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 The present review is mainly focused on the extended analysis of the results obtained from 

coupled measurement techniques of a thermal imaging camera and chronoamperometry for 

imines in undoped and doped states. This coupled technique allows to identify the current-

voltage characteristics of thin films based on imine, as well as to assess layer defects in 

thermal images. Additional analysis of results provides further information regarding sample 

parameters, such as resistance, conductivity, thermal resistance, and Joule power heat 

correlated with increasing temperature. As can be concluded from this review, it is possible 

not only to study material properties at the supramolecular level, but also to tune 

macroscopic properties of -conjugated systems. A detailed study of the structure-

thermoelectrical properties in a series of eight unsymmetrical and symmetrical imines for 

the field of optoelectronics and photovoltaics has been undertaken. Apart from this 

molecular engineering, the imines properties were also tuned by supramolecular engineering 

via protonation with camphorsulfonic acid and by creation of bulk-heterojunction 

compositions based on poly(4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-

diyl-alt-3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophene-4,6-diyl) and/or [6,6]-

phenyl-C71-butyric acid methyl ester, poly(3,4-ethylenedioxythiophene) towards the 

analysed donor or acceptor ability of imines in the active layer. The use of coupled 

measurement techniques of a thermal imaging camera and chronoamperometry allows 

obtaining comprehensive data on thermoelectric properties and defects indicating possible 

molecule rearrangement within the layer. 
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1. Introduction 

In recent years, semiconducting organic materials have 

drawn attention as candidates for numerous applications 

not only because of their good flexibility and solution 

processability, but also for their low thermal conductivity 

and prominent thermoelectric properties at room 

temperature, large-area processing, flexibility [1,2]. These 

characteristics respond to the growing demand for 

distributed energy in new, emerging fields, like power 

generation, sensing devices or internet of things (IoT) [3]. 

Production of large surface area organic solar cells is 

essential to ensure an adequate level of efficiency in the 

conversion of solar radiation to electricity, in order to 

replace standard fossil fuels. For large surface area organic 

solar cells, the energy conversion efficiency is still low; a 

thin active layer responsible to the greatest extent for the 

process of transforming one type of energy into another is 

thin (approx. 100–300 nm) and prone to leakage current, 

which is the result of layer defects. Defect identification 

and testing is, therefore, a significant problem, the solution 

of which will significantly improve the functioning of 

devices such as organic solar cells [4]. 
*Corresponding author at: bogdanowicz@witi.wroc.pl 

http://journals.pan.pl/opelre
https://doi.org/10.24425/opelre.2021.139754
http://creativecommons.org/licenses/by/4.0/
mailto:bogdanowicz@witi.wroc.pl
http://journals.pan.pl/opelre
https://doi.org/10.24425/opelre.2021.139754
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-8526-626X
https://orcid.org/0000-0002-7705-6577
https://journals.pan.pl/opelre
https://journals.pan.pl/dlibra/journals-index?ipp=60&p=0


K. A. Bogdanowicz et al./Opto-Electronics Review 29 (2021) 201-212 202 

The principle of operation of an organic solar cell is 

based on a four-step convertion of the incident solar 

radiation into electric current (Fig. 1). In the system, the 

active layer of the cell consists of a part carrying the hole 

in contact with the anode and an acceptor which is a 

material transporting electrons to the cathode. In the first 

stage, after the photon absorption, an excited state, an 

exciton is created. In the second stage, the charges at the 

donor/acceptor interface are separated, which are dissoc-

iated into a positive charge (holes) and negative charges 

(electrons) between the donor and acceptor, which is the 

third stage. In the fourth stage, negative charges are 

transported through the acceptor layer to the cathode, while 

positive charges are transported through the donor layer to 

the anode [5]. 

All these processes require from organic layers an 

appropriate charge conduction observed as electric current. 

Heat is generated as a side effect according to the Joule’s 

law. Both phenomena can be used to study and analyse 

structural defects of the organic solar cell active layers, 

similarly to the fourth stage of the processes taking place in 

the active layer during its operation. In order to study the 

thermal behaviour of samples, a thermographic camera 

comes as a suitable solution. The possibility of using thermal 

imaging has been widely used in aerial thermography [6], 

aerospace industry [7], automotive industry [8], chemical 

[9], electrical and electronical industry [10], material 

testing [11], and security [12]. However, in the field of 

solar cells the thermal imaging is mainly used to evaluate 

the system efficiency losses on a photovoltaic installation 

to determine the actual health status [13–15]. It was noticed 

that a full description can be obtained by coupling the 

thermal and electric signatures of the system to acquire a 

whole description of the working installation [16]. 

