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Abstract

The structural properties of 1',3'-dihydro-1',3",3'-trimethyl-6-nitrospiro [2H-
1-benzopyran-2,2'-[2H]indole] (DTNBI) characterized using X-ray diffraction.
DTNBI's powder has a monoclinic polycrystalline structure. The DTNBI's lattice
constant of unit cell are (a =29.912 A, b = 18.815 A, and ¢ = 13.062 A). The mean
crystallite size and strain were evaluated using the formula of Scherrer, Williamson-
Hall, and Size-Strain plots methods. In the frequency range of 40 to 5x10° Hz, the
dependence of ac conductivity was studiedforthe bulk DTNBI upon different
temperatures (303-363 K). The prevailing mechanism for the ac conduction was the
correlated barrier hopping model for bulk DTNBI.The dielectric constant and the
dielectric loss were also studied. The dielectric polarization mechanism of bulk
DTNBI used to explain the behavior of the real, €1, and imaginary, €2, components of
the complex dielectric constant. Reliance of dc and ac conductivity of bulk DTNBI
follows the law of Arrhenius. The activation energy of both dc and ac conduction for
bulk DTNBI were calculated and the dielectric characteristics were examined via
complex electric modulus formalism.

Keywords: Structural properties; Electricalconductivity; Spiropyrans.
1- Introduction

Organic semiconductor materials get special attention, as they have
optoelectronic and electrical accomplishments. They have processing properties for
electronic system design and manufacturing [1]. These varied advantages are due to
the variety of structures in which organic compounds can be manufactured in forms
such as bulk and thin films in which electric charges transfer through these structures
[2]. Organic semiconductors are technically important for electronics with convenient,

innovative
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and high-execution behavior. Organic devices make an appealing balance between
efficiency and cost through simplicity and functionality achieved by molecular
engineering [3-7].The optimum conditions, the analysis of electrical data and the
electrical transport mechanisms of these materials are important to study the materials'
electrical properties. The characterization of the device parameters should be studied

by Alternating current (ac) measurements [8-13].

A class of organic photochromic compounds is spiropyrans (SP). The
molecular structure of photochromic compounds will change during photochromic
process, which alters the absorption spectrum of the dye [14,15]. Spiropyran as an
important photochromic compound displays coloration upon UV light by cleavage of
the spiro C-O bond and isomerization from a ring-closed and non-polar spiro (SP)
form to a ring-opened and zwitterionic merocyanine (MC) form [16]. Recently, these
compounds have a huge number of potential applications, such as variable optical
transmission materials, optical delay generators, optical storage, UV sensors,
dosimeter, nanomedicine application as ondemand drug delivery, and reliable sensor,
due to fast response time with good photo-fatigue resistance [17,18]. One of these
compounds is 1,3 -dihydro-1,3,3-trimethyl-6-nitrospiro[2H-1-benzopyran-2,2 -
[2H]indole] with the abbreviation of DTNBI. Figure 1 shows DTNBI molecular
structure. There is no research on its structural and electrical properties, to our

knowledge.

Fig .1 Molecular structure of (DTNBI).
The current work's goal is to index the structural crystallization of 1', 3'-
dihydro-1',3',3'-trimethyl-6-nitrospiro [2H-1-benzopyran-2,2' [2H]indole]

compound,DTNBI, estimating the crystallite size and lattice strain using different
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methods. As well as the associated ac electrical conductivity together with dielectric
properties of bulk DTNBI in the shape of pellets, to specify the conduction
mechanism nature involved in the frequency range (40 to 5x10° Hz) under varying
temperature in range of 303-363 K.

2- Experimental techniques:

The powder of DTNBIwas procured from Aldrich Chem. Co. and it used as
received without further purification. The compound was noted as DTNBI. The XRD
technique was used to explore the structural characteristics of DTNBI. The structural
features of the powder were studied using a Philip X-ray diffractometer (model X'
pert) with monochromatic Cuk, radiation with wavelengths (A= 1.542A) working at
50 kV and 40 mA.The DTNBI powder compressed under sufficient pressure in the
shape of a pellet (area of 1.33 x10 * m?) and a thickness of 1.04 x10~* m for Ac
conductivity and dielectric measurements.Using a high vacuum coating equipment
(Edwards E 306A), a DTNBI pellet was sandwiched between two evaporated

aluminum electrodes.

