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Abstract

This work is concerned with the synthesis of some novel organic compounds, examining their 

optoelectronic characteristics and experiencing their promises for thermoelectric applications. 

For this purpose, newly spirothiadiazole–thienothiophene-based macroheterocyclic compounds 

termed as Kz1–Kz3 have been successfully synthesized. The compound syntheses have been 

performed by a green approach, including a one-pot condensation of thienothiophene 

thiohydrazide with different ketones, resulting in good-yielding macrocyclic spiroheterocycles. 

By using FT-IR, NMR and elemental analyses, the compounds' structures have been confirmed. 

Thin film optical studies reveal strong absorption and high transparency in UV -Vis and NIR 

spectral ranges, respectively. Depending on the degree of conjugation, the energy gaps range 

from 2.99 to 3.26 eV with indirect allowed transitions. Dielectric and dispersion studies provided 

evidence of high refractive index and high polarizability confirming their potential as 

optoelectronic devices. The thermoelectric studies demonstrated that the samples are n-type 

semiconductors with negative Seebeck coefficients and temperature-dependent conductivities. 

The best thermoelectric performance among other compounds with a power factor (PF) of 366 

μW m⁻¹ K⁻² and a zT of 0.78 at 493 K after annealing at 200°C for 5 minutes was attained by 

Kz2 compound. The preliminary outcomes of this work clearly demonstrated the promise of 

spirothiadiazole–thienothiophene frameworks for use in next-generation flexible, eco-friendly 

thermoelectric and optoelectronic applications.

Keywords: Optoelectronic properties; Thermoelectric power, Thinothiophene; 

Macroheterocyclic
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1. Introduction: 

Great interest in green technology based on organic thermoelectric materials has arisen due 

to concerns about the exhaustion of traditional fossil fuel sources and the climate change impacts 

caused by these fuels.

Organic semiconductors have captivated researchers over the past few decades due to their 

extraordinary optical and electronic properties, solution processability, significant structural 

versatility, and opportunity as low-cost electronic devices capable of bending 1-5. Among the 

numerous classes of conjugated organic molecules, heterocyclic compounds with fused 

thiophene units are notable for being tuneable and having high charge carrier mobility. In 

themselves, organic semiconductors are quite promising materials with a wide range of 

applications as organic light-emitting diodes (OLEDs) 6 organic photovoltaic cells (OPVs) 7  and 

organic field-effect transistors (OFETs) 8. To this family of conjugated organic molecules, 

thienothiophene derivatives are similarly attractive building blocks for research, considering 

their extended conjugation and desirable electronic characteristics. 

Fused-ring compounds condensed by two thiophene units are referred to as thienothiophenes. 

They feature a common bond of two thiophene units, and their fused structure allows them to 

maintain a planar and π-conjugated mode. Planarity is a requirement to allow the compounds to 

attain efficient intermolecular stacking and charge carriers to transport efficiently 9, 10. The rigid 

and planar backbone of thienothiophenes will minimize torsional disorder while allowing 

improved thin film crystallinity and allowing forces for efficient π-π interactions – both 

properties that are preferable for optoelectronic devices 11-13. The excellent application of 

substituted functional groups at various positions is attractive for tailored material properties that 

tune electronic conditions. 

In recent years, attention has been placed on synthesizing new derivatives of 

thienothiophenes with multiple substituents to modify energy levels, band gaps and solubility of 

thienothiophenes 10, 13, 14. These substituents have comprised electron-donating groups (EDGs) 

and electron-withdrawing groups (EWGs) to modify the electron-donating ability of 

thienothiophenes at the frontier molecular orbitals for fine-controlling absorption and emission 

properties as well as the ionization potentials and electron affinities 14-17. This degree of 

molecular engineering can be important after synthesis of thienothiophenes to consider 

compatibility with the device architecture or simply the other functional layers.
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In addition to their optical properties, the electrical properties of thienothiophenes-based 

materials are equally important for the incorporation of these materials into electronic devices. 

Charge carrier mobilities, conductivities, and stabilities indicate the usefulness of these materials 

as the active layers in OFETs and other devices 18-20. There are excess design choices to enhance 

charge transport properties by increasing ordered molecular arrangements and decreasing trap 

densities, such as increasing backbone planarity, side-chain engineering to promote molecular 

alignment or utilizing donor–acceptor systems to enhance interactions between ordered 

molecules 21. Moreover, the thieno[3,2-b] thiophene motif has often been touted as the one on 

account of its high level of conjugation and natural planeness, the thieno[2,3-b] thiophene motif 

provides an anti-delocalized electronic topology, wherein the spatial arrangement of sulfur atoms 

and fusion of rings explicitly puts a limit on delocalization. This controllable conjugation has 

been shown to be central in the control of optical band gaps, carrier densities and thermoelectric 

responsiveness in small-molecule organic semiconductors.

Thermoelectric power in organic materials has emerged as a new area of research, mainly 

because of attractive characteristics, such as low thermal conductivity, mechanical flexibility, 

potential low cost, and large-area fabrication. In organic semiconductors and conductive 

polymers, the thermoelectric effect functions like the inorganic counterparts when charge carriers 

move according to a temperature gradient. However, the charge transport mechanism is often 

localized, and unlike inorganic materials, the inherent disorder in molecular structure and 

arrangement leads to different behavior typically resulting in a higher Seebeck coefficient even 

though electrical conductivity is usually less than inorganic substances. Optimization of the 

Seebeck coefficient, electrical conductivity, and thermal conductivity can be achieved by way of 

manipulating molecular structure, doping levels, and processing methods towards a high 

thermoelectric figure of merit (ZT).

Here, the current study attempts to interrogatively probe the role of limited conjugation, spiro 

connectivity, and molecular conformations in optoelectronic and thermoelectric thin films in the 

solid state. The choice of the spirothiadiazole moiety to provide a three dimensional non-planar 

structure, which discourages intermolecular aggregation in excess and decreases the lattice 

thermal conductivity, an undesirable property in thermoelectric systems. Three new 

spirothiadiazole-thieno [2,3-b] thiophene based macro-heterocyclic compounds (Kz1-Kz3) were 

made via an environmentally friendly process, and used as model systems and the investigation 
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of their optical, electrical, and thermoelectric characteristics. The validity of these compounds to 

be applied for thermoelectric generation has been experienced, and the related parameters have 

been optimized. 

2. Experimental

2.1. Preparation of thin films

The resultant thin films were placed onto clean glass substrates via spin coating with 0.003 g 

of the synthesized chemical diluted in 10 ml of alcoholic solution. The thickness of the thin films 

(300 ± 15 nm) was measured by surface profilometer (FORM TALYSURF 50). 

