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This study investigates the impact of π-spacer 

rigidification on the optoelectronic and photovoltaic 

properties of small donor-π-acceptor (D-π-A) hydrazone-

based molecules. Two new derivatives incorporating 

cyclopentadithiophene (CPDT) and dithienopyrrole (DTP) 

as rigid π-spacers were synthesized and characterized. 

Optical and electrochemical analyses reveal a red-shifted 

absorption profile and altered HOMO-LUMO energy levels compared to the reference molecule containing a non-fused bithiophene 

spacer. Despite enhanced light absorption, bilayer heterojunction solar cells based on these compounds exhibit lower power 

conversion efficiencies most probably because of the reduced short-circuit current density and fill factor. These results underscore 

the complex interplay between molecular design, charge transport, and device performance, providing valuable insights for the 

development of high-efficiency organic photovoltaic materials.  

 

 
INTRODUCTION 

Organic Solar Cells (OSCs) have emerged lately 
as one of the most promising low-cost, renewable 
energy technology and a sustainable alternative to 
the established silicon-based solar cell technology 
due to their advantageous solution processability, 
light-weightiness, and transparency.1,2   

Extensive research was conducted in the field 
toward developing more efficient materials alongside 
optimization of the devices.3–7 The power conversion 
efficiencies (PCEs) of OSCs have recently surpassed 
the 20% threshold that makes these devices highly 
attractive for commercialization.8–10 

In one of the most efficient OSC architectures, the 

photo-active layer of a typical OSC with a bulk-

heterojunction (BHJ) structure consists of a blend of 

organic p-type donor material (D) and n-type 

acceptor material (A). For the acceptor, fullerene and 

its derivatives were extensively used, while later 

developed non-fullerene polymers and small 

molecules showed improved results.11–15 Polymeric 

donors were typically used in early OSCs, but now a 

plethora of small molecule donors (SMDs) can also 

be used.6,7,15–20 Key requirements in achieving high-

performing OSCs devices are the compatibility 

between donor and acceptor materials, and 
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controlling the morphology of the active layer.21–25 

Small molecules have a well-defined molecular 

structure that brings competitive advantages 

compared to their polymeric counterparts such as 

more control over the band structure, ease of 

purification, batch-to-batch homogeneity, etc.  

However, the photovoltaic characteristics (power 

conversion efficiency PCE, short-current density Jsc, 

and open circuit voltage Voc) of small molecule-based 

OSCs are still inferior to those of polymer-based ones. 

The design of efficient SDMs aims at narrow optical 

band gaps (small difference between the energy level 

of the highest occupied molecular orbital (HOMO) 

and that of the lowest unoccupied molecular orbital 

(LUMO)) and appropriate HOMO and LUMO levels, 

broad absorption maxima and high charge mobility. 

