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Bis-Tetrapropylammonium tetrabromozincate was synthesized and characterized by X-ray powder diffraction, as well as vibra-
tional and impedance spectroscopy. Rietveld’s refinement of X-ray diffractogram confirmed the crystallization of the compound
through the monoclinic system (space group C,,). A temperature study of Raman scattering revealed two phase transitions at
approximately 7| = 340 K and 7, = 393 K. The wavenumber and the line width’s evolution as a function of temperature showed
some peculiarities associated with these transitions, which suggests that they are governed by the reorientation of the organic part
[N(C;H,),]*. The complex impedance plotted as a double semicircular arc in the studied temperature range and the centers of these
semicircles lie below the real axis, which indicates that the material is an on-Debye type. These semicircular arcs are related to
the bulk and the grain boundary effects. Furthermore, the alternating current conductivity of [N(C;H,),],ZnBr, obeyed Jonscher’s
law: o4 (w) = 04 + Aw* and the conduction could be attributed to the correlated barrier hopping (CBH) model in both region(I) and
(II) and the Non-overlapping Small Polaron Tunneling (NSPT) in region (III).

Keywords: Bis-Tetrapropylammonium tetrabromozincate; Raman spectroscopy; phase transition; electrical conductivity;

conduction mechanism.

1. Introduction

In recent years, phase transition hybrid organic—inorganic
materials have drawn the attention and whetted the interest of
numerous scientists owing to the fact that they exhibit prom-
ising potential applications in data storage, optoelectronic
devices and other fields.!> Compared to traditional inorganic
materials or organic materials, organic—inorganic phase tran-
sition compounds combine the prominent characteristics of
both organic and inorganic parts within a single molecule,
showing more advantages, such as structural diversity, simple
synthesis, adjustable structures and environment friendly.3-¢
Multiple prior works argue that organic ammonium cations
are the outstanding constructional units for the order—disorder
phase transition materials. Resting on this strategy, a great num-
ber of phase transition compounds with ammonium cations have
been investigated in recent years. For instance, dimethylam-
monium, tetramethylammonium and tetrapropylammonium,
which possess small-volume and conformational flexible.’
Hybrids compounds of the general formula A,MX,,
where A is the alkyl ammonium group, M stands for a diva-
lent metal and X corresponds to a halogen, have been largely
studied.®' As an element of this group, we opted to exam-
ine [N(C;H;),],ZnBr, compound material for a deeper inves-
tigation. It crystallizes in the monoclinic system (C,,- space
group).!! The atomic arrangement is described by an alternation
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of organic and inorganic layers in the [1 0 0] direction, which
consists of [N(C;H,),]* and [ZnBr,]>~ groups (Fig. 1).

As an extension of our concern with the Bis-Tetrapropy-
lammonium tetrabromozincate compounds, Raman scattering
and electrical properties are explored in order to investigate
the phase transition of this compound.

2. Experimental Procedure

Organic—inorganic hybrid compound, [N(C;H,),], [ZnBr,],
has been successfully synthesized at room temperature by
slow evaporation according to a process which has already
been detailed in the literature.!!

The phase purity and homogeneity of the [N(C;H,),],ZnBr,
compound were verified using X-ray powder diffraction
analysis. Using a Phillips PW 1710 powder diffractometer
operating with CuK, (A= 1.5405 A), the pattern of the X-ray
diffraction was recorded in a wide range of Bragg angles
(9° <20 <50°.

The Raman scattering spectra were determined using
a Horiba—Jobin—-Yvon T64000 Raman spectrometer in the
frequency range of 100-3200 cm~! through the use of the
514.5 nm radiation of an Ar/Kr laser as excitation. These
analyses were performed, as a function of temperature, in a
Linkam heating stage up to 415 K.
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Fig. 1.

The wavenumber and the width of Raman lines were speci-
fied using LabSpec5 software with a combined Lorentzian—
Gaussian band shape for the fitting procedure.