2.2. Materials & techniques

  Using percolated dishes of silica gel G/UV-254 with a 0.25 mm thickness (Merck 60F254) 

and UV light (254 nm/365 nm) to allow visualization, thin layer chromatography (TLC) was 

used to monitor all reactions. All melting points were recorded using the uncorrected Kofler 

melting point instrument. IR spectra were analyzed using KBr pellets on an FT-IR 

spectrophotometer. 13C NMR (DMSO-d6) and 1H NMR spectra were recorded at Sohag 

University at 400 MHz and 100 MHz, respectively. Information on chemical shift, integration, 

and multiplicity (singlet, doublet, triplet, and multiplet) is given for 1H NMR data. For internal 

measurement, tetramethylsilane (TMS) was chosen as the standard, and its chemical shifts (δ) 

were reported in parts per million (ppm). Internal standards for 13C NMR were either DMSO (= 

39.51 ppm) or TMS (= 0 ppm). The elemental analyses were performed using a Perkin-Elmer 

CHN analyzer model.        

The absorbance, transmission, and reflection spectra were measured at normal incidence in 

the 200-2500 nm wavelength range using a computer-programmed double-beam 

spectrophotometer model Jasco 570 with reflectivity attachment model ISN 470 (Japan). VTC-

50A spin coating has been employed to deposit thin coatings. Iodine doping was conducted 

under room temperature in a closed glass chamber whereby the thin films were sealed under 

saturated iodine vapor at a constant distance of approximately 5cm over 5min.The D.C. electrical 

resistance of the present films was determined using the two-probe approach. These 

measurements were taken using a multimeter (model number HP HEWLTTPACKARD 34401). 

A Silver paste electrode with a part spacing of 3 mm for the film was used. To regulate the 
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sample temperature throughout the 430-520 K range, the films were put in a software tube 

centre. The annealing process has been done by using a LINDBERG digital furnace.

Seebeck coefficient measurements were carried out in the conventional manner at a constant 

temperature difference (∆𝑇~ 4 degree) between the two ends of the film. The temperature 

difference was determined by measuring separately the thermovoltages at the film ends by means 

of a Keithley 191 digital multimeter. The generated thermopower was measured by a Keithley 

614 digital electrometer.  

2.3. Synthesis of Thienothiophene thiohydrazide Kz

In round bottomed flask, hydrazinecarbothiohydrazide i (0.002 mol) in 3 ml acetic acid as a 

catalyst and 15 ml ethanol was added to 1,1'-(3,4-dimethyl-3a,6a-dihydrothieno[2,3-b]thiophene-

2,5-diyl)bis(ethan-1-one) ii (0.001 mol), and the reaction mixture was stirred under reflux for 

about five hours to afford (1Z,1'Z)-((3,4-dimethyl thieno[2,3-b]thiophene-2,5-diyl)bis(ethan-1-

yl-1-ylidene))bis(hydrazine). 

2.4. Synthesis of Spirothiadiazole-thinothiophene-based Macroheterocyclic 

Thienothiophen thiohydrazide Kz (0.001 mol) in 15 mL of ethanol was mixed with ketones 1a, b 

(0.002 mol) or (0.001 mol) 1b, and the reaction mixture was stirred under reflux for about three 

hours without any catalyst. The solid precipitate was filtered, washed with ethanol, and then left 

to dry. 

5',5'''-(((1Z,1'Z)-(3,4-dimethylthieno[2,3-b]thiophene-2,5-diyl)bis(ethan-1-yl-1-yl 

idene))bis(hydrazin-1-yl-2-ylidene))bis(2H,3'H-spiro[acenaphthylene-1,2'-[1,3,4]thiadiazol]-2-

one) (Kz1)

Orange solid, Yield (96%). M.p. 218–220 °C. FT-IR (KBr) νmax cm−1: 3415, 3237(2NH), 

3003(CH-arom.), 2856(CH-aliph.), 1685 (C=O amide, st), and 1615 ((-HC=N-, st). 1H-NMR 

(DMSOd6),δ ppm: 14.19 (s, 1H, NHhydrazone), 11.49 (s, 1H, NHthiadiazole)8.44-7.82 (m, 7H, CH 

arom.); 3.44 (s,3H, CH3 hydrazone ) 2.65 (s, 3H, CH3 thiophene);13C-NMR (DMSO-d6),δ 

ppm:182.45(C=O), 168.01(C=N), 159.00(C=N), 140.80, 140.54, 140.12, 135.03, 133.55, 132.62, 

129.39, 129.57, 128.26, 127.23, 127.67, 126.05, 120.47(13Carom.), 82.43(Cspiro), 20.64(CH3 

hydrazone) and 10.45(CH3 thiophene)  .;C.F.: C38H28N8O2S4,M.W.: 756.94.Elemental Analysis: calc.C, 

C, 60.30; H, 3.73; N, 14.80; O, 4.23; S, 16.94; Found, C, 60.63; H, 3.92; N, 14.57; S, 16.60.

5',5'''-(((1Z,1'Z)-(3,4-dimethylthieno[2,3-b]thiophene-2,5-diyl)bis(ethan-1-yl-1-yli 

dene))bis(hydrazin-1-yl-2-ylidene))bis(3'H-spiro[indoline-3,2'-[1,3,4]thiadiazol]-2-one) (Kz2) 
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Orange solid, Yield (98%). M.p. 205–207 °C. FT-IR (KBr) νmax cm−1: 3413, 3316,3232(3NH), 

3003(CH-arom.), 2814(CH-aliph.), 1733(C=O isatin, st), 1697 (C=O amide, st), and 1619 ((-HC=N-, st). 
1H-NMR (DMSOd6),δ ppm: 14.23 (s, 1H, NHhydrazone), 11.51 (s, 1H, NHthiadiazole)7.60-7.40 (m, 

5H, CH arom.); 3.44 (s,3H, CH3 hydrazone ) 2.68 (s, 3H, CH3 thiophene);13C-NMR (DMSO-d6),δ 

ppm:175.63(C=O), 163.71(C=N), 158.47(C=N), 141.58, 139.36, 137.43, 131.53, 129.30, 162.97, 

123.34, 120.35, 110.78(9Carom.), 80.67(Cspiro), 20.49 (CH3 hydrazone) and 10.94 (CH3 thiophene) .;C.F.: 

C30H26N10O2S4,M.W.: 686.85. Elemental Analysis: calc.C, C, 52.46; H, 3.82; N, 20.39; O, 4.66; 

S, 18.67; Found, C, 52.23; H,3.70; N, 20.68; O, 4.33, S, 18.91.

