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Abstract The ionic salt [2(CsHgN,CD)], [CuCly]*~
complex of copper(Il) has been synthesized and charac-
terized. The X-ray diffraction analysis with a single crystal
of this compound showed that the title compound
(4-amino-2-chloropyridinium),CuCl, [(CAP),CuCly], crys-
tallized at room temperature in the monoclinic system,
space group C,,. (N°.15) and the following : a = 16.0064
(2) A; b=77964 (10) A; ¢ = 147240 (2) A; f=
102.497 (10)°; V = 1793.91 (4) A® and Z = 4. The struc-
ture was solved by using 1,589 independent reflections
down to R value of 0.021. The unit cell is made up of
tetrachlorocuprate(Il) anions and 4-amino-2-chloropyr-
idinium cations linked together by an extensive hydrogen
bond network of types N-H:--Cl (N: pyridinium) and
N-H:--Cl (N: amine), and cation-lone pair of nitrogen
element interactions. Solid state NMR spectra showed one
and five isotropic resonances, “*Cu and '*C, respectively,
confirming the solid state structure determined by X-ray
diffraction. Impedance spectroscopy study, reported for
single crystal, revealed that the conduction in the material
was due to a hopping process. This work aims to reveal the
thermal properties of a new copper(Il) based organic—
inorganic hybrid and the conductivity properties that these
compounds exhibit.
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1 Introduction

Recently, organic—inorganic hybrid materials have gained
great scientific and technological interest due to their
interesting properties [1-5] and potential applications,
including light emitting diodes, field-effect transistors and
solar cells [6-8]. There has been a continuous interest in
the chemistry of copper(Il) halides due to their stereo-
chemical complexity and the magnetic and optical prop-
erties many of them display. The structural chemistry of
more than 60 salts containing tetrachlorocuprate(Il) ions
was summarized a few years ago [9, 10], and many others
have been reported more recently [11-23]. The reported
copper(Il) halides show a wide variety of geometric com-
plexity. Compounds with coordination numbers 4, 5 and 6
with several geometries for each coordination number have
been reported. The bridging ability of the halides compli-
cates even more the structural chemistry of these com-
pounds. In addition to the simple mononuclear species, it is
possible to obtain oligomeric units ranging from 2 to 14
Cu(I) ions, and infinite one- two- or three-dimensional
polymeric species. Willett [24] proposed that it is possible
to have some reasonable rationalization for many of these
structures through the application of some simple electro-
static arguments which he called ‘charged compensation’.
According to this idea, the observed structure of copper(Il)
halides salts can be visualized as a balance between crystal
field stabilization effects and an electrostatic ligand—ligand
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repulsion effect. In four-coordinate compounds, the former
favours a square-planar and the latter a tetrahedral geom-
etry. As long as hydrogen bonds tend to remove charge
from the Cl atoms, they will promote the [CuCl,]*~ ion to
move toward a square-planar geometry.

In the present investigation, the growth of the crystal of
bis(4-amino-2-chloropyridinium) tetrachlorocuprate(Il) has
been achieved by slow solvent evaporation technique, charac-
terization studies such as single-crystal X-ray diffraction
(XRD) studies, solid state nuclear magnetic resonance
studies, Fourier transform infrared (FT-IR) spectroscopy,
thermal analysis (DSC-TGA) and dielectric studies.

2 Experimental
2.1 Synthesis of [CAP],CuCl, Compound

The first step of material was the preparation of 4-amino-
2-chloropyridinium chloride ([CAP] Cl). [CAP]T, Cl™ crystals
were formed by the addition of an aqueous solution of
38% HCI (8 mL) to 4-amino-2-chloropyridine (CsHsN,CI)
(2.33 mmol). The dried precipitates were then washed with
diethyl ether in order to remove unreacted substances. The next
step was the formation of the desired compounds: stoichiom-
etric 2:1 amounts of [CAP]CI and CuCl, (1.165 mmol) were
dissolved. After several weeks, yellow plate-shaped crystals
were obtained by evaporation at room temperature. A single
crystal suitable for X-ray diffraction analysis was selected and
studied.

