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ABSTRACT

Hydrazone-based hole-transporting material 9,9’-(hydrazine-1,2-diylidene)bis(N2,N2,N7,N7-

tetrakis(4-methoxyphenyl)-9H-fluorene-2,7-diamine (V1375) has been synthesized using 

straightforward two-step procedure from commercially available and inexpensive starting reagents, 

mimicking synthetically challenging 9,9'-spirobifluorene moiety of well-studied Spiro-OMeTAD. 

The evaluated thermal properties reveal that pristine V1375 exhibits a glass transition temperature of 

132 ℃ and high thermal stability, with a 5 % mass loss occurring at 395 ℃. Meanwhile, the measured 

intrinsic hole-transport mobility and conductivity reaches 2.5 · 10–6 cm2 V–1 s–1 and 1.6 · 10–4 S m–1, 

respectively. Power conversion efficiency over 24% with improved stability has been achieved by 

employing the doped V1375 as a novel HTM in perovskite solar cells outperforming state-of-the-art 

Spiro-OMe-TAD.

INTRODUCTION

Nowadays, environmental pollution is one of the world’s biggest problems, causing ecological issues 

such as the greenhouse effect, droughts, floods, and increasing suffering caused by more frequent and 
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severe hurricanes and heat waves. These disasters lead to a shortages of food and water and disrupt 

the global food chain and biodiversity. Environmental contamination is primarily result of the usage 

of non-renewable energy resources, such as oil or coal; therefore, the utilization of clean and 

renewable energy sources is crucial. Over the past decade, renewable energy sources such as solar, 

wind, and geothermal power have achieved prominence, with their share of global energy generation 

now exceeding 10%.

Solar energy is one of the largest and most accessible energy sources available to humanity, leading 

to the invention of solar cells. Since the 1954,1 solar technology has evolved significantly, resulting 

in the development of various types of solar cells. In 20092 the first publication on perovskite solar 

cells (PSCs) was released, sparking interest among scientists. Since then, intensive research has led 

to impressive efficiency improvements, with the highest performance recorded reaching 27 %.3

The perovskite material is particularly attractive for solar cell applications because of its long carrier 

diffusion length,4 high absorption coefficient,5 low exciton binding energy,6 high charge carrier 

mobility,7 and versatility in layer coating techniques.8 However, several issues hinder the 

commercialization of PSCs, including poor perovskite material stability9 and the high cost of 

commonly used hole-transporting materials (HTMs). Consequently, optimization of synthesis 

processes is required for developing cost-effective and stable devices.

While PSCs can generate electricity without a hole-transporting layer (HTL),10‒12 their efficiencies 

are typically higher when molecular organic HTMs are incorporated into n-i-p device structure. The 

highest performances have been achieved using 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-

9,9′-spirobifluorene (Spiro-OMeTAD). However, the multi-step synthesis of Spiro-OMeTAD is 

excessively expensive since it includes reaction steps that require low temperature (-78 ℃), sensitive 

(n-butyllithium or Grignard reagents) and aggressive (Br2) reagents. In addition, high-purity 

sublimation-grade Spiro-OMeTAD is required to obtain high-performance devices. Even after 

synthesis optimization, this material still requires four synthesis steps.13

For this reason, scientists have focused their attention on finding new HTMs that can be synthetized 

through simple methods while exhibiting desirable properties. Consequently, numerous new 

materials, including compounds of spirobifluorene,14‒16 fluorene,17‒19 fluorenylidene,20‒22 and 

carbazole,23‒25 have been proposed as HTMs for efficient device fabrication. Meanwhile, hydrazones, 

a well-known, easily synthesised class of materials, are not widely used as hole-transporting materials 

in PSCs. However, over the past decade, they have been among the most popular families of materials 

used for electrophotographic photoreceptors.26‒28 To the best of our knowledge, only a few 

publications investigated the application of hydrazones as HTMs for perovskite solar cells.29‒32
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Figure 1. Chemical structures of Spiro-OMeTAD and hydrazone-based V1375

In this manuscript we describe hydrazone-based material V1375, which was synthesized via simple 

two-step synthesis strategy and used in an n-i-p device configuration (Figure 1). The power 

conversion efficiency of perovskite solar cells using V1375 reaches 24.23%, which is very similar to 

that achieved with Spiro-OMeTAD (23.97%). Moreover, the long-term stability of the champion 

solar cell was greater than that of devices using Spiro-OMeTAD.

