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The structural, dielectric and conductive properties of [(CH»)3(NH3)2]Cu(11)Cl4 have been stud-
ied. The material shows an order-disorder transition at Ty = (333 +2) K and a ferroelectric phase
transitions at T = (434 +3) K. Results of differential thermal analysis, infrared spectroscopy, X-ray
diffraction, AC conductivity and permittivity measurements are reported and discussed. The conduc-
tivity results are interpreted in terms of barrier hopping at low and intermediate temperatures, and
band-type conduction at high temperatures. — PACS: 81.05.-t, 77.22.-d
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1. Introduction

Compounds of the series [(CH2)n(NH3)2]MCly,
M = Mn, Fe, and Cu, n = 2,3,... have been inten-
sively investigated because of their interesting mag-
netic properties. They undergo two-dimensional mag-
netic ordering at low temperatures [1-5]. More re-
cently, studies of the Mn, Fe and Cd compounds
showed interesting structural phase changes, which
are reflected by their electric properties, particularly
at higher temperatures [7-8]. Few studies regard-
ing the electric properties in the high temperature
range have been carried out on compounds contain-
ing Cu, although such studies would be interesting, as
Cu compounds are known to show strong Jahn-Teller
distortion. Long-chain (n > 5) salts, where M = Cu
and n =9 and 12, have been studied in our labora-
tory [9,10]. They are characterized by chain melting
transitions [7]. The two Cu salts showed three phase
transitions: two consecutive transitions near ambient
temperature, which were attributed to chain melting,
and a transition near T ~ 380 K, which possesses a
large entropy that may be associated with an order-
disorder phase change. Some of the short-chain (n < 5)
metal complexes, such as [(CH2)3(NH3)2]MnCl4 and
[(CH32)3(NH3),]CdCly, showed structural transforma-
tions. The former has two transitions at 305 and 337 K,
the latter only one transition at 374 K from an an-
tiferroelectric to a paraelectric phase. No transitions
were reported for all metal complexes with n= 2 in

the temperature range between 4 K and its decompo-
sition temperature [11,12]. Thus it is of interest to in-
vestigate the phase changes of [(CH2)3(NH3)2]CuCly.
X-ray investigation of this compound has indicated
that it is isomorphous with the corresponding Cd salt,
and that it crystallizes in the orthorhombic space group
Pnma with four formula units in a cell of the di-
mensions a = 7.200(2) A, b =18.247(7) A and c =
7.451(2) A [13]. The structure consists of tetragonally
distorted [CuCl4]?~ units which are chloro-bridged
to form two-dimensional layers. Within this network
there are two short Cu-Cl bond distances of 2.275(4) A
and two long Cu-Cl distances of 2.947(4) A. There are
two Cu-Cl bonds nearly perpendicular to the bridged
layer with distances of 2.314(4) A. The chlorocuprate
sheet is puckered due to the hydrogen bonding to the
propylene-1,3-diammonium ions which lie between
the layers.

In this paper, differential thermal analysis and per-
mittivity measurements at 300 K < T < 450 K in the
frequency range 100 Hz-100 kHz are reported. IR,
X-ray and chemical analyses were carried out to con-
firm the formation of the material.

2. Experimental

The sample was prepared as described in [14].
The yellow sample of [(CH2)3(NH3)2]CuCly, denoted
C3Cu, was recrystallized from a mixture of alcohol and
diethyl ether and then dried in vacuum. The results of
the chemical analysis are listed in Table 1.

0932-0784 / 05 / 1100-0837 $ 06.00 (©) 2005 Verlag der Zeitschrift fir Naturforschung, Tubingen - http://znaturforsch.com



838

M. F. Mostafa et al. - Dielectric and Conductive Properties of [(CHz2)3(NH3z)2]Cu(11)Cly

Countsfs

rr-l-—-r"F"_"lrl‘l-l.l[l-

FThets

Fig. 1. X-ray diffraction pattern at 297 K of the sample C3Cu.

Table 1. Results of the chemical analysis of [(CHy)3
(NH3)2]CUC|4.

C H N Cl Cu
Calcd. (%) 1279 4273 9947 5044 2257
Found (%) 1199  4.07 9.75 49.1 22.75

Table 2. Wave number (cm~1) of IR bands and their as-
signment of (CH5)3(NH3)2Cl, and [(CH2)3(NH3)2]CuCly at
room temperature.