2.2 Characterization

Infrared absorption spectroscopy in the 400—4,000 cm™'
range; was performed using a Nicole Impact 410 FT-IR
spectrometer. The pellets were prepared by mixing 15 mg of
powder sample with 300 mg of KBr (The KBr dried at
110 °C) and compressing the whole into a disk. The heating of
the [(CAP),CuCly], pellet in the temperature range 298—
425 K; with a heating rate of 10 K min~', was performed in
an air-atmosphere Spectac heating cell. A thermocouple
Eurotherm Regler was used for the temperature measurements.

The thermal analyses (TGA) were made on a Perkin Elmer
Pyris 6 TGA thermogravimetric analyser. Calorimetric mea-
surements were performed between 298 and 423 K on a Mettler
Toledo DSC 822° calorimeter with a heating rate of 5 K min ™"
and a sensitivity of 200 pV m W™,

The NMR experiments were performed at room tem-
perature on a Bruker MSL 300 spectrometer operating at
79.55 MHz for ®*Cu and 75.48 MHz for '*C. The pow-
dered sample was packed in a 4 mm diameter rotor and
allowed to rotate at speeds up to 10 kHz in a Doty MAS
probehead. During the whole acquisition time, the spinning

rate of the rotor was locked to the required value thanks to
the Bruker pneumatic unit which controls both bearing and
drive inlet nitrogen pressures. The spectra were acquired by
the use of cross-polarization for proton with 5 ms contact
time. All chemical shifts (6) are given with respect to tet-
ramethylsilane, according to the IUPAC convention, i.e.
shielding corresponds to negative values. Spectrum simu-
lation was performed by using Bruker WINFIT software
[25]. The chemical synthesis is reproducible, and the for-
mula of the material is determined by structural refinement.

2.3 Crystal Data and Structure Determination

A suitable single crystal of the complex was mounted on a
Bruker AXS CCD area detector system for data collection.
Unit cell parameters were refined using sets of 830 reflec-
tions in the range 2.3 < 0 < 20.3°.The crystal data of the
complex was collected at 292 (2) K. Intensity data were
collected in the @ — 20 scan mode using graphite mono-
chromatic Mo K, radiation (0.71073 ;\). The yellow crystal
had a flat form with a size of about (0.47 x 0.32 x 0.16)
mm°>. The empirical absorption corrections were based on
multi-scan. The structure was solved using the Patterson
method with the SHELXS 86 program [26]. The refinement
was done by full-matrix least squares methods (SHELXL 97
program) [27] and converged to an acceptable final agree-
ment factor. The hydrogen atoms were refined isotropically.
The crystal data and details of data collection and refinement
for [CAP],CuCl, are summarized in Table 1. The atomic
coordinates and equivalent isotropic and anisotropic thermal
agitation factors are listed in Tables 2 and 3, respectively.
The structural graphics were created with ORTEP [28]
(Fig. 1) and DIAMOND [29] (Fig. 2).

2.4 Electrical Measurements

The electrical measurements were performed using a two-
electrode configuration on polycrystalline samples. The
polycrystalline sample was pressed into pellets of 8 mm
diameter and 0.9 mm thickness. Electrical impedances
were measured in a frequency ranging from 209 Hz to
5 MHz with the TEGAM 3550 ALF automatic bridge
monitored by a microcomputer between 391 and 423 K.

3 Results and Discussion

3.1 X-ray Diffraction

The asymmetrical unit of the bis(4-amino-2-chloropyr-
idinium) tetrachlorocuprate(Il) consists of one crystallo-

graphically independent CAP organic cation and a half
isolate [CuCl4]2_ anion as shown in Fig. 1.