Integrating a D–π-bridge–A unit in the structure is a 

commonly reported method to generate narrow band 

gap materials. Fine-tuning of the properties is 

achieved by varying the electron-donating and 

electron-withdrawing effect of the participating units 

and substituents resulting in materials with efficient 

charge transfer that delivers large extinction 

coefficients and broad absorption bands.26–28 

One of the most popular electron-rich motifs in 

conjugated small molecules and polymeric materials is 

thiophene. However, free rotation around the single 

bonds in conjugated oligo-thiophenes decreases the 

coplanarity of the adjacent thiophene units, resulting in 

a drop in the photovoltaic performance. The π-system 

could be rigidified into a coplanar conformation by ring 

fusion. Thus, fused tricyclic systems, such as 

cyclopenta[2,1-b:3,4-b’]dithiophene (CPDT) and 

dithieno[3,2-b:2’,3’-d]pyrrole (DTP), provide better 

conjugation in the bridge and the rigidification of the 

backbone resulted, in most cases, in enhanced light 

absorption properties and molecular organization 

leading to significant improvements of the electric 

properties.29–31  Both CPDT and DTP building blocks 

are widely used in organic photovoltaics13,18,20,27,29,31–37 

due to their good environmental stability and suitable 

energy levels and bandgaps.  
On the other hand, recent efforts were 

concentrated on diminishing the cost of the active 
materials by decreasing the synthetic complexity 
and the environmental impact by reducing the 
number of synthetic steps involving metal-catalyzed 
cross-coupling reactions and replacing them with 
benign and efficient condensation reactions. One 
approach makes use of arylhydrazone that can be 
easily obtained from carbonyl derivatives by 
condensation, maintains the extended conjugated 
system, and have electron-donating ability ensuring 
narrow optical gaps while being thermically 
stable.38 Hydrazones have been largely employed in 
organic photovoltaics, mainly in dye sensitized 
solar cells (DSSCs)34,39–43, perovskite solar cells 
(PSCs)44–46 and donors in OSCs.47–50 

In our previous work, we demonstrated that 
linking an N,N'-diphenylhydrazone donor unit to a 
dicyanovinyl acceptor via non-fused thiophene 
spacers (R in Chart 1) positively influences the 
optoelectronic properties and device performance.47 
This study presents two newly designed donor–π–
acceptor (D–π–A) small molecules, 1 and 2 (Chart 
1), that incorporate rigid fused heterocycles — 
CPDT and DTP, respectively, decorated with 
branched alkyl moieties to favor solubilization — as 
π-spacers, along with hydrazone-based electron-
donating groups. This molecular design, which has 
seen limited exploration in previous studies, 
employs a push–pull framework, where the N,N′-
diphenylhydrazone acts as the electron-donating 
"push" component and the dicyanovinyl group 
serves as the electron-accepting “pull” moiety. The 
study aims to investigate the impact of π-spacer 
rigidification on the optoelectronic and photovoltaic 
behavior of small-molecule D–A systems 1 and 2 in 
comparison to the non-fused R.  

 

 

Chart 1 – Structure of investigated compounds. 
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RESULTS AND DISCUSSION 

Synthesis 

The synthesis of the target compounds is 

outlined in Scheme 1. The corresponding 

dicarboxaldehydes 4a and 4b were prepared 

following a previously published method.18 

Derivatives 1 and 2 were synthesized following a 

previously established stepwise protocol.47 

Subsequently, condensation of N,N'-

diphenylhydrazine 3 with the corresponding 

dicarboxaldehyde derivatives 4 afforded 

hydrazones 5 in fair yields. Finally, the target 

compounds 1 and 2 were obtained via 

Knoevenagel condensation of aldehydes 5 with 

malonodinitrile in chloroform, using triethylamine 

as a base, with yields of 65% and 70%, 

respectively. 

 

 

Scheme 1 – Synthesis of the D-π-A target compounds 1, 2. (i) AcONa, MeOH/THF; (ii) CH2(CN)2, Et3N, CHCl3. 

 

Optical properties 

The absorption properties of compounds 1 and 2 

were studied in both dichloromethane solution and 

thin films spin-cast on glass from a chloroform 

solution, with reference compound R used for 

comparison. Figure 1 shows the UV-vis absorption 

spectra, and the relevant data are provided in Table 1. 

All compounds exhibit a low wavelength absorption 

band in the near-UV region (300–400 nm), attributed 

to π-π* electron transitions, followed by a stronger 

band in the visible region (500–600 nm), which 

corresponds to an internal charge transfer (ICT) from 

the N,N'-diphenylhydrazone donor unit to the 

dicyanovinyl acceptor group.47,51 As indicated in 

Table 1 and the UV-vis spectra of compounds 1 and 

2 (Fig. 1), the introduction of a rigidified π-spacer 

with three fused rings (dithienocyclopentadiene and 

dithienopyrrole) leads to a bathochromic shift of the 

absorption maximum (λmax), from 533 nm for 

reference compound R (which contains a non-fused 

bithiophene) to 563 nm for compound 1 and 553 nm 

for compound 2. Notably, compound 2 exhibits an 

absorption maximum that is blue-shifted by 10 nm 

relative to compound 1. This hypsochromic shift 

observed for the DTP spacer, compared to the CPDT 

counterpart, suggests that the nitrogen bridge reduces 

the efficiency of the charge transfer process, thereby 

supporting the intramolecular charge transfer (ICT) 