Only recently, coupled techniques based on thermal 

imaging and chronoamperometry were first used by our 

team to study structural defects of components for flexible 

electrodes based on L,D-polylactide or Ecoflex® 

containing reduced graphene oxide, single-walled carbon 

nanotubes, and other additives [17–20]. The results 

confirmed the usefulness of these coupled techniques  

to demonstrate structural homogeneity, defects of  

casted layers, damages done by mechanical stress, or  

thermal degradation. One attempt was also made to  

investigate the complex layered structure of a real organic  

solar cell with architecture of glass/indium tin oxide  

(ITO)/TiO2/AZJ1(imine)/Au, however, the results showed 

no characteristic result, allowing the identification of 

defects in the specific layers [21]. 

Another part of an organic solar cell that was 

investigated to increase understanding of the cell specific 

elements was the active layer. Several articles have been 

published describing the thermoelectric behaviour of 

different composition active layers based on imine 

compounds with triphenylamine [22–25] or terthiophene 

units [22,26,27].   

Finally, inspired by the above-described findings, a 

detailed study of the structure and thermoelectric properties 

in a series of 8 unsymmetrical and symmetrical imines (see 

Fig. 2) for the field of optoelectronics and photovoltaics 

has been undertaken. Apart from this molecular 

engineering, the imines properties were also tuned by 

supramolecular engineering via protonation with 

camphorsulfonic acid (CSA) and by creation of bulk-

heterojunction compositions based on poly(4,8-bis[(2-

ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl-

alt-3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thio-

phene-4,6-diyl) (PTB7) and/or [6,6]-phenyl-C71-butyric 

acid methyl ester, poly(3,4-ethylenedioxythio-phene) 

(PC71BM) towards the analysed donor or acceptor ability 

of imines in the active layer. Additionally, based on the 

described results, a further analysis is presented consisting 

of the influence of the sample temperature on current flow, 

resistance, conductivity, thermal resistance, and Joule 

power heat. 

To the best of our knowledge, it is the first review paper 

where similarities and differences between undoped and 

doped imines are analysed in detail by thermal imaging-

chronoamperometry towards photovoltaic applications. 

It should be mentioned that many scientists now believe 

that the synthesized compounds with a charge-transfer 

function are ones of the most important molecular materials 

that are functionalized by electron-donating (D) and 

electron-accepting (A) groups through a -conjugated link. 

These are, for example, compounds containing groups of the 

type: D--A, D--D, A--A, and D--A--D or A--D--A 

with different length of chain conjugation and strength of 

donor and acceptor in the molecule, such as hyperbranched 

polymers [28], two-photon dyes [29–32], trivalent boron 

derivatives [33], heterocycle dyes [34] and azomethines 

[35–37]  

Taking into consideration potential applications of the 

investigated molecules, the compounds with D--A 

structures have aroused great interest in technological 

research. In the presented review, this point of view has 

been verified by use of thermal imaging-chrono-

amperometry of selected unsymmetrical and symmetrical 

imines. By modifying the donors and/or acceptors, the 

materials properties can be easily changed. 

2. Thermal imaging-chronoamperometry using 

the coupled technique 

Coupled techniques were designed to complement and 

correlate test results using at least two different techniques. 

In the case of the thin film analysis for solar cells, a 

combination of thermal imaging measurement techniques 

and chronoamperometry was used. The purpose of using 

 

Fig.1. Diagram of the processes taking place in an organic solar 

cell, where 1 represents the absorption of a photon of light; 
2 represents the charge separation in acceptor/donor 

interface; 3 is the charge disociation between acceptor and 

donor; 4 is the charge transportation through layers.  
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both techniques in a coupled system is to obtain 

information on the temperature evolution and distribution 

with different voltage parameters for a thin layer during a 

forced current flow. The experiment is modulated by 

increasing the external potential at 3-minute intervals. This 

design of the procedure allows the current flow and the 

sample temperature to be stabilized during each step 

(Fig. 3) [21]. 