2,2′-[(Disulfanediylbis(1H-benzo[d]imidazole-2,1-diyl))bis(naphthalene-1,1′-diyl)]bis(dithieno 

[3,2-b:2′,3′-d]pyrrole) (Kz3)

Orange solid, Yield (91%). M.p. 198–200 °C. FT-IR (KBr) νmax cm−1: 3414, 3236(2NH), 

3003(CH-arom.), 2925(CH-aliph.), and 1615 ((-HC=N-, st). 1H-NMR (DMSOd6),δ ppm: 14.21 (s, 

1H, NHhydrazone), 11.51 (s, 1H, NHthiadiazole) 8.33-7.82 (m, 6H, CH arom.); 3.40 (s,3H, CH3 hydrazone ) 

2.72 (s, 3H, CH3 thiophene);13C-NMR (DMSO-d6),δ ppm:158.47(C=N), 151.64(C=N), 141.68, 

139.36, 137.43, 131.53, 129.30, 126.97, 126.39, 123.34, 120.35, 110.78(13Carom.), 80.67(C spiro), 

21.74(CH3 hydrazone) and 10.77 . (CH3 thiophene).; C.F.: C26H22N8S4, M.W.: 574.09. Elemental 

Analysis: calc.C, C, 54.33; H, 3.86; N, 19.50; S, 22.31; Found, C, 54.00; H,4.01; N, 19.20; S, 

21.95.

3. Results and discussion:

3.1.Chemistry 

In continuation of our work in the synthesis of novel spiroheterocycles 22-26, we prepared in a 

new series of spirothiadiazole-thinothiophene-based Macroheterocyclic derivatives containing a 

1,3,4-thiadiazole moiety. The desired compounds were synthesized by stirring thenothiophene 

thiohydrazide 1 under reflux with ketones 1 a-c in ethanol under green condition to afford 

spirothiadiazole-thinothiophene-based Macro heterocyclic derivatives Kz1-Kz3 (Scheme1). 
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Scheme 1: Synthesis of spirothiadiazole-thinothiophene-based Macroheterocyclic derivatives 

Kz1-Kz3

3.2. Film microstructure 

As shown by X – ray diffractograms (Fig. 1), Kz1, Kz2, and Kz3 are entirely amorphous 

microstructures 27 .
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Fig. 1: XRD patterns of compounds Kz1, Kz2 and Kz3 thin films (300 ± 15 nm)

3.4. Optical properties investigation:

3.4.1. Optical analysis:

Fig. (2) illustrates the transmission and absorption spectra in the wavelength (𝜆) range  of 

300 – 2500 nm for present compound's thin films. Fig. (2a) reveals that the fundamental 

absorption edge for the compounds Kz1, Kz2, and Kz3 thin films exists in the wavelength of the 

330 < 𝜆 < 380 nm range (barely in the UV – Vis regions), which may be related to 𝜋 ―  𝜋∗ 

transition 28, 29.  Compound Kz1 shows high transmission nearly 65 - 70% at wavelength range of 

(500 to 2500 nm). However, compound Kz2, and Kz3 start with high transmission (~ 70%) then 

gradually decrease with increasing energy from NIR to ~  UV spectral regions. This decrease in 

transmission can be attributed to the increase in absorption with ℎ𝑣 increase as shown in Fig. 2b. 
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Fig. (2): Transmission (a) and absorption (b) spectra for compounds Kz1, Kz2 and Kz3 thin 
films.

(a)

(b)
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Measured transmission and reflection spectra have been utilized to compute optical 

parameters including absorption coefficient α, refractive index n, and extinction coefficient k. 

When numerous reflections are neglected in a perfectly flat film and the substrate, the optical 

transmission T and subsequent α, n, and K can be obtained by the following equations 30, 31.

𝑇 = (1 ― 𝑅)2 exp(―𝐴)                                                                   (1)

α =
Abs

d =
2.303

d log
(1 ― R)2

T                                                 (2)

,  n = 1+R
1―R

+ [ 1+R
1―R

2
― (1 + K2)] 

1
2
                                          (3)

&               K = αλ 4π                                                                                    (4)

, where d is the film thickness. 

The spectral variations of refractive index n and extinction coefficient are important in 

various areas. The refractive index controls light refraction and transmission, while the 

coefficient of extinction determines light absorption. These optical constants are essential for 

design and adaptation in understanding optical devices, photonic components and even physical 

properties at a fundamental level 32, 33. Table 1 shows the average values of the absorption 

coefficient (α500), and refractive index (n500), in the solar maximum wavelength (λ=500 nm) in 

comparison with the corresponding reported values of some organic materials.

The compound thin films (Kz1, Kz2, and Kz3) exhibit a high refractive index n around the 

UV region (Fig. 3a). A prominent peak appears at 473 𝑡𝑜 605  nm may be due to considerable 

absorption generated by electronic transitions around the band gap energy. The elevated 

refractive index over that area suggests that the material is significantly polarized. In addition, 

the refractive index in general shows normal dispersion behavior. Fig. (3.b) depicts the extinction 

coefficient of compounds Kz1, Kz2, and Kz3 thin films, revealing that the extinction coefficient 

is high in the UV region, then drops sharply near the fundamental absorption edge, and finally 

increases once again in the wavelength range of 500 to 2500 nm. Such behavior looks like and 

reflects the corresponding absorption spectrum (Fig. 2b).
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Fig. (3): Refractive index n (a) and extinction coefficient k (b) spectra for compounds Kz1, Kz2 
and Kz3 thin films.

In the range of 1 < 𝛼(𝑐𝑚―1) < 104, α varies exponentially with photon energy (hv), 

based on the density and tail width (Eu) of the localized states, which generally occur in the band 

500 1000 1500 2000 2500
0.0

0.1

0.2

0.3

0.4

, nm

 Kz1
 Kz2
 Kz3

E
xt

in
ct

io
n 

co
ef

fic
ie

nt
, k

(b)

(a)

Page 11 of 40 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
1/

20
26

 8
:3

9:
06

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6MA00174B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00174b


12

gap region of the amorphous non-metallic semiconductors, and verifies the following Urbach 

relation 34.

𝛼 =  𝛼ₒexp  ℎ𝑣 
𝐸𝑢

                                                             (5)                  

In this equation, αₒ is a constant, and Eu is the energy width of localized states. Eu values were 

computed using the slopes of the lnα vs. hv plots (Fig. 4) and documented in Table 1. The Eu 

values for compound Kz3 > Kz2 > Kkz1 thin films can correspond to the microstructure and/or π 

− conjugation number 4, 35, 36. 

Fig.(3): plots lnα vs. hv for compounds Kz1, Kz2 and Kz3 thin films.

