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Single crystals of SnS2 were intercalated with ethylenediamine
(en) and propylenediamine (pn) by direct reaction. The resulting
novel compounds were examined by di4erent techniques includ-
ing XRD, XPS, a.c. impedance, TG, and TPD measurements.
The observed lattice expansion for both compounds, ca. 3.9 As , is
consistent with the location of the amine molecules at van der
Waals gaps, with monolayers in the alkyl chain parallel to the
sulfur layers. XPS data reveal that these complexes easily absorb
moisture that binds strongly to sulfur to give hydrogen sul5de
traces that were detected upon thermal deintercalation above
473 K. However, the charge transferred from the guest to the
host is too small to be detected by this photoelectron technique.
The en intercalate preserves the semiconductor behavior of the
pristine compound, SnS2, but with two signi5cant di4erences, viz.
lower conductivity at low temperatures and an increased activa-
tion energy. These di4erences are ascribed to increased incoher-
ent scattering of electrons resulting from the guest atoms acting
as impurities and also to the lattice defects formed upon inter-
calation. ( 2000 Academic Press
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INTRODUCTION

One of the most salient properties of layered dichalcogen-
ides is their ability to act as hosts for atomic and molecular
guest species, which are accommodated at the empty sites
bounded by van der Waals forces between adjacent close-
packed chalcogen layers. This feature is of interest not only
from a structural point of view but also by virtue of the
changes in some physical properties*occasionally dra-
matic*involved. This has fostered extensive research since
the earliest systematic studies on the topic carried out in the
early 1970s. The information thus gathered was masterfully
compiled in the now classic monograph by Whittingham
1To whom correspondence should be addressed. E-mail: iq1mopaj@
uco.es.
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and Jacobson (1). Many reviews and monographs have
subsequently been published, the last, to our knowledge
being that of MuK ller-Warmuth and SchoK llhorn in 1994 (2).
However, most of these studies have involved transition
metal layered chalcogenides as hosts and a wide variety of
guest species including both strong reductants, such as
alkali metals, hydrazine, and organometallic compounds,
and organic Lewis bases. By contrast, there are only a few
studies on the intercalation properties of layered chalcogen-
ides of nontransition elements. The prototypical family of
these compounds is SnX

2
(X"S, Se), with CdI

2
-related

crystal structures. Their intercalation chemistry is indeed
less extensively documented and only for SnX

2
intercalated

with cobaltocene has an accurate description of the elec-
tronic properties been reported (3, 4). Alkali metal intercala-
tion by chemical and electrochemical procedures has also
been examined (5}7), essentially with the aim of elucidating
structural details of the intercalation process. A di!erent
approach to the intercalation reaction that involves adsorp-
tion of the alkali metal onto single crystals in ultra-high
vacuum, followed by examination of the electronic structure
by photoelectron spectroscopy, has been proposed (8). Al-
though this method avoids the presence of impurities, which
may lead to spurious conclusions, some aspects of the pro-
cess remain unresolved (particularly whether an intercala-
tion or decomposition reaction occurs when the alkali metal
atoms are deposited onto the clean surface of the crystals)
(9).

The intercalation behavior of SnS
2

toward weaker elec-
tron donor guest molecules such as organic Lewis bases has
so far rarely been studied in spite of the excellent structural
#exibility of SnS

2
, the lithiated phase of which can cointer-

calate organic molecules such as propylene carbonate and
cause an expansion that exceeds the unit cell dimension by
12 As (10). In continuing our research on the intercalation
properties of SnS

2
single crystals, in this paper we report

the preparation of novel intercalates with linear aliphatic
1
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diamines and their characterization by using various ana-
lytical techniques. A complementary study of the electrical
properties of the en intercalate was performed using a.c.
impedance methods.