The measuring setup stand consists of a VIGOcam V50 

thermal imaging camera (VIGO System S.A., Poland) and 

a multi-channel PGstat Autolab M101 potentiostat-galva-

nostat (Metrohm, the Netherlands) controlled by computer 

software to synchronize individual procedure stages. 

As a result of the test, three types of different results 

answers are obtained: 

• information on the type of conductivity, 

• information on the maximum obtained temperature, 

• map of the thermal image of the tested object. 

The type of conductivity is determined by a graphical 

representation of dependence between the current flow in 

relation to a given potential. The data allows to determine 

the layer resistance and sample conductivity. 

The maximum temperature of the sample informs 

indirectly about the thermal conductivity of the sample, 

accordingly to the Joule’s law. Since the method of 

recording the thermal imaging takes place at the end of a  

3-minute stabilization period, a constant current flow is 

maintained through the sample.  

The thermal map allows for determination of individual 

areas of heating with the possibility of determining the 

homogeneity of the sample in terms of the heat distribution. 

The samples are prepared for testing by a spin coating 

technique, spreading the solution of active compounds with 

a total concentration of 15 mg/mL. The speed, in which the 

layer forms, was usually of 5000 rpm for 20 s giving a layer 

of approximately 40 nm thick. Of course, in some cases 

other speeds, e.g., 900 rpm can be used to simulate the 

actual thickness of an active layer in a solar cell. 

3. Thermoelectric properties of selected neat imines 

For this review, eight imines with different molecular 

structures were selected as is presented in Fig. 2. From 

 
Fig. 2.  Chemical structures of the investigated imines. 
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Fig. 3.  Thermography setup used to record images at different 

potentials (a), experimental timeline visualization presenting 

steps during thermographic experiment (b). Reproduced 

from Ref.  20 with permission. 
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structural point of view, these compounds can be  

divided into two major groups containing triphenylamine  

(2-diMeTPA-1,3,4-ThdiAz, 3,5-(diMeTAP)-1,2,4-thdiAz, 

PPL9, and di(FPh-ThAz-An)-TPA) or terthiophene  

(di-BenzThAz-terTh, PV-BLJ-SC9, PV-BLJ-SC13, and 

PV-BLJ-SC14) groups, showing also symmetry or its lack. 

Selected properties of these imines can be found in Table 1. 

Details about synthesis and characterization of the selected 

imines with triphenylamine [22–25] or terthiophene units 

[22,26,27] can be found in our previously cited papers.  

As mentioned in the previous section, the chrono-

amperometry techniques of the coupled thermal imaging 

camera provide basic information regarding the current-

voltage values and the thermal effect of the passing current 

flow. A system consisting of a glass substrate with a 

conductive indium tin oxide (ITO) layer and an active layer 

made of imine was prepared for the study, giving the cell 

architecture of ITO/active layer/Ag/ITO.  

The V-I graphs presented in Refs. 22–27 showed how 

the value of the current section end-value changed for a 

given voltage [Fig. 4(a), right]. Within each section the 

current flow was mostly stable which suggested that no 

degradation or immense arrangement occurred. 

When looking at changes in the maximum value of the 

sample temperature in relation to the applied voltage, the 

temperature values increased almost logarithmically 

Table 1.  

Summary of spectral, electrochemical, electrical and thermal properties of selected imines. 

Code 
spin speed,  

[rpm] 

λmax (UV-Vis)  

[nm] 

λoffset  

[nm] 

HOMO  

[eV] 

LUMO 

 [eV] 

Eg
CV 

[eV] 

T5% 

[C] 

R 

[Ω] 

Tmax 

 [°C] 
Ref. 