@ Springer
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Table 1 Summary of crystal data, intensity measurements and
refined parameters of [CAP],CuCly compound

Crystal data

Empirical formula
Formula weight

Crystal system

Space group:

Hall symbol:

Unit cell dimensions
a(A)

b (A)

c ()

B©

Volume (AS)

Z

Deyic (mg m™?)
Absorption coefficient (mm’l)
F(000)

Crystal dimensions (mm)
Crystal color

0 Range for data collection (°)
Data collection
Reflections collected
Independent reflections
Reflections with 1 > 2a([)

Limiting indices

CCD area detector diffractometer
radiation source: fine-focus sealed

tube graphite ¢ and o scans

absorption correction: multi-scan

North et al. (1968)
Refinement
Refinement method
RIF? > 20(F)]
WR(F?)
Goodness-of-fit on F>
Data/restraints/parameters
Extinction coefficient
Apmax (€ A7)
Apin (¢ A7)

[CsHeN,Cl],CuCly
464.49

Monoclinic

C2/c

—C 2yc

16.0064 (2)
7.7964 (10)
14.7240 (2)
102.497 (10)
1793.91 (4)
4

1.720

2.11

924

047 x 0.32 x 0.16
Plate, yellow
2.3-20.3

15357

1589 [R;y = 0.019]

1480

h=—-18 - 18

k= -9-9

I=-17 - 17

Tinin = 0.445, Tiax = 0.72
Oax = 25.0°% Oy = 2.6°

Full-matrix least-squares on F?
0.021

0.054

S =1.07

1589/0/97

0.0017 (2)

0.47

—0.31

Primary atom site location: structure-invariant direct methods

Secondary atom site location: difference Fourier map

Hydrogen site location: inferred from neighbouring sites

H-atom parameters constrained

w = 1/[6*(F?) + (0.0234P)> + 1.7937P) where P = (F> + 2F)/3
(A/6)max < 0.001 extinction correction: SHELXL

The [CuC14]27 anion is a flattened tetrahedron, with two
bond angles distinguishing their high values [136.11 (2)°]
from the rest [96.61 (2), 99.34 (2)°]. The bond distances

@ Springer

Cu—Cl range from 2.2270 (6) to 2.2566 (6) A with an
average <Cu—Cl> of 2.2418 A. A full list of bond lengths
and angles is given in Table 4. The shorter Cu—Cl distance
is the CI(2) atom not involved in (pyridine) N(2)-H---Cl
hydrogen bonding. This arrangement seems to be quite
common for organo-halocuprates(II) in which the isolated
[CuCl,]*~ anions form strong hydrogen contacts of type
N-H---Cl (N-pyridine) with the organic cations [24, 30].
High values of the C1-Cu—ClI bond angles (above 130°) and
substantial distortions of the tetrahedral symmetry towards
a square-plane one are found as the hydrogen-bonding
capabilities of the cations increase. The [CuC14]27 anions
are placed between these cations layers and establish
N-H....Cl hydrogen bonds (N: pyridine and N: amine)
contacts along the [110] direction (Fig. 2). The main inter-
atomic distances and angles involved in hydrogen bonds
are listed in Table 5.

The geometry of the cation is normal, and its packing
appears to be largely dictated by hydrogen-bonding con-
straints. Figure 2 shows a view of the complex crystal
structure, together with the network of hydrogen contacts
(dotted lines). The planar organic cations form parallel
columns stacked along the a and b axis. The cations are
tilted with respect to the ab plane and the centre of sym-
metry. Cation (I) and cation (II) (Fig. 3) are almost parallel
to each other and are titled with respect to the bc and ac
planes. The interstacking distances of bc and ac are equal
to 3.51 A which is comparable to interplanar distances
found in the aromatic m-system and lone pair of nitrogen
element (3.4-3.6 A) with strong interactions [31].

3.2 FT-IR Spectra

The IR absorption frequencies of the title complex
bis(4-amino-2-chloropyridinium)  tetrachlorocuprate(Il),
[CAP],CuCly, are compared with those of free 4-amino-
2-chloropyridine and 4-amino-2-chloropyridinium chloride.
The attribution of vibrational modes is consistent with that
reported in the literature [32, 33]. Figure 4 shows the
FT-IR spectra of the three compounds at room temperature.
A detailed assignment of all the bands is difficult, but we
can attribute some of them by comparison with similar
compounds [34-36].