nature of the main electronic transition.51 This 

behavior is consistent with trends previously reported 

for other D-π-A systems incorporating similar π-

bridges.52,53 In the case of thin films, all compounds 

show a red-shift of λmax and the long-wavelength 

absorption band, which can be attributed to 

intermolecular interactions in the solid state. The 

optical band gap (Eg
opt), determined from the onset of 

the long-wavelength absorption band in the films, is 

approximately 1.85 eV, indicating that rigidifying the 

spacer does not significantly impact the optical band 

gap. This can be attributed to their comparable 

electronic architectures in terms of donor–acceptor 

framework and π-conjugated system extent. 

Furthermore, in similar donor-acceptor (D–A) 

systems reported in the literature,52 DFT calculations 

have shown that HOMO–LUMO transitions 

typically involve orbitals of the same character, with 

the HOMO localized on the donor and the LUMO on 

the acceptor units, resulting in closely related energy 

gaps. 
 



290 Andreea Petronela Crişan et al.  

 
Fig. 1 – UV-Vis absorption spectra of reference and target compounds in solution (red lines) and as spin-cast films (black lines). 

 

Table 1 

Optical and electrochemical data for reference (R) and target compounds (1, 2): s: CH2Cl2 solutions; f: thin films on glass; a: estimated 

from the long-wavelength absorption onset of thin films; b: estimated from the onset of the oxidation and reduction processes; c: band 

gap calculated from the difference between HOMO-LUMO levels 

Cmpd lmax
s 

[nm] 

lmax
f  

[nm] 

Eg
opt 

[eV]a 

Epa
 

[V] 

Epc 

[V] 

EHOMO 

[eV]b 

ELUMO 

[eV]b 

Eg [eV]c 

R[d] 533 542 1.85 1.02 –1.02 –5.58 –3.81 1.77 

1 563 583 1.86 0.90 –1.13 –5.46 –3.66 1.80 

2 553 560 1.86 0.93 –1.15 –5.48 –3.65 1.83 

[d] From Ref.47 
 

Electrochemical properties 

 
Fig. 2 – Cyclic voltammograms corresponding to the oxidation (left) and reduction (right) of compounds R, 1 and 2 in 0.10 M 

Bu4NPF6/CH2Cl2, Pt electrodes, scan rate 100mV s–1. 
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The electrochemical properties of the 
compounds were investigated using cyclic 
voltammetry (CV) in dichloromethane, with 0.1M 
tetrabutylammonium hexafluorophosphate as 
electrolyte. Figure 2 presents the CV recorded at a 
scan rate of 100 mV s⁻¹. The CV curves of all three 
compounds (Fig. 2) show a reversible oxidation 
wave, indicating the formation of stable radical 
cations in all cases.  

As expected from the UV-vis absorption data, 
the anodic peak potentials (Epa) decrease from 
1.02 V for the reference compound R to 0.90 V 
for compound 1 and to 0.93 V for 2, respectively 
(Table 1), highlighting a higher electronic 
delocalization in 1 and 2 vs. R. Compounds 1 and 
2 exhibit reversible oxidation waves comparable 
to those of the reference compound R, but with 
lower onset potentials, suggesting that oxidation 
occurs more readily, probably due to the 
increased molecular planarity and rigidity 
introduced by the CPDT and DTP spacers. In the 
negative potential region, all compounds exhibit 
an irreversible reduction wave, with cathodic 
peak potentials (Epc) shifting from –1.02 V for 
compound R to –1.13 V for compound 1 and -1.15 
V for compound 2 (Table 1). The frontier orbital 
energy levels, estimated from the onset of the 
oxidation and reduction potentials, confirm that 
the LUMO levels of all compounds are suitable 
for photo-induced electron injection into the 
LUMO of C60. 