(CH2)3(NH3)2Cl2  [(CH2)3(NH3)2]- Band assignment

CUC|4
1599, 1475 1583, 1487 NHs def.
1187, 1102 1185, 1102 CH, wagg./(NH3)™/C-H str.
943, 780 939 CHa rocking

278, 235 Cu-Cl str. and Cu-ClI layer

The IR spectrum between 4000 cm~* and 200 cm !
was obtained using an FTIR 5000 spectrometer at
Mansoura University. The bands and their assignment
are listed in Table 2.

The X-ray diffraction of the powder at room temper-
ature was obtained using a Siemens (D5000) diffrac-
tometer (Ni filtered Cu-K, radiation), wave length

1.54057 A. A film of uniform thickness was used.
Scans were recorded for every 0.05° step from 26 =
10°-90° at T =297 K.

The complex dielectric permittivity €* in the fre-
quency range 60 Hz—100 kHz was measured using a
computer controlled lock-in amplifier type PAR 5207.
The temperature was measured with a copper constan-
tan thermocouple. The samples were 8.0 mm in diam-
eter and 1.0 mm thick. The surfaces were coated with
silver paste to ensure good electrical contact. Different
samples were used. The results were reproducible. The
measurements were carried out while heating.

3. Results and Discussion
3.1. Sructure and Thermal Behavior

Figure 1 shows the X-ray diffraction pattern
at 297 K of the sample C3Cu. The diffraction lines cor-
respond to the orthorhombic space group Pnma with
the lattice spacing: a =7.20 A, b = 18.247 A and
c = 7.451 A. They agree with the results of Phelps et
al. [13].
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Fig. 2. DSC thermograph at 275-500 K of C3Cu.

Figure 2 shows the differential thermal scanning
(DSC) thermograph in the temperature range 275-
500 K, obtained while heating at a scanning speed
of 10 °C/min. Two endothermic peaks are found at
Ty =333.5Kand at T, = 434.4 K. The peak at T, is
very broad and of small entropy, while the peak at Ty
has a A-like shape with a tail on the high tempera-
ture side and a large enthalpy. The transition temper-
atures, enthalpies and entropies are listed in Table 3
along with the DSC results of the corresponding Mn
and Cd salts for comparison [15]. The large enthalpy
associated with the transition at Ty suggests an order-
disorder transformation.

3.2. Dielectric Response
Temperature Dependence

Figure 3a shows the temperature-dependent permit-
tivity of C3Cu between room temperature and 445 K.
Previous work in our laboratory showed that heating
of alkylene-diammonium copper complexes to tem-
peratures > 450 K results in an irreversible phase
change [10]. The measurements were performed while
heating in the frequency range 60 Hz—100 kHz. For
clarity only a few selected frequencies are plotted. At
temperatures below the transition temperature Ty, de-

Table 3. Transition temperatures, enthalpies and entropies for
[(CHz)g(NHg)z]MC|4, M = Cu, Mn and Cd.

Compound T AH AS Reference
(K) I/mol)*  (I/mol-K)**
[(CH2)3(NH3)2]1CuCls 3335 1272.4 3.82 this work
[(CH2)3(NH3)2]CuCls 4344  771.525 1.53 this work
[(CH2)3(NH3)2IMnCls 305 500 1.7 [71
[(CH2)3(NH3)2]MnCly 337 800 24 [7]
[(CH2)3(NH3)2]1CdCl, 374 1805 4.85 [15]

* Error in AH = £150 J/mol.  ** Error in AS= £0.4 J/mol-K.

fined as region (I1V), the permittivity is temperature-
and frequency-independent. This is followed by a
gradual rise associated with frequency dispersion up
to T = 380 K identified as region (lll). A plateau
region (II) extends from 380 K up to T =429 K
(f =60 Hz). The onset temperature shifts to higher
values with increasing frequency. The increase in the
permittivity associated with a plateau has been as-
cribed to rotation of dipoles [9,10]. At T ~ 429 K
a large increase in the permittivity occurs, leading
to a peak at T, ~ 433 K, that decreases in inten-
sity with increasing frequency in a manner similar to
ferroelectric-like behavior [16]. T, > 433 K identi-
fies region (). This ferroelectric-like behavior is con-
firmed by the variation of &’ with temperature of a
single crystal measured along the c-axis as seen in
Figure 3b. Figure 3c shows the imaginary part of the
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Fig. 3. (a) The real part of the permittivity
vs. temperature between room temperature
and 445 K of C3Cu. (b) The real part of
the permittivity vs. temperature between
room temperature and 445 K of C3Cu sin-
gle crystal along the c-axis. (c) The imag-
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permittivity, Ine”, as a function of temperature at se-
lected frequencies. Four regions are also identified,
where a temperature-independent behavior is noted up
to T ~ 340 K and an anomalous increase in Ing” is
observed near the transition temperature 433 K, and
a change in the rate of increase of Ing” is found
near T = 380 K.