Specifically designed to reduce stray capacitance, the sample was put in a
holder.The frequency range was from 40 to 5x10° Hz.In order to determine the
sample’s temperature, a calibrated Cr-Al thermocouple connected to a temperature
controller (TCN4M-24R Aulonics-Korea) over a temperature range of 303-363 K was
used. A programmable automatic RLC bridge, the Hioki 3532 Hitester model, was
utilized to calculate certain parameters for the ac measurements which are the

impedance Z, capacitance C, and loss tangent tan .
3- Results and discussion
3.1 Structural properties:

Figure 2 shows the DTNBI powder X-ray diffraction (XRD) pattern. Many
of the diffraction peaks appeared in the powder pattern. The CHECK CELL computer
software was used to estimate the indexing of the Miller indices of all peaks as well as
the lattice constants for powder of DTNBI [19]. The lattice constants are a = 29.912
A, b=18.815A, and ¢ = 13.062 A for DTNBI which has a monoclinic structure with

space group (P2). Using Scherrer's equation [20-22], the average crystallite size D,

-38-



E.E. Elgarhy et al. J. Sci. Res. Sci., 2021, 38, (1): 36-57

determined by knowing the peaks width of (511) diffraction peak, which is
substantially stronger in the XRD pattern of DTNBI:

ksA
- BcosB (1)

Here, B is full-width at half maximum of the peak, 6 is the peak position
andks(=0.94)is a Scherrer's constant. For the diffraction peak (511), the measured D
of DTNBI was 29.75 nm.
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Fig.2. XRD of DTNBI in the powder form.

Besides that, the Williamson-Hall (W-H) methode will be used to calculate
the crystallite's average size D, and strain €.In the (W-H) analysis, asimplified form of
integral breadth used to estimate D and ¢ by taking into account the width of the

diffraction peak as a function of the 20° using the equation [23]:
B cosB = (%) + (4¢ sinf) 2

The relation between (BcosB) and (4 sinf) is presented in Fig.3. The D and ¢
values of DTNBI form are evaluated from the slopes and the intercepts that obtained
for the linear fit for experimental data and were given in Table 1.The line broadening
was identified by the W-H plots as isotropic.An average size-strain plot (SSP) can be

also used to generate a more accurate assessment of the size-strain parameters. The
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‘crystallite size' profile is assumed to be defined by a Lorentzian function and the

'strain profile’ by a Gaussian function in this system, and assigned by [24]:

(dBcosd)? = (%) (dBcosh) + (g)2 3)
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Fig 3. Plot of (BcosO) versus and (4 sin®).

Fig.4 shows the plot of (dBcos@)? versus (d’BcosP). The data is linearly
fitted and the values of the crystallite size and strain of (DTNBI) are obtained and
listed in Table 1. From these different methods, there are comparable vibration in
average crystallite size values. Thus, the strain in various forms has effect on the
average crystallite size of DTNBI nanoparticles. Using the W-H and SSP methods
respectively, the strain has 1.37 x10° and 2.9 x10-3values.
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Fig 4. Plot of (d B cos0)?versus (d? pcos0).

Table 1: The calculated values of the mean crystallite size and strain of DTNBI.

Scherrer method Williamson-Hall method Size-strain plot method
D (nm) D (nm) £ x10° D (nm) £ x103
29.75 36.6 1.37 22.9 2.9

3.2 Electrical Conductivity:

The total conductivity, oWw=2nf), as a function of angular
frequencyforDTNBI is illustrated in Fig.5 at various temperatures. It is evident that
ot(w) stays constant at low frequency, then it increases with increasing frequency.
This behavior was pointed in several studied [21,25].The total conductivity can be

represented over a broad o and T range by the relation [26]:
0t((’): T)= 0_dc(T) * 0_ac((‘)a T) (4)

where odc IS the dc conductivity and independent on frequency. cq4c values
can be acquired by extrapolating the experimental data of o, at low frequency till to

zero value. On the other part,theo,. is the frequency dependent conductivity.
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Fig 5. The total conductivity, ot(®), as a function of frequency at various

temperatures for DTNBI.

Figure 6 is illustrated the temperature dependence of dc
electricalconductivity,o4. , of bulk DTNBI as noticed that oy data fitted the

Arhenius relation [27-29] where:
Odc = 0¢ exp (-AEdc / ksT) (5)

where AEqc is the thermal activation energy of dc conduction andaois a pre-
exponential parameter, which includes the density of states and the mobility of the
charge carrier.A straight line for fitted values of o4, is seen in Fig.6 and from its

slope, the thermal activation energy AEqc is determined as 0.18 eV for bulk DTNBI.