The principal bands are assigned to the internal modes
of the three compounds. The C=C bands exhibit torsion
vibration at almost 440 cm™' and stretching vibration at
the 1,900-2,000 cm™! range. The bands observed at
995 cm™" are ascribed to the CH wagging mode. Those
observed at 1,136 and 1,330 cm™! are ascribed to CH
bending vibration. The CH stretching vibrations are
observed in the 3,020-3,100 cm™! range. The bands
observed at 788 cm ™' are associated to the C—Cl and those
at 1,570 cm™' to NH,. The FT-IR spectra of the title
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Table 2 Details of atomic and equivalent thermal factors of agitation
Ueq (A% and isotropic Uiy, (A%) * in [CAP],CuCl, compound

X Y z Uiso*/Ueq
Cl1 0.213 (13) 0468 (3)  —0.008 (13)  0.044 (6)
2 0.136 (13) 0.394 (3)  —0.043 (13)  0.047 (6)
C3 0.085 (12) 0.341 (3) 0.017 (13)  0.046 (6)
c4 0.115 (13) 0.372 (3) 0.112 (14)  0.049 (6)
Cs 0.192 (13) 0.446 (3) 0.142 (14)  0.051 (7)
N1 0.010 (11) 0.265(3)  —0.013 (14)  0.064 (7)
N2 0.241 (11) 0.493 (2) 0.082 (12)  0.048 (5)
cl 0.280 (4) 0.535(8)  —0.077 (4) 0.063 (2)
Cu 0.000 0.003 (4) 0.250 0.039 (1)
cl 0.087 (3) 0.195 (7) 0.162 (4) 0.054 (2)
cR2 0.099 (3) ~0.181 (7) 0.227 (3) 0.054 (2)
H2 0.118 0.377 —0.107 0.056*
H4 0.082 0.340 0.155 0.059*
H5 0212 0.466 0.206 0.062%*
HIA  —0.008 0.248 —-0.072 0.077*
HIB  —0.020 0.234 0.025 0.077%
H2A 0.290 0.540 0.103 0.057*

complex and 4-amino-2-chloropyridinium chloride show
the strongest peak at 3,300 cm ™' due to the asymmetric/
symmetric N-H stretching vibration of the pyridinium
(N-H)*. A series of overtone peaks ranging from 2,400 to
2,900 cm ™! are also observed due to N-H stretching. Great
changes occur in the FT-IR spectra of [CAP],CuCly; this
can be attributed to the chemical environment change of
(N-H) pyridine groups. This indicates that N-H....Cl
hydrogen bands are formed in the hybrid, with an intensity
weaker than that of 4-amino-2-chlorohydrpyridinium
chloride. In the hybrid crystal, Van der Waals interactions
between the organic chains and Coulomb forces between
the positively charged organic and the negatively charged

An infrared spectroscopic study in the temperature range
298-425 K was undertaken in order to gain more infor-
mation on the crystal dynamics of the [CAP],CuCl, sam-
ple. The IR study was restricted to the frequency range
3,000—4,000 cm™!, where exist the intensity of the band
characteristic of water molecules; is at about 3,550 cm ™",

IR spectra are presented in Fig. 5 (above T = 358 K all
the spectra are superposed). From these curves, it could be
seen that up to about 308 K, the intensities of the charac-
teristic bands of water molecules decrease gradually and
vanish totally at about 358 K.

These spectroscopic results show that the title com-
pounds lose water molecules gradually from 308 to 358 K.

3.3 Thermal Property

DSC measurements and TGA analysis were carried out to
characterize the thermal stability of the complex [CAP],.
CuCly, which are shown in Fig. 6. The melting—decompo-
sition transition (from DSC) and weight loss process (from
TGA) were studied. The curves show that the water molecule
starts rather abruptly at approximately 310 K and continues
up to approximately 370 K (obs. loss. = 0.38 & 0.1%). For
water molecules, the temperature 310 K is too low to be
evaporated instantly. An endothermic transition which
occurred at 423 K corresponds to the melting process, fol-
lowed by an obvious endothermic transition assigned to the
melting of the [CAP],CuCl, complex.

3.4 RMN Spectroscopy

The **Cu MAS-NMR spectrum of the compound is shown
in Fig. 7. The spectrum is composed of one broad peak.
The ;s value is equal to 2,325.57 ppm indicating that
CuCl,>~ tetrahedral is present in the sample.