Frequency Dependence

The dependence of the complex dielectric permit-
tivity € +ie” on the frequency at several tempera-
tures is presented in Figure 4. The real part of the
permittivity &’ decreases with increasing frequency,
however the rate of decrease is much faster for tem-

410

inary part of the permittivity, In £”, as a
function of the temperature at selected fre-
guencies.

430

peratures T > 434 K (shown by dotted lines in Fig-
ure 4a). The variation of the imaginary part of the di-
electric constant (¢”) on the log-log scale shown in
Fig. 4b exhibits a relaxation peak in the high frequency
range, but shows a linear dependence in the low and
intermediate frequency ranges with slopes varying be-
tween 0.5 at T = 350 K to 0.86 at T = 429 K. For
the high temperature phase T > 434 K, the relaxation
peak vanishes and the slopes (Ine”)/(Inw) for the
high temperature phase are (1.0 + 0.03). Also one no-
tices that the gradual decrease of €” with increasing
frequency is shifting to lower frequencies as the tem-
perature decreases. Such behavior reflects conductivity
relaxation [17].
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Fig. 4. (a) Real part of the permittivity,
Ing’, as a function of the frequency at
selected temperatures. (b) The imaginary
1 | T 1 part of the permittivity, Ine”, as a function
5 8 In[ais)"] 1 14 of the frequency at selected temperatures.
3.3. Relaxation low. One also notices a crossover, at the frequency wp

Dipolar Relaxation

The frequency-dependent AC conductivity, o(w) =
e"eym, where g is the permittivity of free space and
o(=2rf) is the angular frequency, at various temper-
atures is shown in Figure 5a. The conductivity shows
dispersion at all frequencies for the different phases.
There is a conductivity plateau in the lower frequency
range at high temperatures, indicating mainly DC con-
ductivity (ogc). Extrapolation of the conductivity in
this region to @ = 0 yields the DC conductivity (cqc),
whose variation with temperature will be discussed be-

from the DC behavior to the dispersive AC conductiv-
ity, such that wy increases with temperature.

To get the dipolar relaxation, one has to subtract the
DC conductivity contribution (ogc). The dielectric con-
stant and the dielectric loss [e”(®) — o4c/ weo] were
fitted to the Cole-Cole function [18, 19]

£ = e+ (80— &) /[1 +i(0T) Y], (1)

where &g and &.. are the low and high frequency dielec-
tric constants, respectively. 74 is the dielectric relax-
ation time of the dipoles and « is the Cole-Cole distri-
bution parameter, having values between 0 and 1. The
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parameters €., €, Ty, & and ogc were varied to get
the best fit at different temperatures and frequencies.
Dipolar relaxation times are plotted as In 74 vs. 1000/T
in Figure 5b. A nearly temperature-independent region
is observed for T < 340 K (region 1V) with an ac-
tivation energy AE = 1.5-1073 eV. For the temper-
ature range 380K > T > 429 K, region Il, an ac-
tivation energy AE = 9.2-10-2 eV is found. Fig-
ure 5c also shows the dielectric relaxation strength
Ae = g — & as a function of the temperature, which
reflects a nearly temperature-independent behavior for
region 1V and a sharp rise of Ae in region Il. The
value oo = 0.17 is small, indicating a slight deviation
from Debye behavior in region 11, and is almost zero in
region IV.

Conductivity Relaxation

The electric modulus formalism M* [20] will be
used to get the conductivity relaxation, which is not
due to dipolar relaxation in the bulk material. A plot
of M* vs. Inw is shown in Figure 6a. The S-shaped M’
vs. In @ reflects the ionic nature of the material. Varia-
tion of the imaginary part M” of the dielectric modulus
with In@ shows bell-shaped peaks. The width of the
peaks at half maximum (A) does not change apprecia-
bly with temperature, yet it is larger than the Debye
peak (1.14 decades). The value obtained for A results
in B = 1.14/A = 0.54, indicating deviation from De-
bye characteristics [20]. It is also seen from Fig. 6a that
the M” maximum shifts to higher frequencies with in-
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creasing temperature, suggesting an activated behavior
according to

T = 19 exp(AE:/KT), 2)
where AE; is the activation energy for the conductiv-
ity relaxation process and 7p is the high temperature
limit of the relaxation time. The values of the acti-
vation energy and 7o found from the insert, Fig. 6b,
is AE; = 0.83 eV, 79 = 2.19- 1014 5. The value of the
activation energy thus obtained lies in the range of val-
ues obtained from conductivity calculations, as will be
shown below.