RESULTS AND DISCUSIONS

Hydrazone-based HTM was synthesized using Buchwald-Hartwig reaction conditions using 4,4‘-

dimethoxydiphenylamine as a side fragment. As shown in Scheme 1, in the first step, the 

corresponding central hydrazone-brudged bifluorene fragment was produced from 2,7-

dibromofluoren-9-one via a hydrazone condensation reaction, yielding intermediate 1, which was 

filtered after the reaction, washed with hot acetone, and afterwards treated with 4,4‘-

dimethoxydiphenylamine in the presence of palladium catalyst to obtain target material V1375. The 

chemical structure of target material was confirmed by NMR spectroscopy and mass spectrometry. 

Detailed description of the synthetic procedures is provided in the Supporting Information.

1

O

Br Br H2N-NH2 x H2O, HCl
EtOH/THF, 

N

Br Br

BrBr

N

NN

O O

OO

NN O

OO

O

N
N

V1375

Pd(OAc)2, [(t-Bu)3PH]BF4,
NaOtBu
Toluene, 

H
N

O O

Scheme 1. Synthetic route to intermediate 1 and target compound V1375.
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Considering the simple syntheses of V1375, its material costs were assessed based on the model 

described by Dingemans, Docampo, and Osedach,33 which is about 29.58 $/g (Table S1). It would 

cost three times less to produce this HTM than widely used standard Spiro-OMeTAD, which costs 

92 $/g to synthesize.

To determine the conjugation of the new compound, UV-vis absorption spectra of THF solution (c = 

10–4 M) were recorded (Figure 3a). V1375 exhibits four absorption peaks. The absorption spectrum 

of V1375 is slightly redshifted compared to that of Spiro-OMeTAD, indicating negligible 

enhancement of π-conjugation. The peaks in the range of 230‒425 nm can be assigned to π→π* 

transitions, while a barely noticeable absorption band in the visible region at 544 nm is a result of 

π→π* transitions with charge transfer character, which arises because of electron-rich hydrazone 

units. This is also in good agreement with the density functional theory (DFT) calculations, performed 

at the B3LYP/6-31G(d,p) level of theory, where the highest occupied molecular orbital (HOMO) of 

the V1375 molecule is mainly distributed over the dimethoxy diphenylamine substituted fluorene 

fragments. Upon excitation, the lowest unoccupied molecular orbital (LUMO) is highly delocalized 

over the hydrazone units (Figure 2).

Figure 2. Frontier Kohn–Sham molecular orbitals of V1375 were obtained from theoretical 

calculations at the B3LYP/6-31G(d,p) level of theory.

The thermal properties of V1375 were evaluated using thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC). The results are presented in Table 1 and Figure 3b,c. From 

TGA data, it was found that hydrazone-based HTM demonstrates a relatively high decomposition 

temperature (Td5) of 395 ℃ at 5 % weight loss, which is similar to that of spiro-OMeTAD (413 ℃), 

indicating good thermal stability required for photovoltaic device.34 The DSC analysis revealed that 

V1375 exhibited one endothermic peak, appearing at around 300 ℃, is typically associated with a 

melting process. No crystallization was observed during the cooling and second heating steps, only 

the glass transition (Tg) at 132 ℃, which is comparable to the Tg of Spiro-OMeTAD, suggesting that 

the material could exist in both crystalline and amorphous states. Moreover, we have evaluated Tg of 

V1375 upon mixing it with the additives that are typically employed in the fabrication of PSC. As 

shown in Fig. S6, upon doping V1375 possesses a significantly lower Tg value comparing to undoped 
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value (132 °C), which may be caused by the migration and volatilization of dopants at high 

temperature.35 We next evaluated Tg of doped Spiro-OMeTAD and it was found that upon doping 

Spiro-OMeTAD suffers a significant drop in Tg possessing even lower Tg value of 67 °C compared 

to doped V1375, therefore, while doped V1375 Tg is 78 °C, it is still demonstrating superior thermal 

stability at 65 °C in operando compared to the reference (Figure S7).

The energy level of V1375 was estimated by photoelectron spectroscopy in air (PESA), yielding an 

ionization potential (IP) of 4.92 eV (see Table 1 and Figure 3d). Compared with Spiro-OMeTAD (IP 

= 4.91 eV), it is evident that presence of hydrazone group in the center of molecule does not change 

the IP, suggesting that the synthesized compound would be suitable for use in PSCs.

The hole drift mobility (μ) was measured using xerographic time-of-flight (XTOF) method, and the 

results are presented in Table 1 and Figure 3e. The data show that V1375 exhibits a hole drift mobility 

of 2.5 · 10–6 cm2 V–1 s–1 at zero electric field strength, which is lower than that of Spiro-OMeTAD 

(μ = 1.4 · 10−5 cm2 V–1 s–1). This difference can be attributed to the flexible backbone of the 

hydrazone-based material, which may induce conformational and energetic disorder, thereby 

reducing hole drift mobility. The intrinsic conductivity (σ) was evaluated using current measurement 

(Figure 3f) and it was found that V1375 has 2.5 times higher conductivity than Spiro-OMeTAD, 1.6 

· 10–4 and 6.4 · 10−5 S m–1, respectively, attributing to the higher concentration of holes in the V1375 

material.