2-diMeTPA-1,3,4-ThdiAz 5000 301, 400 555 -5.16 -2.69 2.47 153 28.8 92 [22] 

3,5-di(diMeTPA)-1,2,4-ThdiAz  

(or bTAThDaz) 
5000 246, 300, 375  542 -5.19 -2.52 2.67 252 35.4 129 [22,23] 

di-BenzThAz-terTh 5000 457 550 -5.07 -2.57 2.50 287 25.2 135 [22] 

di(FPh-ThAz-An)-TPA  

(or PV-BLJ- SC11) 
5000 295, 333, 385 nd nd nd nd 145 33.7 130 [22,24] 

PV-BLJ-SC9 900 424 nd -5.20 -3.06 2.14 176 23.4 213 [26] 

PV-BLJ-SC13 5000 insoluble nd -6.09 -3.91 2.18 390 113.8 43 [27] 

PV-BLJ-SC14 5000 207, 246, 353, 444 496 -5.71 -3.33 2.38 294 102.4 40 [27] 

PPL9 5000 295, 449 526 -5.41 -2.52 2.89 321 138.0 61 [25] 

nd: not detected, CV: cyclic voltammetry, HOMO: highest occupied molecular orbital, LUMO: lowest unoccupied molecular orbital, R: resistance. 

              

 

(b) 

Fig. 4. Current-voltage and thermal-voltage curves of 8 investigated imines (a), and, as an example, thermal imaging for di-BenzThAz-terTh 

at 2 V, 6 V, and 10 V, from left (b). Reproduced from Ref. 22 with permission. 

(a) 
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[Fig. 4(a), left], while a linear trend can be observed in the 

case of the flowing current. The analysis of thermal 

imaging in Refs. 22–27 allowed to present a heat map of 

the tested material as it can be seen in the exemplary image 

for di-BenzThAz-terTh [Fig. 4(b)]. 

The analysis of thermal imaging considers the voltage 

range, linking it with the results of the current flow. The 

correlation of such information does not allow to detect any 

structural defects but also suggests a possible origin, such 

as layer reorganization or thermal decomposition. Current-

voltage curves of ITO/active layer/Ag/ITO are shown in 

Fig. 4(a). It can be seen that the current increases with the 

applied voltage increase and depends on the chemical 

structure of the investigated imines. The reorganization 

voltage of the devices was likely to occur above 6 V  

at temperatures above roughly 80 °C. It was very evident  

in the case of the PV-BLJ-SC9 (synthesized from  

4-(thiophene-3-yl) aniline and 2,2’:5’,2’’-terthiophene-5-

carboxaldehyde), whereas in the case of other compounds 

only from temperature vs. voltage curve it is very difficult 

to observe a visible change.  

For the purpose of this review, the evaluation of the 

influence of the sample temperature on current flow, 

resistance, conductivity, and thermal resistance is 

presented. At the core of understanding the heat generation 

due to the current flow is resistive (also called Joule) 

heating as the fundamental phenomena observed for 

inorganic and organic conductors and semiconductors  

[38–40]. The Joule heating power was calculated from the 

current flux distributions using the following equation: 

𝐺 =  𝐼2 ∙  𝜌, () 

where G, I and ρ stand for the heat (Joule heat power) 

[W/m3], the current density [A/m2], and the electrical 

resistivity [Ω · m], respectively [41]. 

Firstly, the current values were plotted with the sample 

temperature to evaluate any possible inconsistency 

between both responses to the external potential. Since the 

current changes as the potential value increases, it is 

difficult to determine the exact influence of temperature on 

the passing current (see Fig. 5). As it was mentioned 

previously, a 3-minute interval was used within each 

individual potential value to ensure that any changes 

regarding evaluated voltage step were detected. All the 

samples resembled a similar nature of behaviour, namely 

an increment of the current value lining in an ascending 

order: PV-BLJ-SC9 > di(FPh-ThAz-An)-TPA (also PV-

BLJ-SC11)  ≈  di-BenzThAz-terTh  ≈ 2-diMeTPA-1,3,4-

ThdiAz  ≈  3,5-di(diMeTPA)-1,2,4-ThdiAz  >  PV-BLJ-

SC14 >  PV-BLJ-SC13  >  PPL9. 

As a second one, a correlation between resistance and 

temperature was done. The graphical representation 

(Fig. 6) demonstrates a clear separation of behavioural 

patterns for each sample. The two symmetrical and 

asymmetrical imines based on 4-[4-(4-fluorophenyl)1,3-

thiazol-2-yl]aniline and 2,2’,5’,2”-terthiophene-5,5”-

dicarboxaldehyde or 2,2’:5’,2’’-terthiophene-5-carbox-

aldehyde, PV-BLJ-SC13, PV-BLJ-SC14, respectively and 

PPL9 (obtained from 2-amino-5-(4-pyridyl)-1,3,4-

thiadiazole and 4-(di-p-toliloamino)benzaldehyde) showed 

a decreasing resistance value upon changing temperature. 