To study the electrical properties of the [N(C;H,),],ZnBr,
compound, the crystals were ground into a fine powder then
pressed into a cylindrical pellet of 8 mm in diameter and
1.1 mm in thickness using 3 t/cm uniaxial pressure. The mea-
surements were carried out in the frequency and temperature
range of 200-5 MHz and 303-423 K, respectively, using a
HP4284 impedance analyzer.

3. Results and Discussion
3.1. X-ray powder diffraction

The X-ray diffraction pattern of the [N(C;H,),],ZnBr,
compound at room temperature is depicted in Fig. 2. The
Rietveld refinement was conducted using the FULLPROF
software Program. The circles stand for experimental data
and the line corresponds to the simulated pattern. The purity
of the studied compound was confirmed and the reflection
peaks were indexed in the monoclinic system (C,,- space
group). The refined cell parameters proved to be as follows:
a=33.132 (5) A, b=14.234 3) A, ¢ = 15.081 (2) A and
B = 110.23(1)°. These parameters go in good agreement
with those reported in this literature.!! The quality of the
refinement was evaluated through the goodness of Fit y>=
6.67. The values of the reliability factors obtained from the
refinement are R, = 8.99, R,= 8.15and R, , = 3.48.

exp

3.2. Temperature evolution of Raman spectra

The strong Raman bands observed in the 2988-2905 cm™!,
are assigned to the stretching vibrations of the CH; and CH,

Crystal structure of the [N(C;H;),],ZnBr,, view along the b axis.
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Fig. 2. X-ray powder diffraction pattern for [N(C;H,),],ZnBr,
compound.

groups while the bands between 1460 cm~' and 1350 cm™!
are attributed, respectively, to the asymmetric and symmet-
ric bending vibration of the CH; group. As for the bands
observed in the spectral range 847-750 cm™!, they emanate
from the bending of the (C—C—C + C-N-C) groups and the
N-C stretching vibrations. However, the internal modes
of ZnBr, anion are below 312 cm™'. In fact, the assign-
ments of the observed bands are established by comparing
them to similar compounds, such as [N(C;H,),],SbCl,,'"?
[N(C5H,),],CoCl,,"3 [N(C5H,),],SnCl;,'* [N(C;H,),],FeCl,,'?
[(C3H,),NIIM(N(CN),)31,¢ and  [(C3H,),NJ[CA(N(CN),);]
compounds.!” These vibrational wavenumbers together with
the proposed band assignments are outlined in Table 1.
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Table 1. Assignments of the most important observed
bands in Raman spectra of [N(C;H;),],ZnBr, at room
temperature.

Intensity Raman (cm™) Assignements
164 v, (ZnBr)

193 v; (ZnBr)

312 v, (ZnBr)

334 pr (CHy)

368 8(NC,) + 6 (C-C-C)
513 8(NC,) + 6 (C-C-C)
750 v, (NC))

780 v (NCy)

847 6,(C-C-C) + 6(C-N-C)
872 8,(C—C-C) + 6(C-N-C)
918 v, (NC)

937 §(C-N-C)

972 8(C-N-C)

1031 pr (CHy) + p, (CH,)
1100 6 (Skeletel)

1134 6 (Skeletel)

1151 t(CH,)

1316 w (CH)

1330 6,(CHj)

1350 6(CH,)

1448 6,(CH;)

1460 6,(CHy)

2741 —

2877 v(CH,)

2905 v(CH,)

2934 v,s (CH,)

2955 v(CHy)

2970 v,s (CHz)

2988 v,s (CHz)

Note: v, symmetric stretching; v,,, asymmetric stretching; é,,, asym-
metric bending; w, wagging; f, twisting; ¢, bending and p,, rocking.