9.5

ductivity relaxation Int; as a function of

105 1000/T (K).

4. Transport Properties
4.1. Hopping Rate

Figure 7a depicts In o4 as a function of the recipro-
cal temperature in the temperature range 380-437 K.
The conductivity follows the Arrhenius relation [21]

®)

The equation indicates a thermally activated behav-
ior with AE; = (4.79+£0.22) eV and AE;; = (1.21+
0.01) eV for the regions | and I, respectively.

Odc = Agexp(—AE/KT).
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As mentioned above, the crossover frequency wp
from the DC behavior to the dispersive AC conduc-
tivity is found to increase with temperature. Rolling et
al. [22] defined the crossover frequency wp as

o(w) = 204c, where ® = wp. 4

The hopping rate was determined using (4).
Funggao et al. [23] related the DC conductivity ¢
and the parameter Ay to the ion hoping rate wp:

o(0) =Kap(l+o/w)", ®)

where o4c = Kap, Ag = K(wp)1™". It is natural to ex-
pect the ion hopping rate to increase in a thermally ac-
tivated manner, such that

wp = wo eXp(—AG/KT), (6)

where AG is the free energy of the hopping process.
Considering the concentration and temperature depen-
dence of the mobile ions, one can compare the tem-
perature dependence of the hopping rate with that of

temperature. (c) The fitting parameters A;
400 and A, as a functions of the temperature.

the DC conductivity. The hopping rate, as obtained us-
ing (4), and the DC conductivity vs. 1000/ T are shown
in Figure 7a. The activation energies for the hopping
rate were found to be (5.3+0.5) eV and (1.5+0.2) eV
for the region | and I, respectively. These values are
within the range found from the DC conductivity cal-
culations. Hence the hopping rate and the DC conduc-
tivity have nearly equal slopes, suggesting no change
in the concentration of the mobile ions within each re-
gion [23].

4.2. Frequency Dependence

The frequency dependence of o(w), shown in
Fig. 5a, was fitted to the two terms power law

o(w) = 0gc + A O + Ay 0. )

The second term of (7) identifies the Jonscher
regime [21], 0 < s; < 1, which dominates at low fre-
quencies and corresponds to translational motion of the
mobile ions. The third term corresponds to the high
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Region T (K) S ) InA; InA; Table 4. Values of the uni-
\Y; T <340 0.82 1.8 —27.99 —35.41t0 —33.8 Versal exponents and the pre-
n 340<T <380 08-04 18-1.1 —2774t0-21.8 —338t0—29.1 exponential factors for the dif-
] 380<T <429 04-01 1.1-0.7 —218t0 —17.05 —29.1to —23.0 ferent regions.

| T > 433 0.1-0.002 0.65-0.15 —16.5t0 —13.9 —225t0-155

frequency dispersion region, where 1 < s, < 2, that is
associated with well localized hopping and/or reorien-
tational motion. Values of the exponents s; and s, as
well as the factors A; and A, are listed in Table 4, and
their variations with temperature are shown in Fig. 7b
and c, respectively.

The variation of the exponents s; and s, and the
pre-exponential factors A; and A, reflect the changes
in the conduction mechanism in the temperature range
investigated, and the phase changes are expected to be
manifested in their variations with temperature. One
notices a gradual decrease of s; and s, with increas-
ing temperature in the phases IV and I11. Overlap large
polarons (OLP) are known to show linearly decreasing
s values up to a certain temperature, followed by an
increase in s at higher temperatures [24, 25]. Thus the
observed variation of the exponents s; and s, cannot
be associated with OLP and the gradual variation of s;
and s, with temperature depicted in Fig. 7b for the re-
gions 1V and Il may qualitatively be associated with
hopping over a barrier [25]. The anomalous changes in
the pre-exponential factors A; and A, as well as the ex-
ponential factors s; and s, particularly s; at T ~ 333 K
and 429 K, are a result of the phase transitions occur-
ring at these temperatures.