EXPERIMENTAL

The SnS
2

used was prepared as single crystals grown
using a chemical transport method that started from a mix-
ture of polycrystalline SnS

2
and I

2
(ca. 5 mg/cm3 ) as carrier

and sealed in an evacuated silica tube 20 cm long by 1.6 cm
inner diameter. The tube was subjected to a temperature
gradient of 923}823 K for one week and then allowed to
gradually cool to room temperature. Under these condi-
tions, golden plate-like crystals of variable size ranging from
1 to 5 mm in diameter and several tenths of a mm in
thickness were obtained. The crystals were washed with
acetonitrile to remove traces of I

2
and dried at 323 K prior

to use as intercalation hosts. The amines used were reagent
grade and supplied by Aldrich; they were further puri"ed by
distillation under argon and stored with a 0.3-nm molecular
sieve supplied by Merck. About 200 mg of SnS

2
single

crystals was sealed with 2 ml of n-alkyldiamine in a Pyrex
tube and heated at 453 K. For en, 1 h was su$cient to
obtain a pure intercalate; in contrast, pn required a longer
period (18}24 h). Under these conditions, the crystals
preserved their laminar morphology but the yellow color
turned to black. The absence of X-ray re#ections for the
pristine compound, SnS

2
, was taken to mark thorough

intercalation. Products were "ltered and washed with pure
acetonitrile. All these manipulations were carried out in an
MBraun dry glove box, where the intercalates were dried
and stored.

The composition of the intercalates was determined by
elemental analysis on a Fisons CNH instrument. Their
thermal stability was examined by combining the results of
a thermogravimetric analysis performed on a Cahn 2000
thermobalance under a dynamic argon atmosphere with
those obtained from temperature programmed deintercala-
tion (TPD) measurements made in a quartz reactor coupled
to a quadrupole mass spectrometer (on Sensorlab model
VG), using argon as the gas carrier.

Powder X-ray di!raction (XRD) patterns were recorded
on a Siemens D-5000 di!ractometer using graphite mono-
chromatized CuKa radiation and operating at 40 kV and
30 mA. For identi"cation purposes, intensities were col-
lected at 0.02 (2h) intervals using 0.06 s per step. For the
evaluation of the lattice parameters and broadening in the
re#ection lines, intensities were recorded in the same scan
step at 3.6 s per step.

XPS spectra were recorded on an Scalab 210 spectro-
meter operating in the constant pass energy mode (50 eV)
and using unmonochromatized MgKa (1253.6 eV) radiation
as the excitation source. Samples, made into pellets by
compressing the crystals at about 3 tonnes under an argon
atmosphere, were stuck onto a copper holder with the aid of
a low vapor pressure epoxy resin and transferred to the
spectrometer's preparation chamber. As all samples exhib-
ited charging e!ects of 2}3 eV, the binding energy reference
was taken at 161.6 eV for the S 2p core level, the value
previously reported for S2~ in SnS

2
single crystals (9).

A.c. conductivity measurements were carried out on com-
pact disks furnished with ionically blocking gold electrodes
using a Solartron FRA 1255 frequency response analyzer
and a Novocontrol BDC-N broadband dielectric converter;
samples were placed in a Novocontrol holder the temper-
ature of which was governed by a Quatro controller. The
whole system was computer-controlled. The frequency
range was 10 Hz to 3 MHz and the temperature range was
303}163 K. The compact disks, 13 mm in diameter and
1 mm thick, were prepared by pressing the crystals at
6 ton cm~2.

RESULTS AND DISCUSSION

Aliphatic diamines, en and pn, can be readily intercalated
into the host lattice SnS

2
by heating the organic liquid guest

with the sul"de either in powder or single-crystal form
under mild conditions. Large crystals of the intercalate
single phases can be obtained with no mechanical stirring.
Crystals from these samples were ground by hand and
converted into powder of micrometer particle size range to
evaluate their unit-cell dimensions from X-ray powder dif-
fraction patterns (XRD) (see Fig. 1). The patterns for the
pristine compound and the intercalates were indexed in the
hexagonal system; the unit-cell constants obtained are given
in Table 1. The calculated values for the host are quite
consistent with previously reported data (11). Signi"cantly,
the a axis hardly changed upon treatment with the amine,
which suggests little deformation in the layer plane. By
contrast, a signi"cant expansion along the c axis was ob-
served, in good agreement with one of the main require-
ments for an intercalation reaction. Lattice expansion was
similar for the two intercalates and reveals the little in#u-
ence of the hydrocarbon chain length, which was previously
observed in n-alkylamine complexes of TaS