The '*C MAS-NMR of the crystalline bis(4-amino-

inorganic sheets account for the weak hydrogen bonding. 2-chloropyridinium) tetrachlorocuprate(Il), permits to
Table 3 Factors of anisotropic thermal agitation of [CAP],CuCly compound

Ull U22 U33 Ul12 U13 U23
Cl 0.0460 (10) 0.0444 (10) 0.0421 (10) 0.0115 (8) 0.0087 (8) 0.0040 (8)
Cc2 0.0527 (11) 0.0498 (11) 0.0344 (9) 0.0083 (9) —0.0003 (8) —0.0027 (8)
C3 0.0459 (11) 0.0443 (10) 0.0442 (10) 0.0039 (8) —0.0003 (8) —0.0023 (8)
C4 0.0495 (11) 0.0595 (12) 0.0396 (10) —0.0003 (10) 0.0075 (8) —0.0003 (9)
Cs 0.0512 (12) 0.0650 (13) 0.0356 (10) 0.0015 (10) 0.0010 (9) —0.0056 (9)
N1 0.0549 (11) 0.0802 (14) 0.0536 (11) 0.0152 (10) —0.0006 (8) —0.0089 (10)
N2 0.0396 (9) 0.0561 (10) 0.0455 (9) —0.0021 (7) 0.0022 (7) —0.0037 (7)
Cl 0.0587 (3) 0.0761 (4) 0.0588 (3) 0.0100 (3) 0.0220 (3) 0.0125 (3)
Cu 0.0338 (2) 0.0445 (2) 0.0385 (2) 0.0000 0.0039 (1) 0.0000
Cll1 0.0389 (3) 0.0559 (3) 0.0623 (3) 0.0003 (2) —0.0047 (2) 0.0131 (2)
CI2 0.0498 (3) 0.0657 (3) 0.0476 (3) 0.0146 (2) 0.0082 (2) —0.0069 (2)

@ Springer
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Fig. 1 The asymmetric unit in

the [CAP],CuCl, compound.

Ellipsoid represented at 50%

probability level; only hydrogen

atoms for nitrogen are labeled -

Fig. 2 Packing diagram
showing the two orientations
of the cations in [CAP],CuCly.
Dotted lines represent hydrogen
bonds

Qe
2L

@cC
@cCu

identify five peaks (Fig. 8; Table 4) corresponding to the  unit of the compound in agreement with the X-ray dif-
five carbon atoms of the organic cation; this result proves  fraction data. The chemical shift to a higher frequency can
the presence of only one organic cation in the asymmetric ~ be explained by the fact that the two carbon atoms C(1) and

@ Springer
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Table 4 Main distances (A) and bond angles (°) in the cationic and
anionic parts of the [CAP],CuCl, compound

Distances (A) Angles (°)
[CuCl,*~
Cu-Cl1 2.2566 (6) Cl1-Cu-Cll1i 96.61 (2)
Cu-Clli 2.2566 (6) Cl1-Cu—CI2i 98.06 (2)
Cu-CI2 2.2270 (6) Cl1i-Cu-CI2 98.06 (2)
Cu-ClI2i 2.2270 (6) CI2-Cu-CI2i 99.34 (2)
Cl1-Cu-CI12 136.11 (2)
Cl1i-Cu-CI2i 136.11 (2)
[CsHgN,CIT*
N1-C3 1.329 (3) CI-C1-N2 115.68 (16)
N2-C1 1.340 (3) C2-C3-C4 117.75 (19)
Cl-C2 1.346 (3) C1-C2-C3 119.36 (18)
N2-C5 1.347 (3) C3-C4-C5 119.63 (19)
C4-C5 1.349 (3) C1-N2-C5 120.28 (18)
C2-C3 1.403 (3) N1-C3-C4 120.47 (19)
C3-C4 1.408 (3) N2-C5-C4 121.12 (19)
CI-C1 1.714 (2) N1-C3-C2 121.79 (18)
N2-C1-C2 121.85 (19)
CI-C1-C2 122.47 (15)
Torsion angles
C5-N2-C1-C1 179.37 (16) C1-C2-C3-N1 —179.1 (2)
C5-N2-C1-C2 —-04 (3) C1-C2-C3-C4 1.1 3)
C1-N2-C5-C4 0.4 (3) N1-C3-C4-C5 179.1 (2)
CI-C1-C2-C3 179.84 (18) C2-C3-C4-C5 —1.1 3)
N2-C1-C2-C3 -0.4 (3) C3-C4-C5-N2 04 (3)