The penetration depth 𝛿 is a vital optical characteristic that indicates how far incident 

light could penetrate a substance before its intensity is noticeably reduced. It also relates to the 

absorption coefficient and heavily relies on the wavelength and physical structure of the 

substance. The penetration depth could be determined using the equation below:

𝛿 = 𝜆
4𝜋𝑘

= 1
𝛼

, 𝑐𝑚                               

Fig. (5) demonstrates that compound kz3 has a high penetration depth in the wavelength 

region of 1500 to 2500 nm, which can be attributed to its low extinction coefficient, making it a 
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potential material for IR sensors. Compound kz1 exhibits a high extinction coefficient; therefore, 

its penetration depth is high in the 300–1500 nm wavelength range, making it appropriate for 

surface-sensitive device uses.

Fig. (5): Light wavelength dependence of penetration depth for compounds Kz1, Kz2 and Kz3 
thin films.

The Moss criterion 37 can be used to estimate absorption transitions and band gap energies. 

The band gap value Eg is calculated by determining the value of λ that occurs when the slope of 

the absorption coefficient is a maximum near the absorption edge 38-41. The absorption 

coefficient of a thin layer might be expressed as follows 12, 31, 42:

(αh𝑣) = β(h𝑣 ― Eg)r                                                                (6)

&        ln(αh𝑣) = r ln h𝑣 ― Eg + ln β                                                (7)

The transition exponent (r) in eqn. (6) has been determined from eqn. (7) as described 

elsewhere 43. The value of (r) was found equal to ~2 for all the present compounds indicating 

indirect allowed transition. Using (αh𝑣)
1
2vs h𝑣 plots (Fig. 6), the values for the energy of the 

band gap (Eg) for compounds Kz1, Kz2 and Kz3 thin films were determined from extrapolations 

to h𝑣 = 0. The UV Vis absorption spectra of the Kz1- Kz3 thin films show absorption onsets, 

which are placed in the near UV range and give optical band gaps covering the 2.99 to 3.26 eV. 

These relatively broad band intervals are supported by the decimated π- conjugated and the non-
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planar molecular structures imposed by the spiro conjunction and by the thieno[2,3- b]thiophene 

core.

As noted in Table 1 these values were found to be equivalent to those published for 

numerous conjugated organic materials. 
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Fig. (6): (𝛼ℎ𝑣)
1
𝑟𝑣𝑠.ℎ𝑣 plots of thin films of compounds Kz1, Kz2 and Kz3 thin films.
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Table (1): The values of energy band gap Eg, Urbach energy Eu , absorption coefficient α500, and 

refractive index n500 for  kz1, kz2, and kz3 thin films in comparison with the corresponding  reported 

ones.   

Optical conductivity is a key measurement that tells how well a material works to carry 

electric charges when an electromagnetic field is moving. It gives us an improved understanding 

of how photons that strike the material interact with free carriers or localized states. We used the 

measured refractive index (n) and absorption coefficient (𝛼) to find the optical conductivity (𝜎𝑜𝑝𝑡

) using the following equation 45:

 𝛼𝑛𝑐
4𝜋 = 𝜎𝑜𝑝𝑡

, at which c is the speed of light and λ is the wavelength.         

Fig. (7) exhibits that strong interband electronic transitions close to the fundamental 

absorption edge cause all samples to have the highest optical conductivity in the ultraviolet 

wavelength range (about 400 nm). The optical conductivity gradually decreased as the 

wavelength increased through the visible and near-IR range, which is consistent with lower 

photon energy and decreasing absorption. Furthermore, compared to Kz1 and Kz3, Kz2 exhibits 

larger optical conductivity in the area of longer wavelength region. This suggests that there are 

more free carriers or defect states present, which improve sub-bandgap absorption. Kz1's lower 

Urbach energy and higher refractive index, on the other hand, are consistent with its 

comparatively lower optical conductivity at higher wavelengths, suggesting enhanced 

crystallinity and less structural disorder. The obtained results show that modifying the film's 

α500(cm-1)
𝑥105 

n500
Eg

(ev)
Eu

(ev) Reference

Compound Kz1 0.95 1.47 3.26 3.12
Compound Kz2 2.18 1.85 3.17 2.27
Compound Kz3 2.5 1.97 2.99 0.96

Present 
work

TT amino cyano + 1-naphthyl amine 3.4 1.55 2.79 1.04 13

3,4-diamino-N'2,N'5-bis(2-oxoindolin-3-
ylidene)thieno[2,3-b]thiophene-2,5-
dicarbohydrazide

5.6 1.92 2.7 1.45 10

3′-acetyl-5′-amino-2′-methyl-2-oxo-7’-
(thiophen-2-yl)
spiro[indoline-3,4′-pyrano[2,3-b]pyridine]-
6′-carbonitrile

0.7 2.06 3.56 -- 12

p-tert-Butylthiacalix[4]arene derivatives 4.2 2.9 1.23 44
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composition and quality of structure may enhance its optical conductivity for optoelectronic 

applications, including photodetectors, and transistors, as well as absorber layers, where 

controlling the way light interacts with material and the way carriers move is significant for 

device performance.                 

Fig. (7): Variation in optical conductivity of compounds Kz1, Kz2 and Kz3 thin films.

3.4.2. Dielectric and Dispersion characterization: 

The dielectric constant (𝜖) is a crucial metric for understanding electronic transitions and 

excitonic properties in semiconductors 46, 47. Materials with greater values of 𝜖 are endowed with 

inherent charge carriers 48. In normal dispersion, 𝜖′ decreases with λ2, indicating increased free 

carrier absorption and suggesting a gradual decline in optical absorption with increasing 

wavelength. The following equations can be used to calculate dielectric parameters in thin films, 

including the lattice dielectric constant ϵL, the ratio N m of carrier concentration N to m (m is 

the ratio m∗ mo of carrier effective mass to the electron rest mass), the contribution of free 

carriers susceptibility χc to the real dielectric constant, and the plasma frequency ωp  49:

𝜖′ = 𝑛2 ― 𝑘2 = 𝜖𝐿 ― 𝑒2

𝜋𝑐2𝑚𝑜
× 𝑁

𝑚
𝜆2                                               

= 𝜖𝐿 +4𝜋𝜒𝑐                                                                     (8)  

                             𝜔𝑝 = 2𝜋𝐶
𝜆𝑝

 = 𝑁𝑒2

𝜖𝑜𝑚𝑜

1/2
                                                            (9)

&     𝑁 = 𝜖𝑜𝑚𝑜

𝑒2 𝜔𝑝
2                                                                             (10)     
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, where 𝜆𝑝 is the plasma wavelength (the λ value at 𝜖′ = 0), e is the electronic charge, and c is 

the speed of light. The results showed that compound Kz2 had high dielectric characteristics, 

which might be attributable to its large absorption. Table 2 contains the computed dielectric 

parameters based on the 𝜖′ - 𝜆2graphs in Fig. (8.a).