2
and TiS

2
for

carbon numbers up to 4 (12). The increase in the interlayer
spacing is only slightly larger than the van der Waals dia-
meter of the amine group (ca. 3.4 As ) and suggests that the
diamine molecules form monolayers in the interlayer space
with their longitudinal axis nearly parallel to the sulfur
layers.

The amine intercalation process not only introduces cha-
nges in the positions of the di!raction peaks but also causes
the originally rather sharp lines for the host to broaden
signi"cantly (see Fig. 1). This suggests a rupture of the
coherent di!raction domains (crystallites) and/or an in-
crease in the microstrain content of the host lattice upon



FIG. 1. XRD patterns for (a) SnS
2
, (b) the SnS

2
-en intercalate, and (c) the intercalate heated at 673 K. The factor indicates the magni"cation relative to

curve a. The insets are enlarged by a factor relative to the whole pattern.
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intercalation. These structural changes can be quanti"ed by
using multiple order (00l) lines and

(d2h)2 cos2 h"16Se2T sen2h#(k2j2/¸), [1]

which allows the separation of crystallite size and strain
broadening (13). d2h is the integral breadth after correction
for instrumental broadening from a highly crystalline silicon
standard and ka

2
elimination by the Rachinger method (14);

Se2T denotes local strains (de"ned as *d/d, where d is the
interplanar space); ¸ is the crystallite size and k is a near-
unity constant. Figure 2 shows selected plots of Eq. [1] for
di!erent re#ections of the original and intercalated samples.
Crystallite sizes and strains, calculated from the intercept
and slope, respectively, are given in Table 2. As expected, the
original compound exhibited a negligible intercept and
slope, thus suggesting that the size of coherently di!raction
domains, ¸, is large irrespective of the exfoliation properties
of this material in the direction normal to [00l], and that the
TABL
Structural and Analytical Data (in %

Compound a (As ) c (As ) *d (As )

SnS
2

3.647 (1) 5.886 (3) *

SnS
2
(en)

0.37
3.649 (4) 9.780 (6) 3.90

SnS
2
(pn)

0.45
3.645 (5) 9.713 (7) 3.83

Note. Calculated values are given in brackets.
microstrain content, Se2T, is low, which is in good agree-
ment with a highly crystalline powder. The amine treatment
increased the microstrain content markedly (ca. 24 and 65
times for the en and pn intercalate, respectively), as re#ected
in an increased slope; in contrast, crystallite size decreased
by a factor close to 6. Amine intercalation thus has two
main e!ects, namely: (i) rupture of the coherent di!raction
domain along the [00l] direction, which decreases the num-
ber of layers in each crystallite, and (ii) an increase in local
strains probably due to the expansion required to accom-
modate the amine in the interlayer spacing.

The amine contents in the intercalates, obtained by
C}N}H analysis, are shown in Table 1. The greatest di!er-
ences between experimental and calculated values were
those in the hydrogen content, and these were attributed to
the presence of water that was probably picked up during
handling of the intercalates in the air. The e!ect of the water
is discussed below in describing thermal stability. The en
complex was found to have an amine content higher than
E 1
) for SnS2 and Diamine Complexes

C N H P.D.

* * * *

4.28 (4.33) 5.00 (5.05) 1.57 (1.44) 1.1
7.40 (7.50) 5.63 (5.83) 2.20 (2.08) 1.6



FIG. 2. Plots of Eq. [1] for di!erent (00l) re#ections. Pristine SnS
2

(j);
SnS

2
-en intercalate at room temperature (d) and heated at 673 K (.);

SnS
2
-pn intercalate at room temperature (m) and heated at 673 (r).
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those of 1T}TaS
2

(15) and 6R}TaS
2

(16), the stoichiometry
of which was TaS

2
(en)

1@4
, and somewhat greater than that

reported for TiS
2
, TiS

2
(en)

0.29
(17). However, we could not

obtain a pure TiS
2
-en complex under conditions similar to

those for the SnS
2
-en system (18).