The ac conductivity (o,.) of a material is described in terms of angular frequency

(w=2xf) by the following relation [30]:
Ogc(®) = Aw® (6)

Here, the temperature-dependent constant is A. (S) knows as the frequency

exponent, which depends on the temperature and used as an indication for the ac
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conduction mechanism of the materials and get sufficient information on conducting
system [25,31,32].
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Fig 6. The temperature dependence of dc electrical conductivity of DTNBI.

The s values were estimated from the linear slope of [In cac(w, T)] versus [In
®] as seen in Fig.7. At low range of frequency [40 Hz-30 kHz], s has a constant value
equal to 0.09 + 0.002. At high frequency, the value of the exponent frequency, s, was
found as 0.6 at 303 K and decreased by small extent 0.5at 363 K for bulk DTNBI. The
correlated barrier hopping (CBH) model helps to understand the obtained results of
bulk DTNBI [33,34] and oac(®w, T) conductivity according to this model is given by
[35]:

6 s

Z[N(E )]2 8 2
Oae(0) = TIEZPLE (B ) (7)

eWn/ 1o

In the above equation;W,, is the maximum height of the potential barrier over
which the electrons hop, N (Er) is the density of localized states, e is the electronic

chargeand thet, is effective relaxation time.
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-9

Fig 7. Frequency dependence of Ineac for DTNBI at different temperatures.

The ac conductivity In cac(®) against(1000/T) is represented in Fig. 8 for bulk
DTNBI at different frequencies. It is shown that from this figure cac(®) increased with
the reciprocal of the temperature. The cac(®) has a thermal activation mechanism

according to this dependence and it can be measured using the Arrhenius equation:
Oyc = Oy eXp ('AEac / kBT) (8)

where oy is a constant, AEqc is the activation energy under the ac fields. In Fig.
8, from the slopes of the obtained straight lines, the activation energy AEgc, Of ac
conduction behavior was calculatedwith various frequencies. AEac was found as 0.098
eV at 30 kHz and decreased to 0.066 eV at 200 kHz by increasing frequency
according to Table 2. The determined AE4c value of ac conduction was noticed that it
was lower than the dc conduction for bulk DTNBI. This result clarified that the
carriers of charge in dc conduction take the easiest way including some large jumps,

while in ac conduction this is not so important [36].
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Fig 8. Temperature dependence of ac conductivity for DTNBI at different
frequencies.

Table 2 : The activation energy of ac conduction AEac at different frequencies of
DTNBI.

Frequency (kHz) 30 60 80 120 200

AEac (V) 0.098 0.087 0.085 0.081 0.066

3.3 Dielectric Property Dependence :

Different forms of polarization (electronic, ionic, relaxation and space
charge) are correlated with the dielectric properties of materials [37,38]. These forms
of polarization offers an enhanced understanding of the electrical properties of the
materials upon the variation of temperature and frequency, where a material's

complex dielectric constant (€¥) is given by [39]:
=g +ig, 9)

where g, is the real part of dielectric constant and it is a measure of the energy

preserved in the material as aresult of the applied electric field and specifies the
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strength of alignment of dipoles in the dielectric. €, is the imaginary part of dielectric

constant and it is being the energy dissipated in the dielectric.

In Figs. 9 and 10, the frequency dependence of &, and &, of bulk DTNBI at
different temperatures are displayed. Fromthese figures,e; and e,are decreasing with
an increaseof the frequency used.This is reflected by the material's dielectric
polarization mechanism, which takes the form of interfacial, ionic, or electronic
dipolar polarization. In the high-frequency range, ionic and electronic polarizations
are dominant, while interfacial dipolar polarization is dominant in the low range of
frequency. Interfacial polarization caused by space charges created in the material
induced image charges on the electrodes in the low-frequency range is responsible for
the growth of both &; and &,.Defects and a localized charge accumulation sculpted at
the electrode and sample interface have captured these space charges are migrates
under the electric field action [40-42].

50

Fig 9. Frequency dependence of dielectric constant (¢1) of DTNBI at
different temperatures.
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Fig 10. Frequency dependence of dielectric loss (g2) of DTNBI at different

temperatures.