Di Domenico and Wemple 50 proposed a single oscillator model to explain the 

relationship between refractive index and photon energy in the normal dispersion region. The 

equation is as follows:

(n2 − 1) – 1 = 𝐸𝑜

𝐸𝑑
― 1

𝐸𝑜𝐸𝑑
(ℎ𝑣)2                                              (11)

, Eo and Ed are the oscillator and dispersion energies, respectively. 

Figure (8.b) depicts the (n2 − 1) − 1 vs. (hv) 2 plots for compound kz1, kz2 and kz3 thin 

films. The oscillator energy Eo and dispersion energy Ed can be derived from the slope (EoEd)- 1 

of the linear component of the plot and the intercept (Eo/Ed) with the ordinate axis, where           

Eo = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
𝑠𝑙𝑜𝑝𝑒

1/2
& Ed = (slope × intercept)– 1/ 2  

(a)
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Fig. (8): 𝜖′ - 𝜆2(a) and є′′ - 𝜆2 (b) plots for thin films of compounds Kz1, Kz2 and Kz3 thin 
films..

The dielectric and dispersion properties have been documented and compared with those 

of several conjugated organic compounds, as presented in Table 2.

Table 2: Comparing of the dielectric and dispersion properties of the current samples 

against the ones reported before.

Eo 

(eV)

Ed 

(eV)
𝝐𝑳

N/m* 

(1017 cm− 3 g− 1 )
|χc |

𝝎𝒑, 𝒔―𝟏

×  1014
References

Compound Kz1 1.74 3.17 3.86 2.74 0.74 12.0
Compound Kz2 1.75 3.57 4.14 3.06 0.75 12.5
Compound Kz3 1.77 3.94 4.49 3.47 0.77 12.8

Present 
Work

PPY film 2.37 -- 2.94 0.95 0.32 5.52  38

TT amino ester 2.15 2.95 3.29 0.034 0.16 3.31 51

Diethyl3,4-bis(((E)-2- xoindolin-3-
ylidene)amino)thieno[2,3-

b]thiophene
2.16 3.86 4.47 0.057 0.27 1.35 5

3,4-diamino-N'2,N'5-bis(2-
oxoindolin-3-ylidene)thieno[2,3-
b]thiophene-2,5-dicarbohydrazide

4.5 2.7 4.51 0.86 0.034 5.25 10

TT amino cyano + 1-naphthyl amine 2.29 5.45 5.61 - 0.44 --  13

(b)
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3.4.3. Thermoelectric characterization and performance:

The typical interrelation of the Seebeck coefficient and electrical conductivity, which are 

functions of charge carrier concentration and mobility, makes it is essential to identify the 

electrical transport mechanism in the present organic compounds. Figure 9a depicts the DC-

electrical resistance (R) for compounds Kz1, Kz2, and Kz3 thin films at temperatures ranging 

from 437 to 553 K. The original Kz1, Kz2, and Kz3 thin films have a comparatively high 

overloaded resistance at RT due to their gluttonous tendency to oxygen absorption. Furthermore, 

the adsorbed atmospheric oxygen molecules can grab n-type conduction electrons, reducing 

electron concentration and resulting in an overloaded amount of film resistance. The measurable 

R-values of 21 x 107 Ω were achieved at ~ 437 K, and decreased to 11 x 106, 10.3 x 106, and 10 

x 106 Ω for Kz1, Kz2, and Kz3 compound thin films, respectively, at ~ 553 K, indicating 

semiconducting behavior. 

This may demonstrate that the adsorbed oxygen can be thermally liberated over the film 

surface, leading to an increase in sample conductivity. 

  The following Arrhenius relationship 52-54 may calculate the conduction activation energy in 

the visible resistance ranges, where;

𝜎𝐷𝐶= σ1 exp (
― ΔE𝜎1

KBT ) + σ2 exp (
― ΔE𝜎2

KBT )                                              (12)

ΔE𝜎1& ΔE𝜎2  and σ1 & σ2 represent the thermal activation energies associated with the conduction 

and the pre-exponential factors corresponding to lower and higher temperature ranges, 

respectively. While KB is the Boltzmann's constant. Figure 9b reveals that the graphs of lnσ 

vs.1000/T have been straight. The activation energy for electrical conduction represents the 

energy barriers which charge carriers must overcome in order to flow. Compound Kz1, Kz2, and 

Kz3 thin films have ΔE𝜎1 , ΔE𝜎2values of (0.76, 0.40), (0.72, 0.36) and (0.57, 0.16), in the lower 

and higher temperature ranges, respectively. Compound Kz1 has the highest activation energy 

value, suggesting that charge carriers need higher amounts of energy to become mobile. On the 

other hand, the compound Kz3 thin film has the lowest activation energy, which could be 

ascribed to the continuous conjugation effect, which increases hopping conduction. The values of 

ΔEσ are similar to computed values for various organic semiconductor materials 55, 56.
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Fig. (9): Plots of DC-electrical resistance R vs. T (a) and ln (𝜎𝐷𝐶) vs. (1000/T) (b) for compound 
Kz1, Kz2, and Kz3 thin films. 

The Seebeck coefficient is an extremely important thermoelectric material property. It is 

the voltage generated by a material when a temperature differential exists. The Seebeck 

coefficient, (𝜇𝑉/K - mV/K), indicates the charge carriers (either holes or electrons) flow from the 

hot side to the cold side of the sample that causes the potential (voltage) decrease. The Seebeck 

(a)

(b)
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coefficient also dictates the charge carrier type (positive charge carriers - holes, negative charge 

carriers - electrons) as well as if the material is having degenerate or non-degenerate transport 

properties. 

3.4.4. Structure–property analysis

The distinctions of the thermoelectric behaviors in Kz1, Kz2 and Kz3 can be explained by the 

molecular structures and conformations of the synthesized compounds. Kz2 takes a linearly 

expanded coil geometry, as shown in Scheme 1, whilst Kz1 and Kz3 have smaller geometries. 

This extended structure in Kz2 allows interchain 𝜋 ― 𝜋∗ stacking and is good at charge carrier 

mobility as indicated by the higher electrical conductivity and the power factor of Kz2 relative to 

the other two substances. This stiffness of the spirothiadiazole-thieno[2,3-b]thiophene unit of 

Kz1 contributes to a higher threshold to electrical conduction (ΔE𝜎1  = 0.76 e V) and therefore the 

conductivity is lower. Conversely, Kz3, even with a benzimidazole group atom, has seen an 

intermediate performance because of the presentation of a disulfide bond that partially breaks the 

conjugated performance. Such observations put a stress on the concept that thermoelectric 

performance cannot just be determined by the total length of the π -conjugation, but is instead 

largely determined by the molecular structure, and the level of order within the thin film.