The packing density of the amine intercalates (PD) was
determined by combining the amine content with the cross-
sectional area of the amine molecule (1) and the area of the
basal plane of SnS

2
. The results obtained are shown in

Table 1. PD for the en complex was close to the unity, so the
amine molecules are highly packed and occupy all empty
sites in the interlayer space. However, PD for the pn com-
plex clearly exceeds unity. In addition to those at van der
Waals sites, molecules must therefore exist bound to the
surface as shown below.

Intercalate stability was examined by combining the ther-
mogravimetric data obtained under a dynamic argon atmo-
sphere with those of the analysis of evolved gases by mass
spectrometry. The temperature range studied was
298}673 K. Amine release monitored in the mass spectrum
was via the m/z 30 fragment; the base peak for H

2
S was also

recorded as this compound is usually encountered in ther-
TABLE 2
Crystallite Size and Microstrains for Pristine and Diamine

Intercalates

Compound ¸ (As ) Se2T]106

SnS
2

2851 0.092
SnS

2
(en)

0.37
440 2.2

SnS
2
(pn)

0.45
487 6.0

en complex (4003C) 324 1.2
pn complex (4003C) 278 22
mal deintercalation studies of layer chalcogenides interca-
lated with organic molecules (18, 19). Figure 3 shows the TG
and TPD curves for the two intercalates. For both com-
pounds, the total weight loss exceeded to the amine content
calculated by elemental analysis. A similar behavior was
also previously observed in TaS

2
-en complexes (15); al-

though the amine content was determined by a standard
weight gain method, the explanation proposed (a high bind-
ing energy leading to destructive deintercalation) seems
unlikely in light of our results. However, signi"cant di!er-
ences are observed in the pro"les of the thermal curves.
Thus, the pn complex exhibits weight losses in at least two
successive stages, centered at 393 and 548 K, both involving
the release of amine molecules (see Fig. 3); this suggests the
presence of more than one type of amine species bound to
the host. On the assumption that the weight loss recorded
between ca. 423 and 623 K corresponded to the intercalated
amine, a SnS

2
(pn)

0.35
stoichiometry was obtained; how-

ever, the amine content must be somewhat smaller as the
weight loss also includes released H

2
S and possibly some

H
2
O that could not be con"rmed due to the background of

H
2
O in the spectrometer. In fact, the packing density result-

ing from this stoichiometry was 1.2, which is slightly greater
than unity.

Based on the XRD pattern recorded after thermal treat-
ment of the sample at 448 K, (between the "rst and second
stage), the intercalate structure was preserved. This strongly
FIG. 3. Thermal deintercalation data for SnS
2
-en (*) and SnS

2
-pn

(d d d) intercalates. (a) Thermogravimetric curves; (b) temperature pro-
grammed deintercalation spectra for the amine (m/z 30) and (c) H

2
S

(m/z 34) base peaks.
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supports the assumption that pn evolved around 398 K
does not reside in the interlayer spacing but rather binds to
the surface and must be the origin of the high content
measured by elemental analysis, in comparison with that
obtained for the en intercalate. In contrast, the TG curve for
the en complex exhibits basically a single weight loss, in
good agreement with the amine pro"le of the TPD spec-
trum; this exhibits a single and rather symmetric peak
centered at ca. 528 K suggestive of the presence of a single
type of amine in the interlayer positions. On the other hand,
the high temperature of the peak for the pn complex (548 K),
relative to the en compound (528 K) is somewhat uncom-
mon and may lead one to spuriously assign a greater stabil-
ity to the former complex. In fact, for both compounds, the
amine is released largely over the 473}573 K range, so it is
di$cult to distinguish the two systems in terms of thermal
stability.