 

Photovoltaic properties 

This work aims at investigating the impact of 

subtle structural modifications rather than 

developing high-performance devices. Therefore, 

basic planar heterojunction (PHJ) cells are more 

suitable for analysing structure-property 

relationships. Consequently, due to their similar 

optoelectronic properties, the potential of target 

compounds as donor materials for heterojunction 

solar cells has been assessed using bilayer PHJ cells 

with a 0.28 cm² active area, where vacuum-deposited 

C60 serves as the electron acceptor. PHJ cells were 

fabricated by spin-coating active films from a 

chloroform solution on an ITO electrode pre-coated 

with 40 nm PEDOT:PSS. The substrates were then 

placed in a vacuum chamber, where a 30 nm thick 

C60 fullerene acceptor layer was deposited via 

thermal evaporation under a pressure of 4  10–6 

mbar and the devices were completed by deposition 

of a 100 nm layer of aluminium. Each ITO substrate 

contains two circular cells and each batch typically 

involves 6–8 cells. After fabrication, the cells 

underwent a 10-minute thermal treatment at 

temperatures ranging from 85 to 160°C. Figure 3 

shows the current density vs voltage curves for the 

cells based on compounds R, 1, 2 and the 

corresponding photovoltaic parameters are listed in 

Table 2, with the best results highlighted in bold.  

 

Table 2 

Photovoltaic Characteristics of R, 1, and 2 using C60 in bilayer solar cells under AM 1.5 simulated solar light conditions with an 

incident power light of 90 mW cm–2 

Cmpd 
Annealing Temp 

(°C) 

Jsc 

(mA/cm-2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

 

 

 

R 

ambient 2.48 0.71 37.6 0.75 

average 2.44 0.70 36.8 0.73 

100 5.29 0.78 40.5 1.94 

average 5.40 0.78 39.9 1.93 

120 7.14 0.76 41.9 2.55 

average 7.32 0.74 39.5 2.41 

130 7.84 0.65 39.5 2.26 

average 7.91 0.66 37.0 2.19 

 

 

1 

ambient 1.54 0.66 20.3 0.23 

average 1.22 0.64 20.4 0.20 

80 2.45 0.77 21.3 0.47 

average 2.12 0.67 21.3 0.34 

85 3.11 0.64 19.6 0.56 

average 2.92 0.67 21.8 0.47 

 

 

 

2 

ambient 2.01 0.42 22.9 0.22 

average 1.84 0.33 24.1 0.19 

120 3.78 0.55 28.2 0.66 

average 3.78 0.52 28.5 0.62 

130 5.88 0.53 28.3 1.00 

average 5.47 0.52 29.0 0.92 
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A preliminary analysis of the current density vs. 

voltage curves (Figure 3) of derivatives 1 and 2 

clearly demonstrates that the introduction of a 

rigidified spacer between the donor and acceptor 

units has a significant impact on cell performance. 

In particular, the power conversion efficiency, 

PCE, decreases from 2.55% for the reference 

compound R to 0.56% for compound 1 and 1.00% 

for compound 2. This reduction is mainly due to a 

decline of the short-circuit current density (Jsc) 

from 7.14 mA/cm² to 3.11 mA/cm² and 5.88 

mA/cm², respectively, along with a decrease of the 

open circuit voltage (Voc) and fill factor (FF). The 

reduced short-circuit current density (Jsc) 

observed for compounds 1 and 2 relative to the 

reference compound R can be attributed to changes 

in molecular packing and charge transport 

properties. Importantly, a 10-minute annealing at 

various temperatures was found to enhance cell 

performance in all three cases. Moreover, a 

comparison between derivatives 1 and 2 reveals 

that the use of a DTP spacer instead of a CPDT one 

leads to improved photovoltaic characteristics, 

suggesting that charge recombination between 

electrons and holes is significantly suppressed with 

the DTP unit. 