The electrical and thermal properties of a thermoelectric material can be correlated 

through the figure of merit 𝑧, 𝐾―1 or the dimensionless zT, where:

                                                                                     (13) 𝑠2

𝜌𝓀𝑧 =

                           &        𝑧𝑇 =  𝑠
2𝑇

𝜌𝓀
= 𝑆𝑛―𝑆𝑝

2
𝑇

 (𝜌𝑛𝓀𝑛)
1
2+ 𝜌𝑝𝓀𝑝

1
2

2

 
                                                  (14)

, where 𝑆, 𝜌& 𝓀 are Seebeck coefficient, electrical resistivity and thermal conductivity, 

respectively, and 𝑇 = [𝑇ℎ + 𝑇𝑐]/2 is the average temperature between the temperature 𝑇ℎ and 

𝑇𝑐 of the hot and cold sides, respectively, n& p refers to n – and p -  semiconductors.  𝑧𝑇 

typically indicates the thermoelectric performance. 

The ideal thermoelectric materials are characterized by low values of both 𝓀 and 𝜌 to 

increase the temperature gradient and decrease Joule heat, respectively. This leads to maximizing 

the participation of the obtainable charge carriers in the thermoelectric effect. Besides, the 
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Seebeck coefficient S depends on the Fermi – level energy position and material structure that is 

affected mainly by the charge carrier density and temperature. Moreover, the thermal 

conductivity 𝓀 of a material results from lattice vibrations (phonons) 𝓀𝑙 and charge carrier 

(electron) 𝓀𝑒 components. 

                                                         (15)  𝓀𝑒 + 𝓀𝑙𝓀 = 𝑖.𝑒     

Thermal Conductivity Estimation Method

According to Wiedemann – Franz law 57, 58 was used to estimate the total thermal 

conductivity 𝓀𝑒 in this research, the electronic thermal conductivity 𝓀𝑒 is generally proportional 

to the electrical conductivity 𝜎. For organic materials, this law is often represented by:

𝓀𝑒 = 𝐿𝑇𝜎                                                                                       (16)

, where 𝐿 = 2.44 × 10―8𝑊Ω/𝐾2 is the Lorenz number.

   In accordance with the decrease of both S and 𝜌 while 𝓀𝑙 increases with increasing the 

charge carrier’s concentration, the metals reveal small values of 𝑧𝑇 unlike insulators that possess 

relatively high values of 𝑧𝑇 due to their small 𝓀 and high 𝜌 & S values. This encourages us to 

expect that the optimal carrier concentration values could be almost close to 1017 ― 1019 𝑐𝑚―3 

characterizing the range of the critical case between the degenerate and non – degenerate 

semiconductors. Due to the fact that 𝓀𝑒 was not determined experimentally, the values of zT are 

not the real values but the approximated upper limits. However, since the similar estimation 

technique was implemented across all the samples, the comparative trends among Kz1–Kz3 and 

under different treatment conditions remain valid. The heat conductivity of organic 

semiconductors is normally dominated by the lattice thermal conductivity; thus, the values of the 

zT are reported as upper-bound values but not as absolute values.

3.4.5. Optimization of thermoelectric performance: 

In order to maximize the TE – performance, different ways such as optimizing 

concentration, enhancing carrier mobility and / or electrical and thermal conductivities 

comprising can be employed. Herein, the present organic compounds with different 

conformations and conjugation numbers and consequently different carrier concentrations had 

been examined at different temperatures. 

As shown in Fig. (9& 10) the simultaneous increase and decrease of 𝜎 and S, 

respectively, with elevating temperature could be attributed to the mixed conduction (by both 
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electrons and holes) and give an impression that their behaviors are assigned to the same factors. 

These results can be described by the following two unlike carrier’s mechanisms 40, where;

𝜎 = 𝑒𝑛𝜇𝑛 + 𝑒𝑝𝜇𝑝 = 𝑒𝑛𝜇𝑛 1 + 𝑝
𝑛

𝜇𝑝 𝜇𝑛                              (17)   

&      ( ―𝑆) =  |𝑆𝑛|𝜇𝑛𝑛―|𝑆𝑝|𝜇𝑝𝑝
𝜇𝑛𝑛+𝜇𝑝𝑝  =  

|𝑆𝑛|―|𝑆𝑝| 𝜇𝑝 𝜇𝑛
𝑝
𝑛

1+ 𝜇𝑝 𝜇𝑛
𝑝
𝑛

                                    (18)

, where 𝑆𝑛, 𝜇𝑛 & 𝑛 and 𝑆𝑝 , 𝜇𝑝 & 𝑝 are the Seebeck coefficient, mobility and density of 

electrons and holes, respectively. Thus, the changes in 𝜎 and S with elevating temperature are 

associated with the changes in p/n and/or 𝜇𝑝 𝜇𝑛 ratios caused by temperature.

The S – T plots given in Fig. (10a) show that the Seebeck coefficient values of Kz1, Kz2 

and Kz3 thin films are relatively high (mV/K units), which are comparable to S – values for 

some inorganic materials 59-61. Besides, the negative sign of S is indicative to n-type 

thermoelectric materials. If large, the Seebeck coefficient also indicates the Fermi level is very 

low below the conduction band edge, generally relating to lower carrier densities or more 

energy-dependent scattering. The different values obtained for the Seebeck coefficient by the 

present compounds may mainly depend on the different conjugation numbers in the compounds' 

structures. As shown in Table 3, the Kz2 compound thin film has the largest negative Seebeck 

coefficient values of - 0.71 mV/K and - 0.85 mV/K indicating extensive thermoelectric voltage 

generation. These good thermoelectric results attained by compound Kz2 among others, are 

expected. That is because compound Kz2, unlike the others, contains a larger conjugation 

number with a linearly expanded coil conformation (scheme1). Such stretch conformation is 

considered an effective method for improving the TE – performance of organic materials by 

enhancing their carrier mobility 62-65.

Besides, the temperature dependence shows that there is a moderate to very large increase 

of the Seebeck coefficient size during temperature increase, specifically for Kz1, Kz2, and Kz3, 

and which is indicative of a non-degenerate semiconductor's behavior 66. This illustrates that the 

heating of the carriers is a significant factor in the transport process.