The intrinsic goal of this work is to find the sensitive
modes for the phase transition at 7, = 340 K and 7, = 393 K
in the [N(C;H,),],ZnBr, compound. Raman spectra, at sev-
eral temperatures, are illustrated in Figs. 3(a)-3(d). These
spectra are devised into four domains: the first from 100 cm™!
to 320 cm™!, the second from 320 cm™! to 1000 cm™!, the
third from 1000 cm™ to 1600 cm™! and the fourth from
2600 cm™! to 3200 cm™!. Several Raman mode wavenumbers
change discontinuously around the temperatures of phase
transition evidenced at 7}, = 340 K and 7, = 393 K by DSC

J. Adv. Dielect. 11, 2150005 (2021)

measurements.'! A careful analysis of these spectra clearly
portrays that the results and discussion of the shape of most
bands, obtained between 100 cm~! and 320 cm~!, where the
anionic part is found, do not change a lot below the phase
transition temperatures (7, and 7,), which is indicative that
these modes are not directly connected to the phase transi-
tions. However, several bands displayed a significant shift
in their frequency position and half-width assigned to the
internal vibrations of the [(C;H,),N]* cation. The position
and width at half maximum for the selected lines, obtained
between 320 cm™! and 1600 cm™!, are depicted in Figs. 4(a)
and 4(b). The band related to the temperature dependence
of the rocking vibration (p, (CH,)) located at 334 cm™!, pre-
sented a variation in its position to the low wavenumber by
2 cm~! around the first transition (7,) and to the high wav-
enumber by 4 cm™! around the second transition (7,). Half-
width decreased by 7 cm~! before the first transition (7)) and
by 6 cm™! after the second transition (7). The peak observed
at 780 cm™! is assigned to the symmetric stretching vibra-
tion of 1,(NC,) which decreased by 3 cm™! and half-width
increased by 12 cm~! before the second transition. The wav-
enumber of bands located at 872 cm~! and 847 cm™!, which
are attributed, respectively, to the (6(CH;) + 6(CH,)) and
(6,(C-N-C) + 6(C-C-Q)), is decreased by 3 cm~! around T5.
Obviously, the band, located at 1350 cm~! and assigned to the
symmetric bending vibration of §(CHj;), vanished above the
second transition (7). The anti-symmetric bending vibration
of 6,((CH;)) observed at 1460 cm™!, presented a variation in
the position by 9 cm™!, while the half-widths increased by
10 cm™!at 7.

The temperature dependence of Raman spectra in the
region of the stretching symmetric and asymmetric vibrations
between 2600 cm~! and 3200 cm™! is reported in Figs. 5(a)
and 5(b). The band at 2905 cm™' related to the symmetric
stretching v (CH,) mode, shifted a higher wavenumber by
4 cm~! with a significant jump in the half-width at the sec-
ond transition (7,). The anti-symmetric stretching vibration
of v, ((CH,), observed at 2934 cm~!, presented a position vari-
ation by 3 cm™!; while the half-widths increased by 8 cm™!
at T,. The band at 2955 cm™! associated with the asymmetric
stretching vibration of »,((CH,) vanished above the second
transition (7).

The last band related to the temperature dependence
of asymmetric stretching vibration 1, (CH;), located at
2970 cm™!, shows a variation in its position to the high
wavenumber by 2 cm™ at 7} and 4 cm™! at T,, and in its
half-width by 5 cm~! around 7.

The significant changes in the Raman spectra are observed
at 7, = 393 K for some internal modes of cationic parts,
which is suggestive that the dynamics of the [N(C;H;),J*
cationic parts evidence the contribution of the mechanism of
phase transition.'8 In order to verify that the phase transitions
are correlated with changes in the dynamical state of the cat-
ionic groups, a quantitative study about the band located at
2970 cm™! (v,,(CH;)) was accomplished.
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Fig. 3. Evolution of the Raman spectrum as a function of temperature: (a) from 100 cm™! to 320 cm™, (b) from 320 cm™! to 1000 cm™!,

(¢) from 1000 cm~' to 1600 cm~" and (d) 2600-3200 cm™!.