 

 
Fig. 3 – Current-density vs voltage curves for bi-layer photovoltaic cells ITO/PEDOT:PSS/D/C60/Al based on spin-cast donors R, 1 

and 2. Empty circles: in the dark; black/red circles: under AM 1.5 simulated solar light with an incident power light of 90 mW cm–2. 

 

To further support these observations, the 

external quantum efficiency (EQE) spectra of the 

obtained cells were recorded under monochromatic 

irradiation and are presented in Figure 4. All devices 

exhibit a sharp initial peak at 370–380 nm, 

attributed to the contribution of C60 to the 

photocurrent. The EQE measurements of these PHJ 

cells reveal a first band at 430 nm, followed by a 

broad response spanning 500–700 nm, with a 

maximum value of approximately 40% at 522 nm 

for the reference compound R, around 13% at 595 

nm for compound 1, and about 33% at 530 nm for 

compound 2. The EQE response of compound 1 

closely mirrors that of compound 2, with the main 

difference being the higher intensity observed for 

donor 2, in agreement with the Jsc values. The 

reduced EQE observed for compound 1 is likely 

attributed to its lower short-circuit current density 

(Jsc) and potentially a less efficient charge 

separation. Additionally, the presence of two bulky 

ethylhexyl side chains in compound 1 may disrupt 

molecular packing within the active layer, hindering 

exciton diffusion and charge extraction. The 

extended photo-response from 400 nm to 700 nm 

aligns with the absorption spectra of the compounds 

in the solid state, indicating that the donor layer 

plays a dominant role in the photocurrent 

generation.
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Fig. 4 – Spectra of external quantum efficiency of bi-layer cells based on donors R, 1 and 2 under monochromatic irradiation. 
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EXPERIMENTAL  

General 

All commercial-grade reagents and chemicals 

were used without further purification. Solvents 

were dried and distilled under argon using standard 

procedures before use. Column chromatography 

purifications were performed on Merck silica gel 

Si60 (40–63 μm). 

NMR spectra were acquired using a Bruker 

AVANCE III 300 spectrometer (¹H at 300 MHz, ¹³C 

at 75 MHz). Chemical shifts are reported in ppm 

relative to TMS as an internal reference, with 

coupling constants (J) given in Hz. UV-Vis spectra 

were measured with a Perkin Elmer Lambda 19 or 

950 spectrometer. 
Melting points were determined using a 

Reichert-Jung Thermovar hot-stage microscope 
apparatus and are uncorrected. MALDI-TOF mass 
spectra were recorded on a BIFLEX III Bruker 
Daltonics spectrometer with dithranol as the 
matrix. 

Cyclic voltammetry experiments were 
conducted in dichloromethane solutions (HPLC 
grade, purchased from SDS). 
Tetrabutylammonium hexafluorophosphate (0.10 
M) was used as a supporting electrolyte 
(purchased from Across, used without 
purification). Prior to measurements, solutions 
were deaerated by nitrogen bubbling. The 
experiments were performed in a one-
compartment electrochemical cell equipped with 
platinum electrodes and a saturated calomel 
reference electrode (SCE), using a Biologic SP-
150 potentiostat with positive feedback 
compensation. 

Synthesis 

(E)-6-((2,2-diphenylhydrazono)methyl)-4,4-bis(2-
ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophene- 
2-carbaldehyde (5a): A solution of N,N'-

diphenylhydrazine hydrochloride (3) (14 mg, 0.065 
mmol) and sodium acetate (21 mg, 0.26 mmol) 

 in 4 mL of dry methanol was added dropwise at 
room temperature under an argon atmosphere  

to a solution of 4,4-bis(2-ethylhexyl)-4H-
cyclopenta[1,2-b:5,4-b']dithiophene-2,6-dicarbaldehyde 

(4a) (60 mg, 0.13 mmol) in 30 mL of anhydrous 
THF. The reaction mixture was then heated at 40°C 

under inert conditions for 20 hours. After cooling to 
room temperature, water and methylene chloride 

were added. The aqueous phase was extracted twice 

with dichloromethane, and the combined organic 
layers were washed with brine and dried over 