Also of interest is the formation of H
2
S as the amine

molecules at van der Waals gaps are released. At least two
models could account for its formation, viz. direct attack by
water molecules,

H
2
O#S2~ (lattice)PH

2
S#O2~ (lattice), [2]

or via the intercalation mechanism proposed by SchoK llhorn
et al. (20), which is based on a protonation process during
which a certain fraction of the intercalant amine groups is
provided with an extra proton that can be shared with
neighboring unprotonated guest molecules. This proton
could be transferred to sulfur atoms of the host, thus promo-
ting the formation of H

2
S and the subsequent formation of

vacancies.
The binding energies of the main core levels for SnS

2
and

SnS
2
(en)

0.37
are given in Table 3. The emission peaks of Sn

(3d), S (2p), and N (1s) are shown in Fig. 4. Oxygen-contain-
ing compounds were detected in the intercalates by XPS (at
least at particle surface). Part of this oxygen was strongly
bound to sulfur, as suggested by the higher binding energy
component found in the S 2p photoemission peak (see Table 3
and Fig. 4a). In contrast, the Sn peaks maintained a high
symmetry and no new peaks assigned to this element were
detected in spite of the structural deterioration undergone
TABLE 3
Binding Energies (in eV) of the Main Core Level Spectrum

for the SnS2-en Complex

Compound S 2p Sn 3d
5@2

Sn 4d N 1s C 1s O 1s

SnS
2

161.6 486.5 25.8 * * *

SnS
2
(en)

0.37
161.6 486.9 26.2 400.1 285.8 531.5
168.3 400.9

Note. The values for SnS
2

are included for comparison.
by the host (Fig. 4b). However, the binding energies in-
creased of about 0.4 eV, thus approaching to that for SnO

2
(487.5 eV) (21). A more pronounced di!erence was found in
the modi"ed Auger parameter (de"ned as the sum of the
binding energy of the photoelectron and the kinetic energy
of the corresponding Auger transition) for Sn. This para-
meter is free from calibration errors and is more sensitive to
chemical state than are chemical shifts (22). The modi"ed
Auger parameter calculated for the Sn 3d

5@2
emission peak

and the Sn
MNN

Auger electron transition shifted from 920.8
(SnS

2
) to 918.9 eV [SnS

2
(en)

0.37
]. This latter value is still

closer to that of SnO
2

(918.5 eV) (21). These results reveal
that the local environment of Sn atoms is a!ected by the
oxygen content and suggest that the amine intercalation
increases the reactivity of the host toward water, which is
responsible for the surface deterioration of crystals. This
water must be the origin of the discrepancy between the
results of the elemental analysis and weight loss measure-
ments. The di!erence in the analysis by the two methodolo-
gies was similar for both intercalates (approximately 3%);
an accurate estimate of the water content could not be
obtained because the amount of H

2
S was unknown at the

time. The spectroscopic data also support the model of Eq.
[2] for the release of H

2
S. In any case, the release of H

2
S

and the amine extrusion do not completely collapse the host
lattice even though they induce a signi"cant degradation (to
the extent that little crystalline material remains). The only
phase present in the heat-treated intercalates was found to
be SnS

2
, the XRD pattern of which exhibited a signi"cant

decrease in intensity and increased broadening in the dif-
fraction lines (see Fig. 1c). Other possible phases formed in
accordance with Eq. [2] such as SnO

2
were not detected by

XRD, either because the amount of sulfur released was too
low and/or because the oxygen-containing phase was
amorphous. In contrast, the lattice preserves the strong
distortion caused by the amine intercalation, which tends to
increase rupture in the di!raction domains along the [00l]
direction (see Table 2).