3.3. Temperature dependence of the wavenumber

The temperature dependence of Raman wavenumber of a
phonon connected to an order—disorder mechanism accord-
ing to Andrade and Porto!? is expressed in terms of

vi=vg [1+9(T-T))], (1)

where v is the thermal coefficient and v, is the “hard-core
wavenumber” at temperature transition (7). Generally, the
values of ~ are so small that we can approximate by the fol-
lowing equation®:

v=v, [1+%(T—TC)]. 2)

The thermal coefficient depends on the variation of the
wavenumber position and the volume of the crystal according
to the following expression:

s
v. AV’ 3)

where AV and Ay, are the variations of the volume as well as
of the wavenumber position, respectively. V corresponds to
the original volume and », stands for the band position of the
mode at room temperature.

Relying on the approximation of Gruneisen, the relative
change of any vibration is directly proportional to the rela-
tive change in the volume.?! Figure 6 discloses the depen-
dency of Raman wavenumber versus temperature of the
analyzed band at 2970 cm™ fitted using Eq. (2). We obtained
the expansion coefficient v = 5.12-103 K-! for T < T}, v =
5.08-103 K- for T),< T< T, and y=5 103 K" for T > T,.
Hence, the decrease of the thermal coefficient related to the
changes of the wavenumber position indicates an increase of
the cell volume due to a structural transformation. Indeed, an
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3.4. Temperature dependence of the full width 2074 - !

of half maximum g
To check whether the phase transitions are correlated with <
changes of the [N(C;H,),]* groups, we followed the analysis 2972
of the full width at half maximum (FWHM), which is based
on the theory used for the damping associated with an order— y=5210"° =m y=5.8810°>
disorder mechanism. The analysis of the FWHM, described /-'/ I Bt
by Carabatos—Nedelec and Becker, was undertaken.?3 The 29707
temperature dependence of the band-width is described as
follows?*: 320 340 360 380 400 420

.
Fw)=(a+bT)+c—55, @)
I+wr

c
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where 1<<< (wr.)?, w is the phonon wavenumber and 7, is
the mean reorientational time of the atoms to jump from one
potential to another. It is provided as follows:

Ea
T, =TpCXp k_T . (5)
B

where E, is the activation energy for the mode connected to
the order/disorder transition, kg is the Boltzman constant and
7, 1s the relaxation time at infinite temperature. Equation (4)
can then be written as follows:

E
FWHM(T) = (a+bT)+ceXp[k 0 ] (6)
B

The linear part of Eq. (6) corresponds to the vibrational relax-
ation and the exponential term stands for the reorientational
relaxation. The latter is connected to the thermal molecular
reorientational motions of a diffusive nature.

The thermal variation of FWHM pertaining to the band
located at 2970 cm™' (v,(CH,)), is plotted in Fig. 7. The
activation energies obtained by fitting with Eq. (6) are: E,, =
112 kJ mol" in region I, E,, = 110 kJ mol~! in region IT and
E,; =88 kI mol~!in region III. In fact, the decrease of activa-
tion energy refers probably to the decrease of the population
involved in this vibration, which can be due to the change of
the conformation of the [N(C5-H,)*] cation.’

3.5. Impedance studies

Impedance spectroscopy is regarded as the most reliable
technique designed to investigate the electrical properties
and processes of materials. It provides a direct correlation
between the response of a real system and an idealized model
circuit composed of discrete electrical components.?

32 4
E, ;= 88kJmol'

28

FWHM(cm™)

_ -1
E,;= 112kJmol E,,= 110 kimol!

24 -

20

T T T T T
320 340 360 380 400 420

T(K)

Fig. 7. Temperature dependence of the band half-widths at
2970 cm™'.
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Fig. 8. Complex impedance plots at different temperatures of
[N(C;H;),4],ZnBr, compound.