 
 

 

Fig. 5. Correlation between passing current and sample temperature 

for imines (full range: top, and inset for Imax = 0.20 A and the 

maximum temperature of 340 K: bottom). 

 
 

  

Fig. 6. Correlation between resistance (a) or conductivity (b) and 

sample temperature for imines. 

(a) 

 

(b) 
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Bearing in mind that among evaluated imines, these 

particular ones demonstrated poor solubility, polymeri-

zation [27], and showed in crystalline form [25], 

respectively suggests that the morphological rearrangement, 

or in the case of PV-BLJ-SC14, some polymerization 

reaction might take place, reducing the layer resistance. On 

the other hand, the remaining in this work 5 imines 

demonstrated a stable level or resistance over a wide 

temperature range. This might suggest that the layer formed 

by the spin coating technique results in an optimal 

rearrangement of molecules. 

Evaluating the conductivity of layers composed of neat 

imines revealed that small changes in the resistance in the 

case of PV-BLJ-SC9 (synthesized from 4-(thiophene-3-

yl)aniline and 2,2’:5’,2’’-terthiophene-5-carboxaldehyde) 

have a great impact on the charge transfer, giving an 

improvement of almost 50% of starting conductivity [see 

Fig. 6(b)]. For other imines, di-BenzThAz-terTh, 3,5-

di(diMeTPA)-1,2,3-ThdiAz, 2-diMeTPA-1,3,4-ThdiAz and 

di(FPh-THAz-An)-TPA (see Fig. 2), the conductivity did 

not change significantly in a consequence of increasing 

temperature. The lowest conductivity was observed for PV-

BLJ-SC13, PV-BLJ-SC14 imines (based on 4-[4-(4-

fluorophenyl)1,3-thiazol-2-yl]aniline and 2,2’,5’,2”-terthio-

phene-5,5”-dicarboxaldehyde or 2,2’:5’,2’’-terthiophene-

5-carboxaldehyde, respectively) and PPL9 (obtained from 

2-amino-5-(4-pyridyl)-1,3,4-thiadiazole and 4-(di-p-

toliloamino)benzaldehyde), as it was expected taking 

resistance values evolution into account. The change of 

conductivity over increasing temperature could give the 

first inside information to explain the order of the sample 

molecules. Comparing the shape of the curves with Ref. 42 

suggests that PV-BLJ-SC9, PV-BLJ-SC13, PV-BLJ-SC14, 

and PPL9 represent samples showing the mixt nature of the 

ordered-disordered alignment of molecules in the layer, 

whereas other imines displayed a very orderly alignment.  

The analysis of thermal resistance and heat evolution as 

the temperature rises revealed only a small deviation of the 

results for all samples (Fig. 7). This might suggest that in 

the heat generation the ITO-coated glass has a significant 

impact, where the thin layers of the imine coating 

participate only to a small extend. These findings help to 

better understand the source of heat in the thermal images 

which is mostly the conducting substrate. Therefore, the 

imine coating conducts the heat generated below its layer, 

helping to indicate macroscopic defects created during 

sample preparation and confirms that the electric behaviour 

of layers changes mainly due to “external heating” rather 

than self-heating during the current flow through the layer. 

Concluding this section, the thermoelectric studies can 

reveal much more information about imines thin layers 

than the values of thermal resistance, thermal and electrical 

resistance, or conductivity values. The evolution of these 

parameters in the temperature range provides information 

about molecular changes occurring in the layer such as the 

reorganization or decomposition of molecules. Given the 

molecular structure, PV-BLJ-SC9 seems to be the best 

candidate to be used in the solar cell application due to its 

planar structure and possibility to polymerize via thiophene 

unit at both ends.  

Furthermore, the identical end sides might facilitate the 

π-π interactions, hence forming a molecular polymer with 

a conjugated structure of the monomer. Additionally, this 

imine gave one of the lowest resistance values around 23 Ω 

and the highest conductivity ranging between 8.0  ∙ 10−5 S/m 

to 1.35 ∙ 10−5 S/m. Another imine, that possesses similar 

molecular structure and slightly lower thermoelectric 

properties was di-BenzThAz-terTh (synthesized from 

2,2’:5’,2”-terthiophene-5,5”-dicarboxaldehyde and 2-

aminobenzothiazole); benzothiazole terminal unit should 

form π-π interactions forming molecular polymers, as well. 