4.3. Temperature Dependence

The variation of Inoye as a function of the recip-
rocal temperature is shown in Figure 8a. The results
follow the Arrhenius relation with different activa-
tion energies depending on the temperature range. In
phase 1V, the conductivity is strongly dependent on the
frequency and nearly temperature-independent with
very low values of activation energies AE = 0.11 eV
(f =60 Hz)-0.003 eV (f = 10 kHz), suggesting an
extrinsic-type conductivity. In phase Il the activation
energy varies with frequency as seen in Fig. 8b and
lies in the range 0.78 eV —0.04 eV, while in phase 11 it
varies between 0.75 eV —0.028 eV. The conductivity is
in the range 10~" Q~*cm~1 in both regions, indicating
an ionic-type conduction. The variation of the activa-
tion energy with frequency is fitted to the equation

AE = AE[1 —exp(— o/ )]". (8)

Table 5. Bond distances (A) and angles (°) of the room tem-
perature phase [13].

N...Cl H...Cl N-H...Cl
Non-bonding H11 3.213 2.34 171
Non-bonding H13 3.370 2.38 178
Bonding H12 3.271 2.58 170

The least squares fit to (8) yields AEy = (0.78 +
0.01) eV, wp = (11023 £805) Hz and y = (1.01 +
0.06) in region I, and AEg = (0.69+0.02) eV, wy =
(9436 +306) Hz and y = (0.557 £ 0.091) in region II.

As is known, a linear Arrhenius plot indicates that
one charge carrier predominates, considering the un-
likely coincidence of equal activation energies. The ob-
tained Arrhenius plot shows curvature, indicating that
different carriers contribute to the conductivity. Hence
we suggest that in region 111 more than one mobile ion
takes part in the conduction process. It is likely that
protons as well as chloride ions contribute to the trans-
lational hopping. This is supported by the observed
curvature and the change in the slopes at T = 380 K
of 53 and Aq, as seen in Figs. 7b and 7c. It is pos-
sible that in region Il a band-type conduction pre-
dominates.

The conductivity results are related to the structure
of the material as follows:

The room temperature X-ray structure determina-
tion has indicated that the material is composed of
chlorocuprate sheets that are puckered as a result of
the hydrogen bonding to the propylene-diammonium
chain. CI¥® NQR of the corresponding Mn and Cd
salts has indicated the presence of two “bonding” chlo-
rine sites due to corner sharing octahedra and “non-
bonding” sites above and below the metal planes [6].
In phase 11, two “non-bonding™ and one bonding chlo-
rine are involved in the NH3 bonding scheme, resulting
in a static puckering of the octahedra in opposite sense.
In successive layers the puckering occurs alternately
in opposite sense. At room temperature, phase 1V has
the same structure as phase Il, however it is almost
completely ordered. In phase 111, the bonding scheme
is different, where only one “non-bonding” chlorine
and two “bonding” chlorines are involved, resulting in
two equally probable orientations for the propylene-
diammonium chains [7]. Table 5 lists the bond dis-
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tances and bond angles of N...Cl and H...Cl and
N-H...Cl

Similar to the Mn and Cd salts, the phase transition
of the corresponding Cu salt from phase IV to phase I11
should involve reorientational motion of the propylene
chain associated with the breaking of one non-bonding
H...Cl and the formation of a bonding H...CI. Hence
the conduction could be attributed to hopping of the
protons and the “non-bonding” CI ions among the in-
creasing disordered vacant sites in this phase, as well as
to the restricted reorientational motion of the organic
moiety. The hydrogen bonding is statistically disor-
dered, which still links the [CuCl4]?~ octahedra, but
the bonding is much weaker than that at room tem-
perature. Thus it is possible that both the proton and
Cl ion hopping would contribute to the conduction in

region I11. In regions | and Il it is likely that band type
conduction prevails.

5. Conclusion

The dielectric constant and differential thermal
scanning of [(CH2)3(NH3)2]Cu(Il)Cly indicates two
structural phase transformations at T, = 434 K, associ-
ated with ferroelectric behavior, and an order-disorder
transition at T, = 333 K. o, T, w of the AC conductiv-
ity suggest different conduction mechanisms, depend-
ing on the temperature regions. At high temperature,
band-type conduction takes place, while hopping over
a barrier predominates at low and intermediate tem-
peratures.
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