrounded in

the c-direction by the two inorganic kaolinite surfaces and
in the a- or b-direction by phenyl and imidazolium rings,
which block the anion movements in the interlayer spaces.

Conclusion

Highly nanostructured hybrid materials are formed by the
intercalation of imidazolium halide ionic liquids in the
interlayer spaces of kaolinite. The imidazolium cations are
aligned in a parallel arrangement forming alternating tunnels
of organic cations and halide anions of 1.4 nm × 0.5 nm
cross-sections. This structuration results in ionic conductivity
which is highest in a relatively short temperature range,
160-200 °C. At higher temperatures, the conductivity drops
dramatically due to the decomposition of the organic material
and the resulting collapse of the structure. The conductivity
behavior is highly dependent on the structure of the imida-
zolium derivatives. In the presence of bulkier substituents
of the imidazolium ring, the halide channels are blocked by
the substituents and no conductivity could be observed at
any temperature. XRD, NMR, thermal and conductivity
measurements are in excellent agreement with the nanohybrid
materials structures obtained from PM6 semiempirical
computations.

To the best of our knowledge, this is the first report of
electrical conductivity displayed by an interlayer modification
of kaolinite.
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Figure 9. Calculated crystal structure of Im-3-K. For clarity, the top view
(a, b plane) does not show kaolinite atoms and the side view (c, b plane)
does not include the hydrogen atoms.
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