Table 1. Thermal, optical and photophysical properties of V1375 and Spiro-OMeTAD.

HTM Tg [C]a) Tm [C]a) Td5 [C]a) λabs [nm]b) IP [eV]c) μ0 [cm2 V–1 s–1]d) σ [S m–1]

V1375 132 303 395
297, 339, 

383, 544
4.92 2.5 · 10–6 1.6 · 10–4

Spiro-

OMeTAD
138 249 413

237, 303, 

367, 387
4.91 1.4 · 10−5 6.4 · 10−5

a)Glass transition (Tg), melting point (Tm) and 5% weight loss (Td5) temperatures observed from DSC and TGA 

measurements, respectively (10 ℃ min–1, N2 atmosphere); b)UV−vis spectra measured in tetrahydrofuran 

(THF) solutions (10–4 M); c)Ionization energies of the films measured using PESA; d)Mobility value at zero 

field strength.
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Figure 3. a) Normalized UV−vis absorption spectra of V1375 and Spiro-OMeTAD from THF 

solutions (10–4 M); b) TGA heating curve of V1375 and Spiro-OMeTAD (heating rate of 10 °C min–1, 

N2 atmosphere); c) DSC curve of the first heating of V1375 and Spiro-OMeTAD; d) Ionization 

potential of V1375 and Spiro-OMeTAD; e) Hole drift mobility of target material V1375 and Spiro-

OMeTAD; f) Conductivity of target material V1375 and Spiro-OMeTAD.
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The performance of the constructed devices is summarized in Table 2. Figure 4a,b presents the J‒V 

curves of the champion PSCs. The highest PCE of the reference (Spiro-OMeTAD) device was 

23.97%, whereas V1375-based device achieved 24.23%. The best-performing device of V1375 

exhibited a VOC of 1.119 V, JSC of 26.12 mA/cm², and a fill factor (FF) of 0.825. Additionally, the 

hysteresis indices (HI) were evaluated for both the reference and V1375 devices (Figure 4a,b), 

revealing that the latter exhibits lower HI values. The EQE spectra and statistics of the photovoltaic 

parameters are shown in Figures S4-S5.

Table 2. PV characteristics derived from the corresponding J–V curves of the best-performing 

devices.

HTM Voc [V] Jsc [mA/cm²] FF PCE [%]

V1375 1.119 26.12 0.825 24.23

Spiro-OMeTAD 1.113 26.09 0.822 23.97

The long-term stability of the PSCs was evaluated under maximum power point (MPP) tracking 

conditions for 950 hours in an inert environment (Figure 4c). After this period, the reference device 

retained only 65% of its initial efficiency, whereas devices employing V1375 as the HTM exhibited 

improved stability, maintaining 85% of their original efficiency. Additional MPP decay 

measurements were conducted at 65 °C. All PSCs were tested in an N₂ atmosphere under continuous 

illumination of 100 mW cm-2. As shown in Figure 4d, the device incorporating V1375 as the HTM 

exhibited superior thermal stability compared to the untreated reference device. After 500 hours of 

continuous light soaking, the V1375-based device retained 89 % of its initial MPP value, whereas the 

reference devices maintained only 75%.
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Figure 4. a) J‒V reverse scan (RS) curves and b) J‒V forward scan (FS) curves of the perovskite 

champion devices with V1375 and reference devices recorded under one sun illumination; c) Light-

induced stability of perovskite devices incorporating V1375 and reference materials. The devices 

were measured in a N2 atmosphere at room temperature, under constant illumination (LED source, 

≈1 Sun) at the maximum power point for 950 h; d) Thermal stability of perovskite devices 

incorporating V1375 and reference materials. The devices were measured in a N2 atmosphere at 65 

°C, under continuous illumination (LED source, ≈1 Sun) at a maximum power point for 500 h.
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CONCLUSION

In this study, a hydrazone-based HTM V1375, containing 4,4‘-dimethoxydiphenylamine 

chromophores, was synthesized and evaluated as potential replacement for Spiro-OMeTAD in 

perovskite solar cells. V1375 exhibits high thermal stability and a relatively high glass transition 

temperature. Perovskite solar cells incorporating V1375 achieved a maximum efficiency of 24.23 %, 

outperforming the benchmark Spiro-OMeTAD (23.97 %). The simplicity of a cost-effective and 

upscalable synthesis should enable rapid advancement of this material for perovskite solar cells and 

other optoelectronic applications.
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