The complex impedance data (-Z” versus Z’), of
[N(C;H;),4],ZnBr, compound for some representative tem-
peratures, are shown in Fig. 8. All these plots are formed
by two semi-circles. Thus, the lower frequency dispersion
is associated with the grain boundary and the higher one
relates to the interior grain.?® In other words, the centers
of semi circles, that compose the total electric response,
are centered below the real axis (Z). The latter confirms the
presence of non-Debye type of relaxation in materials. The
impedance data are fitted to an equivalent circuit model con-
sisting of two parallel R-CPE circuits connected in series
(inset Fig. 8).

The impedance of the constant phase element (Zpg) is
given by the following equation:?’

1
Z = 7
CPE QU (7

where Q indicates the value of the capacitance of the CPE
element and « represents the degree of deviation with respect
to the value of the pure capacitor.

The real and imaginary components of the whole
impedance were calculated according to the following
expressions:

~ R;Qw ™ cos(aym /2)+R,
(1+ R, 0w " cos(aym /2))° +(R,Qpw ' sin(ayr /2))’

’

R;,0,0 " cos(a,m /2)+ Ry,
+ 9
(14 Ry, 0w " cos(a,m /2))” +(Ry,Qpw * sin(a,m /2))?
®)
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~ R3Quw " sin(aym /2)
(14 R,Qw " cos(ar /2))* +(R,Qw " sin(a7 /2))*

”

N R;,0,0 " sin(arym /2)
(1+ Ry, 0y ™ o8, / 2)) + (R, Oy ™ sin(aym /2))*

€))

The refinement results performed using the selected electri-
cal model are summarized in Table 2. Let (R,, R;,) and (Q,,
0;,) be the resistance and capacitance of the CPE element of
grains and grain boundaries, respectively, whereas o (0 < «
< 1) is the fractal exponent.

In order to check the choice of the equivalent circuit, we
present in Figs. 9(a) and 9(b) the variations of the experimen-
tal values of Z’ and Z” at some temperatures versus the simu-
lated ones calculated using the parameters extracted from the
equivalent circuit. Departing from figure, it is quite obvious
that the slope obtained from the linear fit of these curves at
each temperature is substantially equal to the unity. The good
consistency between the experimental and theoretical data
implies that the used equivalent circuit describes reasonably
well the electric properties of Bis-Tetrapropylammonium
tetrabromozincate sample.

J. Adv. Dielect. 11, 2150005 (2021)

The continuous current (dc) conductivity from the
grain contribution can be determined from the following
expression:

_ e
S*R,

og (10)

where e and S are, respectively, the thickness and the area of
the pellet.

The thermal evolution of the bulk conductivity is shown
in Fig. 10. It was observed that o, increases with the increase
of temperature and follows the Arrhenius behavior, which is
given as follows:

E{l
op =09 EXp| ——— . (11)
B

where E, is the activation energy, A is the pre-exponential
factor and kj is the Boltzmann’s constant.

All phase transitions appearing in the Raman spectros-
copy are affirmed by the change of the curve slope at 7, and
T,. The values of the activation energy determined from the
linear adjustment to the data points are E,; = 0.38 €V in
region I, E,q, = 0.61 eV in region Il and E, gy, = 0.44 €V in

Table 2. The equivalent circuit parameters for the [N(C;H,),],ZnBr, compound.