Comparison of resistivity (R) and temperature of heating 

(Tmax) is presented schematically for all investigated imines 

in Fig. 8.  

 
 

 

Fig. 7. Correlation between thermal resistance (a) or heat (b) and 

sample temperature for imines. 

 

Fig. 8. Comparison of resistivity (R) and temperature of heating 

(Tmax) of investigated imines. 
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4. Thermoelectrical properties of doped imines 

In this article, multicomponent layers containing above 

mentioned eight imines with different molecular structures 

were selected. As other component of the organic layer, 

poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-0]dithio- 

phene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno 

3,4-b]thiophenediyl]] (PTB7) and phenyl-C70-butyric acid 

methyl ester (PC71BM) or camforsulphonic acid (CSA) 

were used in different proportions. Selected properties of 

these multicomponent mixtures containing imines can be 

found in Table 2.  

The architecture of the device containing a 

multicomponent layer did not differ from the one used  

for a neat imines layer and also had the ITO/active 

layer/Ag/ITO architecture. The representation of thermal 

and electrical properties was analogous to the one presented 

for layers made of imine alone. The addition of PTB7 

improved in general the electric parameters of the layer, 

whereas the PC71BM caused a decrease of internal 

resistance compared to imine. As for the CSA, this did not 

affect the current flow, however, it reduced the registered 

temperature of the sample. For the binary composition, a 

decomposition of samples was observed for some cases, 

resulting in a decrease of the current flow. The heat maps 

of binary and ternary compositions were more homogenous 

than for neat imine layers [22–27]. 

As for neat imine layers, current values of the 

multicomponent layers were plotted with the sample 

temperature to evaluate any possible inconsistency between 

both responses to the external potential (Fig. 9). As with 

neat imine, it is difficult to approximate whereas the change 

of the current due to applied external voltage is affected by 

the change of the temperature. All the samples resembled a 

similar nature of behaviour, slightly higher than neat imine 

in the same increasing order as pure imines.   

The correlation between resistance and temperature 

was done for binary and ternary compositions. The 

graphical representation (Fig. 10) demonstrates a clear 

separation of behavioural patterns for each sample. The 

samples containing PV-BLJ-SC13 and PV-BLJ-SC14 from 

both PTB7 and PC71BM, some small changes have been 

observed. Generally, the presence of PTB7 improves 

conductivity of imine up to 20% of the starting value. Only 

in the case of 2-diMeTPA-1,3,4-ThdiAz (obtained from 4-

(ditolylamino)benzaldehyde and 2-amino-1,3,4-thiadiazole) 

a drastic decline in the overall electric performance was 

observed; the resistance has increased of about half of the 

value for pure imine, causing a decrease of conductivity. In 

the case of binary compositions of PV-BLJ-SC9, a decline 

in performance was observed at higher temperatures due to 

a possible decomposition of the compound. In all other 

cases, binary and ternary compositions possessed probably 

much better organization of molecules in the layer; the 

confirmation can be found in the shape of resistance and 

conductivity curves, namely in a steady behaviour regard-

less of the temperature increment compared with Ref. 42.  

The analysis of thermal resistance and heat evolution 

relative to rising temperature for multicomponent layers 

revealed some small deviation of the results for all samples 

(Fig. 11). This might suggest that in the heat generation the 

ITO-coated glass has a significant impact, however, in cases 

of higher electrical resistance, the bending of the thermal 

Table 2.  

Summary of electrical and thermal properties of selected imines and 

their multicomponent mixtures.  

Code 
spin speed 

[rpm] 

R 

[Ω] 

Tmax 

[°C] 
Ref. 