To confirm whether the charge carrier system in the organic compounds, which are 

physically regarded as often amorphous semiconductors, is degenerate or non-degenerate, the 

concept of the Fermi level could be utilized. It is represented by the chemical potential of 
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electrons in the system at 0 K, and separated from the conduction band minimum value Ec 

(LUMO) by the energy value Ef  that can be termed the carrier activation energy 67, 68 . 

The degeneracy of the electron gas is the case in which the number of carrier particles is 

comparable to the number of allowed states, i.e., when the probability Fermi function 𝑓(𝐸) 

approaches unity;

𝑓(𝐸) = 1

𝑒(𝐸―𝐸𝑓)/𝑘𝑇+1
≅1                                                            (19)

, where E = Ec = 0 for n – type semiconductor.

This means that 𝑒𝐸𝑓/𝑘𝑇 ≫ 1 and 𝐸𝑓 has a positive value. While the electron gas is non – 

degenerate when 𝑓(𝐸) ≪ 1 and 𝑒𝐸𝑓/𝑘𝑇 ≪ 1 or 𝐸𝑓 has a negative value. 

Besides, Fermi – level energy 𝐸𝑓 can be correlated to Seebeck coefficient through the 

following Benco and Koffyberg 69;

𝑆 = 𝑘𝐵

𝑒
𝐸𝑓

𝑘𝑇
+ 𝐴                                                   (20)

Or                   𝐸𝑓

𝑘𝑇 = |𝑆|𝑒
𝑘𝐵

―𝐴                                                              (21)

 , where e is the electronic charge, 𝑘𝐵 is the Boltzmann's constant and A is a dimensionless 

constant that depends on the scattering mechanism. A = 1 for amorphous materials [18, 19 

same]. 

Fig. (10b) gives the |𝑆| versus 1000/T (K-1) plots. As shown, the slope  𝑘𝐵

𝑒
𝐸𝑓

𝑘𝑇  is negative 

characterizing the non - degenerate n – type semiconductor 59. The calculated values of 𝑒𝐸𝑓/𝑘𝑇 

using eq. (21) are given in Table 3 for compounds Kz1, Kz2, and Kz3 at different temperatures 

corresponding to the lower and higher temperature ranges, respectively. 

The majority carrier (electrons) concentration N for each compound was determined 

using the following relation  70;

𝑁 = 2(2𝜋𝑚𝑘𝐵𝑇)3/2

ℎ3 𝑒𝐸𝑓/𝑘𝑇                                                (22)

     The calculated values of N at different temperatures in the relatively lower and higher 

temperature ranges for Kz1, Kz2, and Kz3 are given in Table (3). As shown, the results of S and 

𝑒𝐸𝑓/𝑘𝑇 for the present compounds are characteristics of non – degenerate n – type 

semiconductors. Table (3) and Fig. (11) summarize and compare the TE – results of the present 

three compounds. As shown, the TE – figure of merit zT attained by Kz2 compound is the best 

among the other of the present compounds. That is due to an optimum interaction of carrier 
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concentration, carrier mobility as well as molecular conformation and not only to a long π-

conjugation length.

Fig. (10): Seebeck coefficient vs temperature plots for compound Kz1, Kz2, and Kz3 thin films. 

Table 3: the average values of Seebeck coefficient of the present compounds over the considered 

temperature ranges 

Sample T (K)
𝝈(𝛀𝒄𝒎)―𝟏 

× 𝟏𝟎―𝟓

-S 

(mV/K)
𝒆𝑬𝒇/𝒌𝑻 N, cm-3 zT

Kz1 453 2.90 0.097 0.01 5.34 × 1017 0.18

(a)

(b)
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463 3.70 0.127 0.04 2.11 × 1018 0.19

473 6.30 0.15 0.06 3.60 × 1018 0.19

483 9.20 0.193 0.08 4.84 × 1018 0.21

493 15.1 0.31 0.12 7.09 × 1018 0.24

453 3.40 0.71 1.92 × 10-

5

1.00 × 1017 0.57

463 5.38 0.72 2.56 × 10-5 1.38 × 1017 0.59

473 9.15 0.75 6.11 × 10-5 3.41 × 1017 0.59

483 12.1 0.83 8.66 × 10-5 4.99 × 1017 0.62

Kz2

493 17.2 0.85 9.73 × 10-5 5.78 × 1017 0.67

453 3.45 0.31 0.001 5.82 × 1016 0.10

463 4.21 0.33 0.002 1.20 × 1017 0.12

473 6.52 0.35 0.006 3.35×1017 0.14

483 8.81 0.44 0.007 4.60 × 1017 0.18

Kz3

493 10.3 0.50 0.008 5.99 × 1017 0.20

(a)
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Fig. (11): zT vs. T plots (a), and zT & PF at optimal carrier concentrations values (at T = 493 K, 
∆𝑇~4℃) (b) for Kz1, Kz2, and Kz3 compound thin films

More TE – performance improvement of Kz2 compound thin film has been tried through 

carrier concentration optimization. The increase or decrease of charge carriers (electrons) could 

be achieved by annealing or oxidizing gas (Iodine) doping, which causes excitation or trapping 

of electrons, respectively.  

Fig. (12a) shows that the carrier density, in general, increases with elevating temperature. 

However, the film treatments by iodine exposure and annealing at 150 oC for 5 min have led to 

strong and slight declines in N values compared to its values for the pristine film, which could be 

mainly attributed to the trapping of electrons by iodine and the scattering increase with 

temperature, respectively. This change in N has similarly impacted on the values of all TE – 

parameters as seen in Fig. 12 (b, c, d& e). Besides, elevating the annealing temperature to 200 ℃ 

has resulted in evident improvements in all TE – parameters. This enhancement in PF and zT 

values can be attributed to the Kz2 compound crystallinity improvement by annealing. X- Ray 

diffractograms given in Fig. (13) for as - deposited and annealed (200℃ , 10 min) reveal the 

appearance multiple sharp peaks after annealing, which represent the compound structural 

fingerprint. This may indicate that the thienothiophenes-based compound becomes crystalline 

(b)
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after annealing, where the C, H, and O atoms contained in the compound can be arranged 

together in the crystal lattice. 

Besides, the relatively smaller value of zT of the film annealed at 200℃ for 10 min 

compared with its value after annealing for the shorter time of 5 min is due to the higher value of 

thermal conductivity caused by the longer time of annealing (Fig 11e). Such an annealing effect 

may indicate that the annealing is an essential impacting factor in TE – parameter compromise. 

This conclusion can be emphasized by the summarized TE – results given at different conditions 

in Table (4) and Fig. (14). 
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Fig. (12): variations of N, cm-3 (a), 𝜎, (Ω.𝑐𝑚)―1 (b), S, mV/K (c), PF (𝜇𝑊 𝑚―𝐾2) (d) and zT 
(e) for Kz2 compound thin film at different conditions.