T(K) R,(Q  Q,(10°F) a Rp(@Q 0y (105F) g
323 521107 3.073 098615  1.73-10° 0.13 0.91154
328 4.49.107 2.74 098163  9.86:10° 0.18 0.90218
333 3.89-107 2.93 097727  8.90-10° 0.18 0.90449
338 2.92.107 2.50 098782  8.72:10° 0.17 0.90344
343 225107 2.30 0.99063  8.43.10° 0.13 0.91814
348 171107 2.54 0.98819  8.20-10° 0.15 0.91185
353 1.04-107 2.78 09873  7.69-10° 0.09 0.94116
358 9.21-10° 271 09837  6.69-10° 0.19 0.89855
363 7.53-10° 2.63 0.98109  6.48-10° 0.11 0.93779
368 6.46-10° 3.05 09519  5.70-10° 0.07 0.99404
373 4.85-10° 2.81 0.94409  1.73-10° 0.11 0.99684
378 3.65-10° 278 0.94277  1.50-10° 0.17 0.98157
383 2.77-106 2.39 0.96419  1.29-10° 0.24 0.95479
388 2.60-106 1.97 0.96794  2.94-10* 2.57 0.91165
393 2.50-106 1.59 0.98846  2.01-10* 3.80 0.73856
398 2.21-10° 1.45 0.99522  1.37-10* 3.56 0.9023
403 1.90-106 1.41 1.00044 421103 4.81 0.99103
408 1.61-106 1.40 0.99783  3.85-10° 6.40 0.74712
413 1.22:100 1.51 0.98826  2.79-10° 6.53 0.71726
418 831.10° 1.42 0.99568  2.23-103 5.06 0.78589
423 6.14-10° 1.40 0.99699  1.07-10° 3.28 0.84235
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Fig. 11. Frequency dependence of the AC conductivity at various
temperatures.

region III. It is worth noticing that the variation in the activa-
tion energies values can be explained by the movement in the
cationic and anionic parts. Besides, the mobility of the charge
carriers is likely to result a hopping mechanism.?®

Subsequently, a study of the ac conductivity for the sam-
ple was carried out to identify the origin of the conduction
process. This makes it possible to study the transport mecha-
nism of charge carriers as well as their interactions as a func-
tion of frequency.?’

Figure 11 shows the evolution of the ac conductivity as a
function of angular frequency. Depending on the frequencies
domain, two regions are clearly distinguishable. First, we
record the appearance of a plateau at a low frequency region
(<0.1 MHz), which increases with temperature, reflecting the
direct current conductivity oy, due to the motions of charge
carriers.®® The second regime is reported at a higher fre-
quency (>0.1 MHz) corresponding to ac conductivity. The
frequency at which the dispersion takes place is called fre-
quency hopping.

Generally, the conductivity dispersion is analyzed using
Jonsher’s power law?!:

opc(w) = oy + A?, (12)

where oy, is the direct current conductivity, A is a constant
depending on temperature and s is an exponent representing
the degree of interaction between mobile ions and surround-
ing lattices.®

To determine the predominant conduction mechanism of
the ac conductivity for the title compound, different theoreti-
cal models correlating with the conduction mechanism of ac
conductivity with the exponent s (7)*? are used. The variation
of exponent s (7), which is resulting from the fitting of the
experimental data of ac conductivity, is plotted as a function
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Fig. 12. Temperature dependence of the frequency exponent s.

of temperature in Fig. 12. We clearly infer for this figure that
the exponent s decreases with the rising temperature below
and above the first phase transition (7} = 340 K) and increases
with the increasing temperature above the second phase tran-
sition (7, = 393 K).

This result implies that the correlated barrier hopping
(CBH) model (regions I and II) and the non-overlapping
small polaron tunneling (NSPT) (region III) model stand for
the most plausible models to describe the ac electrical con-
duction for the crystal in this range temperature.

4. Conclusion

Bis-Tetrapropylammonium tetrabromozincate with a mono-
clinic system (C,,- space group) was prepared and investi-
gated as a function of temperature and frequency by Raman
spectra. It is to be noted that the important changes in the
Raman spectra are observed for some internal modes of
cationic parts [N(C5-H,)*], which implies that these modes
are directly connected to the phase transitions. In addition,
the complex impedance analysis revealed the contribution
of grains and grain boundaries to the electrical properties.
In fact, a detailed analysis of the arcs demonstrated that the
equivalent electrical circuit of this sample could be regarded
as two elements (R//CPE) in series. Finally, the frequen-
cy-dependent (ac) conductivity was interpreted in terms of
Jonscher’s law. The temperature dependence of s was inves-
tigated to better understand the conduction mechanism in the
different regions, which is attributed to the CBH model in
regions (I) and (IT) and the NSPT model, in region (III).
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