One other interesting "nding in the XPS spectra was the
asymmetry in the N 1s pro"le shown in Fig. 4c, previously
reported for other en chalcogenide complexes (18); its origin
has been associated to the presence of two types of organic
molecules bound to the chalcogen layers. The peak can be
resolved in two components centered at 400.1 and 400.9 eV,
which are somewhat greater than the reported values for
free diamines (398.8 eV) (23). The pro"le asymmetry is con-
sistent with the XPS spectra for NbS

2
and TaS

2
intercalated

with simple nitrogenous bases (24, 25). Moreover, in these
intercalates the N 1s line also appears to a binding energy
greater than that of pure amines. This shift has been at-
tributed to a decrease in the electron density at the nitrogen,
thus involving a donation of charge from the nitrogen to the
TS

2
layers. However, the di!erences between the valence

band spectra for SnS
2

and SnS
2
(en)

0.37
near to the Fermi



FIG. 4. S 2p, Sn 3d, and N 1s core-level spectra for SnS
2

and SnS
2
-en intercalate. The factor indicates the magni"cation relative to the spectrum of

pristine compound.
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region, shown in Fig. 5, are insigni"cant. The di!erent peaks
of the SnS

2
XPS spectrum can be assigned to the bands

formed by the overlap of Sn (5s, 5p) and S (3s, 3p) orbitals
(26). A closer inspection to the di!erence spectrum, Fig. 5c,
reveals that the electron density at the Fermi level barely
changes, in contrast to that observed in the SnS

2
}CoCp

2
system studied by ultraviolet electron spectroscopy (4) that
FIG. 5. Valence band region of the XPS spectra for (a) S
shows a small peak near to the Fermi level upon intercala-
tion. These additional states have been ascribed to the
electrons transferred from the guest to the host. The nega-
tive values in the di!erence spectrum, that appear as a peak
centered at ca. 2.5 eV, were also found in SnS

2
intercalated

with cobaltocene (4), and their origin is a consequence of the
signi"cant reduction observed for the emission at ca. 2.5 eV
nS
2
, (b) SnS

2
-en intercalate, and (c) di!erence spectrum.



FIG. 7. Arrhenius plots for (s) SnS
2

and d) the SnS
2
-en intercalate.
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relative to the intensity of the peak at ca. 17.2 eV. At present,
we lack a suitable explanation for this unusual behavior.
The weak and broad emission peak in the ca. 8}13 eV
binding energy range could be assigned to O 2p states. Thus,
these results indicate that experimental evidence of the
charge transferred from the organic molecule to the empty
band of the disul"de is limited, probably because the charge
transfer must be too small to be detected by XPS (partly
owing to the lack of resolution of the X-ray source used to
study the valence band).

Figure 6 shows the Nyquist plots of complex impedance
for SnS

2
and SnS

2
(en)

0.37
recorded at 303 K. Experimental

data were "tted using a nonlinear least-squares (NLLS)
method (27) that allows the a.c. impedance of a physical
system to be modeled by an electrical circuit which is in-
cluded in Fig. 6 and composed by a serial association of two
subcircuits made up of a parallel association of a resistance
and a constant phase element. Both subcircuits (RQ, where
Q is a constant phase element) represent processes between
grain boundaries (gb) and into the bulk (b). Figure 7 shows
the the temperature variation of the d.c. bulk conductivity
obtained from equivalent circuits. These results reveal an
increase in conductivity with increasing temperature for
both samples that suggests a semiconductor behavior
throughout the temperature range studied. In fact, SnS

2
is

an n-type semiconductor with a band gap energy of 2.17 eV
(28). These data warrant several comments. Below 275 K,
a decrease in conductivity upon intercalation is observed.
Above 275 K, the conductivity of the intercalate reaches and
surpasses that of SnS

2
. These results are in contrast with

those for in SnS
2

treated with cobaltocene, the conductivity
of which was found to signi"cantly increase on intercalation
throughout the temperature range studied (180}300 K) (3).
However, there is a remarkable similarity with those re-
ported for NbSe

2
intercalated with en (15). In this case,

and although both systems exhibit a metallic behavior,
a decrease in conductivity was measured upon
FIG. 6. Nyquist plots for (s) SnS
2
and (d) the SnS