Symmetry codes: (i) —x, y, —z + 1/2; (i) —x, —y, —z; (iii) x, —y,
2+ 12, Gv)x = 172,y = 12, 73 (v) —x + 172,y — 172, —z + 1/2;
i) —x + 172, =y + 1/2, —z; (vii) —x, =y + 1, —z; (viil)) x, y — 1, z;
(x)x, —y+ 1,z —1/2; X)x + 172,y + 1/2, z; (xi) x, y + 1, z; (xii)
—x+ 172,y + 1/2, —z + 1/2; (xiii) x, —y, z — 1/2; (xiv) x, —y + 1,
74 172

Table 5 Main inter-atomic distances (10%) and bond angles (°)
involved in the hydrogen bonds of [CAP],CuCl, compound

D-H--A D-H H-A DA D-H---A
NI1-H1A--CI2T  0.8600  2.4900 3323 (2) 164.00
N1-H1B---Cll 0.8600  2.5100 3.347 (2) 166.00
N2-H2A--CII*  0.8600 23100  3.1615(18)  173.00

Symmetry codes: (ii)) —x, —y, —z; X) x + 1/2, y + 1/2, ¢

C(5) of the aromatic-ring, are linked to the N(1) pyridinic
atoms [37, 38].

3.5 Electric Properties
Figure 9 shows the complex impedance measurements of

the [CAP],CuCl, sample at various temperatures. Typical
semicircles are obtained. As the temperature increases to

Cation | /o
N o S g
Bt
3 (]
§ 3591A 8
[

045,13 ’

—¢5 et

N1
Cation Il

Fig. 3 The n-lone pair of nitrogen interactions between the chains
of aromatic ring

50

40

au

o L L
4000 2000 1000 400
wavenumber (cm!')

Fig. 4 FT-IR spectra of (a) CsHsN,Cl, (b) [CsHgN,CI]Cl and
(c) [CsHeN,Cl],CuCly at room temperature

318 K, the semicircles move to a lower value of imped-
ance. These semicircles move to a heat value of impedance
when the temperature increases to 358 K and they return to
a lower value of impedance. The variation of the semicir-
cles is explained by a partial weight loss associated to the
evaporation of the water molecules, which is the result of
the DSC and TGA curves of the simple.

To better understand the structure, the impedance anal-
yses were conducted to separate the possible contributions
of grains, grain boundaries and electric-electrode interface
effect. A schematic model of the sample was described by
the equivalent circuit (Fig. 10), which was proposed in the
literature [39, 40]. The circuit consists of a series connec-
tion of three sub-circuits, one represents grains, the other
represents the grain boundary phase and the third the
electric-electrode interface. Each sub-circuit is composed
of one resistor and capacitor in parallel. The impedance of
such an equivalent circuit can be described by both the real
part, Z, and the imaginary part, Z” as follows [40]:
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98K

20

4000 '
wavenumber (cm 1) A0G0

Fig. 5 IR spectra at different temperatures of [CAP],CuCly
compound
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Fig. 6 The simultaneous DSC and TGA curves of [CAP],CuCly
compound

RkCW J
RH ) zk: +RkaWZ 12{14‘chsz)
=7 —jz"
1
k
W, =
O ReCk

Where w = 2nf is the angular frequency, C; and R, are the
capacitance and resistance of grains, grain boundaries and
electric-electrode interface (Cys, Rur, Cme, Rme, Crr and
Ryy), respectively. A typical Z' — Z' plot with fitting
curves of the sample at T =423 K is represented in

@ Springer

2600 2400 2200 2000 1800
8 (ppm)

Fig. 7 Plots of experimental and fitted curves of the isotropic band
of the ©*Cu MAS-NMR spectrum of [CAP],CuCl, compound

300 250 200 150 100 50 0
8(ppm)

Fig. 8 Plots of experimental and fitted curves of the isotropic band
of the '>*C MAS-NMR spectrum of [CAP],CuCly compound

Fig. 10. There are mainly three overlapping semicircles,
which correspond to grains (the semicircle on the left-hand
side), grains boundaries (the semicircle in the middle) and
the electric-electrode interface (the semicircle on the right-
hand side).