MgSO4. Following solvent removal, the crude 
product was purified by silica gel column 

chromatography using a pentane/diethyl ether (8:1) 
mixture as the eluent, affording a yellow-orange 

solid (24 mg, 59 % yield, Mp. 127–129C). 1H 

NMR (CDCl3, 300 MHz), δ (ppm):  9.81 (s, 1H, 

CHO), 7.52 (s, 1H, N=CH), 7.47–7.42 (overlapped 
peaks, 4H, Har), 7.25–7.19 (overlapped peaks, 7H, 

Har and CH (CPDT)), 6.78 (s, 1H, CH (CPDT)), 
1.89–1.81 (overlapped peaks, 4H, CH2 (alkyl)), 

0.96–0.85 (overlapped peaks, 18H, CH and CH2 
(alkyl)), 0.75 (m, 6H, CH3 (alkyl)), 0.59 (m, 6H, 

CH3 (alkyl)). 13C NMR (CDCl3, 75 MHz), δ (ppm): 
181.7, 149.9, 149.2, 144.7, 143.1, 137.9, 135.8, 

135.1, 130.0, 129.5, 126.5, 125.1, 122.6, 114.8, 
54.0, 43.3, 35.3, 34.2, 28.6, 27.5, 22.9, 14.2, 10.7. 

HRMS (MALDI-TOF): calcd. for C39H48N2OS2 
[M]+: 624.3208; found: 624.3195. 

 

(E)-6-((2,2-diphenylhydrazono)methyl)-4-(2-

ethylhexyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole-2-

carbaldehyde (5b): A solution of N,N'-
diphenylhydrazine hydrochloride (3) (32 mg, 0.14 
mmol) and sodium acetate (76 mg, 0.92 mmol) in 6 
mL of dry methanol was gradually added to a 
solution of 4-(2-ethylhexyl)-4H-dithieno[3,2-
b:2',3'-d]pyrrole-2,6-dicarbaldehyde (4b) (100 mg, 
0.29 mmol) in 40 mL of anhydrous THF at room 
temperature. The reaction mixture was then heated 
to 50°C under an argon atmosphere for 20 hours. 
After cooling to room temperature, 
dichloromethane was added, and the organic phase 
was washed with water and dried over MgSO4. 
Following solvent removal, the crude product was 
purified by silica gel chromatography using a 
diethyl ether/pentane (3:2) mixture as the eluent, 
yielding an orange-brown solid (60 mg, 81%, yield, 

Mp. 153–155C). 1H NMR (CDCl3, 300 MHz), δ 
(ppm): 9.85 (s, 1H, CHO), 7.55 (s, 1H, N=CH), 
7.47–7.42 (overlapped peaks, 4H, Har), 7.29 (s, 1H, 
CH (DTP)), 7.25–7.20 (overlapped peaks, 6H, Har), 
6.78 (s, 1H, CH (DTP)), 4.00 (dd, 2H, J = 7.2 Hz, J 
= 2.7 Hz, CH2 (alkyl)), 1.88 (m, 1H, CH (alkyl)), 
1.32–1.26 (overlapped peaks, 8H, CH2 (alkyl)), 
0.85–0.90 (overlapped peaks, 6H, CH3 (alkyl)). 13C 
NMR (CDCl3, 75 MHz), δ (ppm): 182.9, 149.2, 
145.4, 145.1, 145.0, 143.2, 140.3, 130.2, 130.0, 
125.1, 123.7, 122.6, 114.6, 109.7, 51.5, 40.5, 30.8, 
28.8, 24.1, 23.1, 14.1, 10.8. HRMS (MALDI-TOF): 
calcd. for C30H31N3OS2 [M]+: 513.1909; found: 
513.1895. 
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(E)-2-((6-((2,2-diphenylhydrazono)methyl)-4,4-

bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-

b']dithio-phen-2-yl)methylene)malononitrile 

(1): Malonodinitrile (4 mg, 0.048 mmol) and a 
drop of triethylamine were added to a solution of 
5a (20 mg, 0.032 mmol) in 6 mL of chloroform. 
The reaction mixture was stirred at room 
temperature for two hours, followed by an 
additional two hours at 50°C. After cooling to 
room temperature, the solution was diluted with 
methylene chloride, washed with water and brine, 
and dried over magnesium sulfate. The solvent 
was then removed, and the crude product was 
purified by silica gel column chromatography 
using pentane/diethyl ether (9:1) mixture as the 
eluent, yielding a violet solid (15 mg, 70% yield, 