2-diMeTPA-1,3,4-ThdiAz 5000 28.8 92 [21] 

2-diMeTPA-1,3,4-

ThdiAz:PTB7 (0.7:1) 
5000 51.3 54 [21] 

3,5-di(diMeTPA)-1,2,4-

ThdiAz (or bTAThDaz) 
5000 25.2 135 [21,22] 

3,5-di(diMeTPA)-1,2,4-

ThdiAz:PTB7 (0.3:1) 
5000 21.3 143 [21] 

di-BenzThAz-terTh 5000 25.2 135 [21] 

di-BenzThAz-terTh:PTB7 

(0.4:1) 
5000 25.1 125 [21] 

di(FPh-ThAz-An)-TPA  

(or PV-BLJ- SC11) 
5000 33.7 130 [21,23] 

di(FPh-ThAz-An)-TPA:PTB7 

(0.4:1) 
5000 23.0 92 [21] 

PV-BLJ-SC9 900 23.4 213 [24] 

PV-BLJ-SC9:PTB7 (1:4) 900 26.1 268* [24] 

PV-BLJ-SC9:PC71BM (1:8) 900 25.4 186* [24] 

PV-BLJ-SC9:PTB7:PC71BM 

(1:4:8) 
900 23.1 236 [24] 

PV-BLJ-SC9:PTB7 (1:8) 900 18.3 237* [24] 

PV-BLJ-SC9:PC71BM (1:13) 900 19.1 225* [24] 

PV-BLJ-SC9:PTB7:PC71BM 

(1:8:13) 
900 20.5 204 [24] 

PV-BLJ-SC11 5000 28.2 92 [24] 

PV-BLJ-SC11:PTB7 (1:1) 5000 32.2 48 [23] 

PV-BLJ-SC11:PC71BM (1:1) 5000 43.2 95 [23] 

PV-BLJ-SC13 5000 113.8 43 [25] 

PV-BLJ-SC13:PTB7 (1:1) 5000 91.5 52 [25] 

PV-BLJ-SC13:PC71BM (1:1) 5000 96.2 48 [25] 

PV-BLJ-SC14 5000 102.4 40 [25] 

PV-BLJ-SC14:PTB7 (1:1) 5000 84.6 57 [25] 

PV-BLJ-SC14:PC71BM (1:1) 5000 101.0 43 [25] 

PPL9 5000 138.0 61 [26] 

PPL9:CSA(+) (1:1) 5000 139.0 48 [26] 

* means decomposition of the sample above 8 V. 

 

Fig. 9. Correlation between passing current and sample temperature 

for PTB7:imines, as an example. 
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(a)

 

         
(b)

 

       
(c) 

        

(d) 

Fig. 10. Correlation between resistance (left side) or conductivity (right side) and sample temperature for binary systems with PTB7 (a), 

PC71BM (b, c) and CSA (c), and comparison of binary and ternary samples with PV-BLJ-SC9 imine (d). 
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resistance curve has been shifted toward higher tempera-

tures. It might suggest that the whole device has some 

thermal capacity that needs to be reached to conduct the 

heat outside. However, the general conclusions that the 

imine coating conducts heat generated below its layer, 

helping to indicate macroscopic defects is still valid. 

To summarize the section dedicated to multicomponent 

compositions, it is possible to follow the changes in the 

thermoelectric parameters giving enriched information 

about the layers. This technique also showed high 

sensitivity to the change in a composition of the tested 

mixture proving it diagnostic meaning. Moreover, thermal 

evolution of thermal resistance, thermal and electrical 

resistance, or  conductivity values  inform  about  molecular  

changes occurring in the layer like reorganization of 

molecules or their decomposition. Also, in the case of 

binary and ternary compositions, the best results were 

obtained for a composition containing PV-BLJ-SC9 

(synthesized from 4-(thiophene-3-yl)aniline and 2,2’:5’,2’’-

terthiophene-5-carboxaldehyde) in terms of all thermo-

electric properties. The mixed compositions with this imine 

showed improvement of almost all parameters up to 10% 

of the value reported for the neat imine. In the case of  

di-BenzThAz-terTh (synthesized from 2,2’:5’,2”-terthio-

phene-5,5”-dicarboxaldehyde and 2-aminobenzothiazole), 

it did not show any improvement in terms of thermoelectric 

properties. It means that multicomponent compositions do 

not possess boosted values of conductivity.  