The Z" — Z plots were predominated by twin semi-
circles with a little deviation at the low frequency range.
The predominant semicircle represents the grain, whereas
the grain boundaries and the electric-electrode interfaces
have a less significant contribution to the impedance.

The Arrhenius plots of the measured electrical conduc-
tivity o of the grain, grain boundary and electric-electrode
interfaces as a function of reciprocal temperature of
[CAP],CuCl, sample are shown in Fig. 11. The change of
conductivity with absolute temperature shows three regions
separated by two temperatures, T, =328 K and
T, = 358 K. The middle region is associated to the evap-
oration of the water molecules (region III).

The activation energies are obtained from the slopes of
the two straight line segments using the well-known rela-
tionship [41-43]:

TKgT T
oT = ope\ "

where o is the conductivity at temperature T, o, the pre-
exponential factor, Kz the Boltzmann’s constant and
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Fig. 9 Impedance spectra of [CAP],CuCl,; sample at different
temperature ranges
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Fig. 10 Complex impedance plane plots at 423 K and equivalent
circuit mode of [CAP],CuCl, compound

AE the thermal activation energy for the ion migration
(Table 6).

The activation energies which correspond to the total
measurement (before fitting), grains, grains boundaries and
electric-electrode interface (obtained after fitting) are
summarized in Table 7. The activation energies of sample,
in the two regions, correspond to the total measurement,
predominated by the activation energies of grains bound-
aries and electric-electrode interface.

However, the values of the activation energies of con-
duction, especially for the grain part, are equal to 0.08 and
0.44 eV, which are reasonably in agreement with the data
reported in the literature [44]. Thus, it is likely that the
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Fig. 11 Arrhenius plots of conductivity of [CAP],CuCl,; compound

Table 6 The chemical shifts of carbons in '*C NMR spectra of
[CAP],CuCly compound

Peaks diso (ppm) FWHM (ppm)
Cl1 179.34 6.14
Cc2 109.51 13.74
C3 139.15 12.73
Cc4 124.15 16.47
C5 169.72 9.40

Table 7 Energy activation (eV) before and after fitting of [CAP],.
CuCl, compound

Before fitting BF MF HF
AE; (region I) 0.28 0.30 0.29 0.08
AE; (region II) 0.60 0.62 0.59 0.44

observed change is due to a change in the conduction
mechanism because the calorimetric study shows one single
endothermic peak, in the temperature range 328-358 K,
assigned to the evaporation of the water molecules. The
activation energy increases with increasing temperature. The
activation energy jumps from AE; = 0.08 eV (region I) to
AE, = 0.44 eV (region II). Adopting this model to region I,
where in this frequency range the observed time is too short
for all jumps (proton) to be successful, the neighbourhood
cannot relax to the new position of the proton after it jumps.
As a consequence, the activation energy (region II) involved
in this translational and/or rotational hopping is much higher
than in (region I).

4 Conclusions

Single crystals of [CAP],CuCl, have been grown from an
aqueous solution by a slow evaporation technique. This
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compound belongs to the monoclinic system with C2/c
space group. The structure of this compound consists of
(CAP) cations and [CuCl4]*>~ anions which are intermedi-
ate between tetrahedral and square plane. The structure is
stabilized by the N-H---Cl hydrogen bonds (N: pyridine
and N: amine) and cation—cation 7-lone pair of nitrogen
element (N: amine) interactions.

Differential scanning calorimetric and electric mea-
surements were carried out; they showed the evaporation of
the water molecules at the temperature range 318-358 K.
The activation energy issued from the impedance spectra
suggests a protonic conductivity for this material, assigned
by the mechanism of hopping.

The number of solid state 13C, %3Cu MAS-NMR com-
ponents is in full agreement with that of the crystallo-
graphically independent site.

5 Supplementary Data

CCDC 755531 contain the supplementary crystallography
data for [CAP],CuCl,. These data can be obtained free
of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.
html, or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK; fax: (4+44)
1223 336 033; or e-mail: deposit@ccdc.cam.ac.uk.
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