Mp. 88–89C). 1H NMR (CDCl3, 300 MHz), δ 
(ppm):  7.67 (s, 1H, CH=C(CN)2)), 7.53 (s, 1H, 
N=CH), 7.48–7.43 (overlapped peaks, 4H, Har), 
7.25–7.19 (overlapped peaks, 7H, Har and CH 
(CPDT)), 6.80 (s, 1H, CH (CPDT)), 1.90–1.82 
(m, 4H, CH2 (alkyl)), 0.96–0.87 (overlapped 
peaks, 18H, CH2 and CH (alkyl)), 0.75 (m, 6H, 
CH3 (alkyl)), 0.59 (m, 6H, CH3 (alkyl)). 13C NMR 
(CDCl3, 75 MHz), δ (ppm): 164.2, 152.0, 149.9, 
149.5, 143.0, 135.3, 135.1, 130.1, 129.5, 129.4, 
125.3, 122.6, 121.2, 121.0, 115.5, 114.8, 71.7, 
54.1, 43.2, 35.4, 34.1, 28.6, 27.4, 22.9, 14.2, 10.7. 
HRMS (MALDI-TOF): calcd. for C42H48N4S2 
[M]+: 672.3320; found: 672.3300. 
 
(E)-2-((6-((2,2-diphenylhydrazono)methyl)-4-(2-
ethylhexyl)-4H-dithieno[3,2-b:2',3'-d]pyrrol-2-
yl)methylene)malononitrile (2): Three drops of 
triethylamine were added to a solution of compound 
5b (80 mg, 0.16 mmol) and malononitrile (16 mg, 
0.25 mmol) in 30 mL of chloroform. The mixture 
was stirred overnight at room temperature under an 
argon atmosphere. After solvent removal, the crude 
product was dissolved in dichloromethane, washed 
with water and brine, dried over magnesium sulfate, 
and purified by silica gel column chromatography 
using a pentane/diethyl ether (4:1) mixture as the 
eluent, yielding a deep-violet solid (60 mg, 65% 

yield, Mp. 155–157C). 1H NMR (CDCl3, 300 
MHz), δ (ppm):  7.65 (s, 1H, CH=C(CN)2), 7.58 (s, 
1H, N=CH), 7.48–7.43 (overlapped peaks, 4H, Har), 
7.28 (s, 1H, CH (DTP)), 7.25–7.20 (overlapped 
peaks, 6H, Har), 6.76 (s, 1H, CH (DTP)), 3.98 (dd, 
2H, J = 6.9 Hz, J = 2.1 Hz, CH2 (alkyl)), 1.83–1.89 
(m, 1H, CH (alkyl)), 1.33–1.26 (overlapped peaks, 
8H, CH2 (alkyl)), 0.90–0.83 (overlapped peaks, 6H, 
CH3 (alkyl)). 13C NMR (CDCl3, 75 MHz), δ (ppm): 
151.3, 150.4, 148.3, 146.0, 143.0, 132.4, 130.1, 
129.7, 126.8, 125.4, 122.6, 115.7, 115.0, 114.7, 

109.3, 71.4, 51.6, 40.5, 30.8, 28.8, 24.1, 23.1, 14.1, 
10.8. HRMS (MALDI-TOF): calcd. for C33H31N5S2 
[M]+: 561.2021; found: 561.2015. 