(e)

(d)
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Fig. (13): X – ray diffractogarms of as – deposited (a) and annealed at 200℃ for 10 min (b) for 
Kz2 compound thin films.  

Table (4): TE – parameters of Kz2 at different conditions 𝜃

Sample T 

(K)

𝝈(𝛀𝒄𝒎)―𝟏

 × 𝟏𝟎―𝟒 
-S 

(mV/K)

𝒆𝑬𝒇/𝒌𝑻 N, cm-3 zT PF

Kz2 (as- deposited)
493 17.2 0.85 9.73 × 10-

5

5.78 ×

1017

0.67 124

Kz2 (exposure to I2 gas, for 5 min)
493 0.92 0.43 2.56 ×  10-

5

1.38 ×

1015

0.14 18

Kz2 (annealing at 150℃ for 5 min)
493 14.4 0.835 8.66 ×  10-

5

4.63 ×

1017

0.65 100

Kz2 (annealing at 200 ℃, for 5 

min)

493 31.7 3.4 0.11 3.41 ×

1018

0.78 366

Kz2 (annealing at 200 ℃, for 10 

min)

493 36.9 3.38 0.087 2.70 ×

1018

0.77 421
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Fig. (14): Comparison of the optimal values of thermoelectric zT and PF parameters at different 
conditions for Kz2 compound thin film

Thermoelectric figure of merit (zT) was determined by using the experimentally 

determined electrical conductivity and Seebeck coefficient, and the thermal conductivity was 

determined by the Wiedemann Franz relation. It should be mentioned that in organic 

semiconductors, lattice vibrations are the main heat carriers, and the overall thermal conductivity 

is usually between 0.1 and 0.5Wm-1K-1. In the current research, the lattice thermal conductivity 

was not measured experimentally because of the limitations of the experiment, and thus, the 

reported zT numbers should be treated as estimated upper limits but not exact ones. However, as 

the same assumptions and calculating process had been used in all samples, the comparative 

tendencies of thermoelectricity are still viable. The improved value of zT in Kz2 following 

thermal annealing in this case is an indication of its desirable balance between electrical 

conductivity and Seebeck coefficient and not an exaggeration due to thermal conductivity 

approximation. Moreover, it is notable that the environmental stability of the synthesized 

compounds during the ambient conditions in the long run was not investigated in the current 

study. That is why, they are not device ready thermoelectric materials and these materials are 

proof-of-concept systems that are intended to shed light on the structure-property relations that 

conform thermoelectric performance. Lattice thermal conductivity would be directly determined 
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by systematic evaluation of shelf-life, humidity tolerance, and thermal cycling stability, rational 

evaluation of lattice thermal conductivity would be systematically assessed.

A comparison of the optimized TE – PF and zT parameters of Kz2 compound with others 

reported for some materials is given in Table (5). It is pronounced that either PF and/or zT values 

of the present kz2 compound are better than the corresponding ones of most of the tabulated 

materials. However, more or less, the values of zT of the present Kz2 organic compound can be 

competitive in thermoelectric applications due to its cost and scalability advantages over 

inorganic ones.   

Table (5): comparison of the values of thermoelectric PF and zT parameters of Kz2 compound 
with the reported ones of some other materials

T(K) zT P.F. = S2𝝈 

(𝝁𝑾 𝒎 ― 𝑲𝟐) 
Ref.

Kz2 (as- deposited) 493 0.67 124

Kz2 (annealed - 200 ℃, for 5 min) 493 0.78 366

Kz2 (annealed - 200 ℃, for 10 min) 493 0.77 421

Present work

Type (I)-p (Bi0.5Sb1.5Te3) 373 1.3 34 70

Type (II)-p (Bi0.4Sb1.6Te3) 373 1.25 47 70

p-PbTe(Mg, Na) 800 1.67 24.1 71

Tetrakis(dimethylamino)ethylene 400 0.5 1040 72

Ethylene glycol-mixed PEDOT:PSS 300 0.28 350 73

Poly[Nax(Ni-1,1,2,2-
ethenetetrathiolate)s] 440 0.1 27.62 74

PEDOT:PSS/SWCNT TE thin films 350 0.43 501.31 ± 19.23 75

PEDOT:PSS TE fibers 300 0.27 147.8 76

Mixing of RN120-SWCNTs with P1. 
RN120-SWCNT (G2) 300 -- 96.8 77

polymer poly(benzodifurandione) 
benzodipyrandione (BPDO)  (PBFDO) 400 0.25 142 78

Summary and conclusions:

Three spirothiadiazole–thienothiophene-based macroheterocyclic compounds (Kz1–Kz3) 

have been synthesized under eco-friendly conditions, optically and electrically characterized and 

structurally confirmed. The thin films prepared by spin coating prove their quality. The as-

deposited films exhibit amorphous structure and transform to semi-crystalline ones after 

annealing. This structural transition from amorphous to crystalline, which is beneficial for the 

film's electrical and thermoelectric property improvements, is emphasized by the presence of 
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sharp X – ray diffraction peaks for annealed film. The films exhibit relatively high transparency 

in the visible and NIR regions and substantial absorption in the UV. The optical band gaps range 

from 2.99 to 3.26 eV with indirect allowed transitions which are dependent on π-conjugation. 

The refractive index and extinction coefficient have typical behavior. A high dielectric constant 

and polarizability refer to strong electronic transitions and good light–matter interaction. Overall, 

results indicate promise for the synthesized materials to be a material option in optoelectronic 

and photonic devices. Seebeck coefficients with negative values verify electrons as the major 

charge carriers. The electrical conductivity steadily increased with temperature, reflecting the 

typical thermally activated transport characteristic of organic semiconductors. Among evaluated 

materials, the Kz2 compound exhibited the most promising thermoelectric performance with a 

power factor of 366 μW m⁻¹ K⁻² and a zT of 0.78 at 493 K after a 5-minute anneal treatment of 

200 °C. This improved performance can be attributed to the fact that the coil shape of Kz2 is 

expanded linearly resulting in a coil shape that is easier to transport charge carriers, and that the 

concentration and crystallinity of the carrier improves through the annealing of the material. 

Although the values of the zT in this case are estimated upper limits based on using the 

Wiedemann Franz law of finding the thermal conductivity, this methodology is consistent, and 

the availability to compare samples in a meaningful way. On the whole, the findings have 

defined a direct relation between the molecular structure, conjugation, conformation, and 

thermoelectric performance that spirothiadiazole–thienothiophene macroheterocycles are 

potential candidates of multifunctional organic materials in flexible energy harvesting and 

optoelectronic technology.
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