       
(a)

 

         
(b)

 

        (c) 

Fig. 11. Correlation between thermal resistance (left side) or heat (right side) and sample temperature for imines in undoped and doped state: 

for binary systems with PTB7 (a), PC71BM or CSA (b), and comparison of binary and ternary samples with PV-BLJ-SC9 imine (c). 
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5. Summary of the results and their link to 

photovoltaic parameters 

In this article eight imine and their binary or ternary 

compositions with PTB7, PC71BM or CSA were analysed 

for the heat effect on thermoelectric properties using the 

coupled technique. The coupled thermal imaging and 

chronoamperometry techniques provide a wide range of 

information about the sample and its electric properties and 

enable the thermal mapping of defects. Additional analyses 

presented in this work gave even more input about: 

participation of the sample in the overall heating generation 

(thermal resistance and Joule heat power) and influence  

of increasing temperature on electrical resistance and 

conductivity. The shape of conductivity curve in relation to 

temperature changes might suggest the orientation state of 

molecules in a formed layer allowing the approximation of 

molecules in the layer that are highly oriented, mixed 

oriented-unoriented, or highly unoriented. From the 

thermoelectric properties assessment, PV-BLJ-SC9 

demonstrated the most promising results for neat imine, 

binary and ternary compositions for potential use in organic 

photovoltaics.  

Only for three evaluated imines: PV-BLJ-SC9, PV-

BLJ-SC13 and PV-BLJ-SC14, the results for constructed 

organic solar cells are available in Refs. 23 and 25 and main 

photovoltaic parameters are displayed in Table 3. The best 

parameters were obtained for PV-BLJ-SC9, the power 

conversion efficiency (PCE) was equal to 4%, whereas for 

other two the PCE were found below 0.42%. From the 

performed analysis of thermoelectric properties, PV-BLJ-

SC9 showed a predisposition for such application. On the 

other hand, PV-BLJ-SC13 and PV-BLJ-SC14 were found 

not perspective due to high resistance, low conductivity, 

and insignificant improvement of those properties in binary 

compositions. These findings confirm that thermal imaging 

coupled with chronoamperometry could be a useful tool 

together with other traditional characterization techniques 

to perform a screening for a new organic compound for 

organic solar cells. IR images obtained for the constructed 

devices based on PV-BLJ-SC9 and their binary and ternary 

compositions at 2 V, 6 V, and 10 V are presented in Fig. 12.  

Finally, it can be emphasized that the analysis of 

compounds or mixtures using a thermal imaging camera 

coupled with chronoamperometry allows to reduce the 

costs associated with the construction of organic solar cells 

by initially eliminating compounds that do not meet the 

electrical, thermal, and structural requirements for active or 

hole transporting layers. Thus, the proposed coupled 

technique is part of the latest research and social trend 

related to the aspects of Green Chemistry and global 

warming by reducing the number of materials used, the 

source of which, as well as other products, is crude oil.  

Table 3.  

Photovoltaic parameters of the selected devices containing imines, where: 

Voc is the open circuit voltage, Jsc is the short circuit current, FF is the fill factor, PCE is the power conversion efficiency,  

and PEDOT:PSS is poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate). 

Chemical structure of imine/ architecture of solar cell 
Voc,  

[V] 

Jsc, 

[mA/cm2] 
FF, - 

PCE, 

[%] 
Ref. 

S

NS

S

S

N
CH3

 
ITO/PEDOT:PSS/PTB7:PV-BLJ-SC14:PC71BM (8:1:13)/Al 

0.75 0.60 0.13 0.06 [25] 

S

NS

S

N
F

S

N
N

S

F

 
ITO/PEDOT:PSS/PTB7:PV-BLJ-SC13:PC71BM (4:1:8)/Al 

0.67 1.60 0.39 0.42 [25] 

SN S

S

S

 
ITO/PEDOT:PSS/PTB7:PV-BLJ-SC9:PC71BM (8:1:13)/In/Al 

0.72 10.9 0.52 4.0 [23] 

 

 

Fig. 12. IR images obtained for constructed devices based 
on PV-BLJ-SC9 and their binary and ternary 

compositions at 2 V, 6 V, and 10 V.  

PTB7:PC70BM:PV-BLJ-PV-BLJ-SC9 (8:13:1)

PC70BM:PV-BLJ-PV-BLJ-SC9 (13:1)

PTB7:PV-BLJ-SC9 (8:1)

PV-BLJ-SC9
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