Device fabrication and characterization 

Indium-tin oxide (ITO)-coated glass slides (24 
mm × 25 mm × 1.1 mm) with a surface resistance 
of 10 Ω/sq were obtained from Kintec company. 
Selective etching of the ITO layer was performed 
using 37% HCl. The electrodes were then 
sequentially cleaned in an ultrasonic bath with 
Deconex (VWR International GmbH), distilled 
water (15.3 MΩ cm⁻¹), acetone, ethanol, and a final 
rinse with distilled water, each for 10 minutes. After 
drying in an oven at 100°C, the electrodes were 
coated with a spun-cast layer of PEDOT:PSS 
(Clevios P VP AI 4083, HC-Starck), which was 
filtered through a 0.45 µm membrane immediately 
before use. Spin-coating was performed at 5000 rpm 
(ramp time: 10 s, spin time: 60 s), followed by 
drying at 130°C for 15 minutes. 

Various solvents were tested for donor layer 
deposition, best results were obtained from 
chloroform (organic material solubility 1 mg/0.1 
ml) that provided good quality films. Thin films 
(~20 nm) of donor materials were spin-cast under 
ambient conditions from chloroform solutions 
containing 5 mg/mL of the donor. After 
deposition, the devices were transferred into an 
argon-filled glovebox (200B, MBraun) equipped 
with a vacuum chamber. A 30 nm film of 
fullerene C60 (99+%, MER Corporation) and a 
100 nm thick aluminum electrode were thermally 
evaporated onto the donor film under a vacuum of 
2–4 × 10⁻⁶ mbar using a shadow mask, defining 
two active cells (6.0 mm diameter, 0.28 cm²) on 
each ITO electrode. 

Current density vs. voltage (J–V) characteristics 
were recorded in both dark and illuminated 
conditions using a Keithley 236 source-measure unit 
and a custom acquisition program. Illumination was 
provided by an AM1.5 Solar Constant 575 PV 
simulator (Steuernagel Lichttechnik) equipped with 
a metal halogen lamp. The incident light intensity 
(~90 mW cm⁻²) was measured using a broadband 
power meter (13PEM001, Melles Griot), and devices 
were illuminated through the ITO electrode side. The 
reported efficiency values are uncorrected for 
potential spectral mismatches of the solar simulator. 

External quantum efficiency (EQE) measurements 

were performed using a halogen lamp (Osram) in 

combination with an Action Spectra Pro 150 

monochromator, a Perkin-Elmer 7225 lock-in 

amplifier, and a S2281 photodiode (Hamamatsu). 
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CONCLUSIONS 

We have successfully synthesized and 
characterized two new D-π-A molecules, in which a 
diphenylhydrazone donor unit is connected to a 
dicyanovinyl acceptor via rigidified thiophene-
based π-conjugated spacers using a straightforward 
metal-free approach. Cyclic voltammetry and UV-
vis absorption studies demonstrate that the spacer's 
nature significantly impacts the HOMO-LUMO 
energy levels and light-harvesting properties. 
Notably, compounds 1 and 2, which incorporate 
three fused rings as π-conjugated spacers, exhibit a 
red-shifted internal charge transfer band in both 
solution and thin films, along with a larger 
electrochemical bandgap compared to the reference 
compound featuring a non-fused bithiophene 
spacer. The synthesized molecules were evaluated 
as p-type semiconductors in bi-layer photovoltaic 
devices using C60 as the n-type counterpart. The 
results revealed that, in our case rigidifying the 
spacer has a detrimental effect on the photovoltaic 
performance of CPDT- and DTP-based compounds. 
Hence, the improved light-harvesting properties of 
compounds 1 and 2 did not directly translate into 
enhanced photovoltaic parameters, probably due to 
inefficient charge separation alongside undesired 
charge recombination in the photoactive layer. 
Results obtained with CPDT- and DTP-containing 
derivatives highlight the challenges in predicting 
the influence of these building blocks on material 
organization, electronic properties, and photovoltaic 
performance. Ongoing efforts aim to enhance the 
power conversion efficiency of devices, with future 
studies focusing on leveraging the fused thiophene 
unit in higher-efficiency D-π-A materials.  
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