2
-en intercalate. The

inset shows the equivalent circuit to model the data.
intercalation the origin of which was explained in the light
of the model of tunneling through a barrier. Besides, the
slopes of the temperature dependence plots are similar to
those of Fig. 7 and the conductivity of the intercalate must
exceed that of the pristine compound above 273 K (the
highest temperature reported). A conductivity decrease was
also previously observed in 4H}TaS

2
intercalated with en

(15).
Plots of ln p vs 1/¹ were found to be linear and provided

an activation energy of 0.18 and 0.47 eV for pristine SnS
2

and the en complex, respectively. The calculated value for
unintercalated SnS

2
was similar to that obtained by O'Hare

et al. (3) for single crystals using a d.c. four-probe method.
However, the activation energy of cobaltocene intercalate,
SnS

2
MCoCp

2
N
0.30

, was similar to that of SnS
2

although its
conductivity was more than 200 times higher than that of
the unreacted host. This behavior is ascribed to changes in
the electronic structure of both the host and the guest upon
intercalation. Transferred electrons from cobaltocene,
a strong reductant, and its subsequent oxidation to cobal-
ticinium ion, CoCp`

2
, give an impurity band close to the

conduction band of the semiconductor. Chemically, these
electrons are transferred to the empty Sn 5s state and lead to
the formation of an Sn(II) valency. However, this model is
unsuitable for the SnS

2
-en system for the following reasons:

(i) the driving force for intercalation here is not a redox
process (rather, bonding between the intercalant and the
host is better described as a weak covalent interaction
between the nitrogen lone pair and antibonding or non-
bonding empty cation sites) (12); (ii) XPS is unable to detect
two oxidation states for tin and signi"cant shifts in the
valence band spectrum of SnS

2
treated with en.

One alternative model that can be used to justify the
conductivity data of Fig. 7, the homosolvation mechanism
suggested by SchoK llhorn et al. (20), which is based on an
ionic model, is also di$cult to apply to the SnS

2
-en system.

In our case, the intercalate stoichiometry should have been
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[SnS
2
]x~(enH`)

x
(en)

y
and the source of protons could have

been impurities such as water. Thus, the conductivity could
be the result of both electronic and ionic contributions.
However, conductivity data would have exhibited a nonlin-
ear behavior unlike that re#ected in Fig. 7. Moreover, the a.c.
impedance data lead to typical semicircular plots (see Fig. 6)
and the lack of electrode polarization in the low frequency
region suggests that the charge is not blocked at the electrode
interface, so the current is carried largely by electrons.

The decreased conductivity of the intercalate at low tem-
peratures must primarily be due to incoherent scattering of
the electrons by impurity atoms*the guest molecules*
and the lattice defects arising from intercalation. On the
other hand, its greater activation energy is partially o!set by
an increased preexponential factor, whose conductivity de-
pendence is E

!
p. This type of behavior is known as the

Meyer}Nedel compensation rule (29). One common quali-
tative argument in favor of this rule is the increased activa-
tion entropy in cases where the escape over a high barrier
requires a multistep process.

CONCLUSIONS

In summary, we have shown that SnS
2

single crystals
readily undergo a direct reaction with aliphatic diamines,
(en, pn), to form new intercalation compounds that preserve
the hexagonal symmetry of the host and exhibit a c-axis
expansion of ca. 3.9 As , which is comparable to the van der
Waals diameter of the amine groups. The complexes are
quite stable and deintercalation takes place at temperatures
above 473 K, with simultaneous formation of H

2
S (prob-

ably through direct attack of water on the lattice as they
absorb moisture under ambient conditions). The conductiv-
ity of the en complex exhibits a temperature dependence of
the Arrhenius type with an activation energy nearly three
times greater than that of unintercalated SnS

2
. Below

274 K, the intercalate conductivity is also lower than that of
SnS

2
, probably as a result of a decreased mobility of the

current carriers due to the presence of insulating organic
molecules and to the strong distortion in the lattice.
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