Figures 11 and 12 show the temperature dependence of both €, and e,at
different frequencies for bulk DTNBI. Dielectric constants eiandezincreased as the
temperature increased over the whole range of
frequencies tested, as seen in Figs.11 and 12. This could be because dipoles in polar
materials cannot orient themselves at low temperatures, whereas dipole orientation is
straightforward at higher temperatures, and therefore the orientation polarization
value tends to grow, causing the temperature dielectric constant to rise.The influence
of molecular interaction energy becomes smaller than the effect of thermal energy,

resulting in an increase of €1 and ¢, as temperature rises [43].
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Fig 11. The temperature dependence of dielectric constant (¢1) of DTNBI at
different frequencies.
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Fig 12. The temperature dependence of dielectric loss (¢2) of DTNBI at different

frequencies.
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At a certain frequency, the imaginary part of complex dielectric constant €2 (in

which dielectric dispersion exists) isexpressedby Guntini et al. [44] as:
e£2=B o™ (10)

As seen in Fig.13, The slopes of In &2 against In® at various temperatures are
used to calculate the power m of this equation. Figure 14 shows the alternation in m
values as a function of temperature. The following equation correlates the exponent m

to the temperature and maximum barrier height Wm:
m = -4kgT/Wn (11)

The change of m values against T is shown in Fig 14 and it is showed that
m reduces withrising temperature. Value of Wmnwas determined to be equal to 0.15
eVv.

ln82
[
o
|

3.5 6.0 6.5 7.0 73 8.0 85 9.0

In o

Fig 13. Variation of Ing2 aganist Ino of DTNBI at different temperatures.
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Fig 14. Temperature dependence for exponent m of DTNBI.

In addition, the complex electric modules M*(w) is generated using the
complex permittivity equation [45] and the real and imaginary parts of M*(M' and
M", respectively) are found from €1 and &2 values according to the Macedo et al.

equation [46] as follows:

M*(w) =1/¢*(w),M*(w)=M' + iM" (12)
M'(w) = &1/[(e1)*+ (e2)%] (13)
M" () = &2/[(e1)?+ (£2)%] (14)

M’ and M" of bulk DTNBI are studied as a function of frequency at
different temperatures, as illustrated in Figs. 15 and 16. The curves of M’ in Fig. 15
show a markable change in M’ with the change in the temperature, where at each
frequency M’ value decreased with rising temperature. It is noticed from that there is
a low value of M’ in the low frequency region which then it increases to a maximum
value with increasing frequencyand it decreased at a higher value of frequency to
reach a constant value. The tendency of saturation supports the suggestion that the

short-range mobility of charge carriers is a mechanism of conduction[47].
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The obtained modulus is depicted in Fig. 16 of bulk DTNBI, where values
trend to zero in the low-frequency range, indicating that electrode effects have a
minor impact and can thus be ignored [48]. The plots of this figure are described by
the existence of the peak of relaxation. A simple indication of the real dielectric
relaxation process is the occurrence of peaks in M. The frequency area below the

highest peak defines the range where in charge carriers are mobiles on long-range
distances.

0.08

0.07 —

— =303 K|

0.06 —

0.05 —

M'

Fig 15. Frequency dependence of real part of complex electric modulus M’ of

DTNBI at different temperatures.
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0.12

In ®

Fig 16. Frequency dependence of imaginary part of complex electric

modulus M" of DTNBI at different temperatures.
4. Conclusion

The structural properties of 1,3-dihydro-1,3,3-trimethyl-6-nitrospiro[2H-1-
benzopyran-2,2-[2H]indole], DTNBI, were examined by using XRD technique. the
powder of DTNBI has a polycrystalline monoclinic structure. The resulted lattice
constants were a = 29.912 A, b =18.815 A, and ¢ = 13.062 A. The average crystallite
size was 29.75 nm, according to Scherrer's equation. As well as this, according to the
Williamson — Hall and Size-Strain plot methodologies, it was calculated to be 36.6
and 22.9 nm, respectively. Using both procedures, the determined strain has
comparable values.The temperature dependence of DC and AC conductivity of bulk
DTNBI presented by Arrhenius behavior with activation energies AEqcas 0.18 eV and
AEacwas= 0.098 eV at 30 kHz and decreased by growing frequency to 0.066 eV at 200
kHz. When the ac conductivity and its frequency exponent were analyzed, it was
discovered that s has a constant value of 0.092 at low frequencies and s< 1 at high
frequencies, s decreased as the temperature increased. The prevailing mechanism for
the ac conduction was the model of correlated barrier hopping. The dielectric

polarization mechanism of bulk DTNBI can explain the behavior of the real, €1, and
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imaginary, &, components of the complex dielectric constant depend on the
temperature and frequency. The maximum barrier height Wm,of bulk DTNBI was
calculated to be 0.15 eV according to Guntini’s equation.At each frequency, the M’
value decreases with increasing temperature and the occurrence of peaks in M"

indicates that the dielectric relaxation process is taking place.
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