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Abstract: The pursuit of high-performance, dopant-free hole-transporting materials (HTMs) is central to advancing the efficiency and stability of perovskite solar cells (PSCs). Herein, three pyrene-based HTMs (PyTPA-9C, PyTPA-10C, and PyTPA-13C) were synthesized by covalently linking two pyrene-triphenylamine precursor units, which display pronounced antenna effect analogous to the precursor with quantitatively defined by a positive correlation between the number of TPA antenna moieties and key photophysical parameters (such as molar absorption coefficient and fluorescence quantum yield). Critically, the odd-even effect of the alkyl spacer plays a significant role in modulating the molecular conformation and electronic structure. Moreover, PyTPA-10C, featuring an even-carbon decyl chain as dopant-free HTMs in n-i-p structured PSCs, achieves a champion power conversion efficiency (PCE) of 25.47%, representing the highest reported values for n-i-p PSCs employing dopant-free, organic small-molecule HTMs. Comprehensive analysis reveals that PyTPA-10C enables superior hole extraction/transport, effectively suppresses charge recombination, and passivates interfacial defects. Consequently, unencapsulated devices retain over 90% of their initial PCE after 1000 h under continuous heating and illumination at 65 °C and 50-60% relative humidity. This study not only presents high-performing materials but also establishes a general molecular design strategy: the integration of an “antenna effect” with precise alkyl-chain engineering. 
Introduction
[bookmark: _Hlk217546695][bookmark: _Hlk109303027][bookmark: _Hlk189833056][bookmark: _Hlk217546877]Perovskite solar cells (PSCs) have emerged as a promising next-generation photovoltaic technology, achieving a remarkable surge in certified power conversion efficiency (PCE) from 3.8%[1] to over 27% within just a decade.[2-4] This rapid progress is attributed not only to refined device fabrication but also to the continuous innovation of key functional materials.[5-7] Among them, hole-transporting materials (HTMs) are particularly critical, as they govern efficient hole extraction and transport, ultimately contributing significantly to both the performance and operational stability of PSCs.[8,9]
Currently, state-of-the-art n-i-p PSCs predominantly employ benchmark HTMs such as 2,2’,7,7’-tetrakis[N,N-di(4-methoxyphenyl)-amino]-9,9’-spiro-bifluorene (Spiro-OMeTAD) and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA). To attain the high conductivity and effective hole extraction required for peak performance, these materials must be heavily doped with hygroscopic and migratory additives (e. g., lithium bis(trifluoromethanesulfonyl)imide salt (Li-TFSI) and tert-butylpyridine (TBP)).[10-13] This reliance on chemical doping introduces a fundamental compromise, while enabling high efficiencies. The additives inevitably accelerate device degradation by promoting moisture ingress and interfacial reactions, thereby posing a major obstacle to long-term stability and commercial viability. Consequently, the development of dopant-free HTMs that can deliver both high performance and intrinsic stability has become a paramount research frontier. Such materials present a direct pathway to circumvent the stability limitations of doped systems, offering a promising route to realize efficient, durable, and commercially feasible PSCs.[14] 
[bookmark: _Hlk217164715]Especially attractive as alternative HTMs for PSCs are organic small-molecule materials, which benefit from well-defined structures, tunable molecular design, and tailorable optoelectronic properties.[15] Impressively, the efficiencies of PSCs employing dopant-free small-molecule HTMs have now surpassed those using dopant-free Spiro-OMeTAD.[9,16-18] For instance, Matsushima et al. achieved a PCE of 20.7% using phenanthro[9,10-d]imidazole-based dopant-free HTMs,[19] This was further advanced by Li and coworkers with a PCE of 21% in CsPbI3-based PSCs by employing indacenodithieno[3,2-b]thiophene-based D-A-D’-A-D-type HTMs.[20] More recently, Chen and coworkers demonstrated that a heterocyclic lactam-based small molecule HTM, with enhanced backbone planarity enforced by F···S non-covalent bonds, yielded a PCE of 24.28% in n-i-p devices.[21] A common design principle among these high-performing, dopant-free HTMs is a molecular architecture combining a large π-conjugated planar core with peripheral arylamine units (e. g.,  carbazole or triphenylamine). The planar core is crucial for promoting strong π-π stacking in the solid state, which facilitates charge transport by enhancing orbital overlap and reducing reorganization energy.[24-27] Concurrently, the arylamine units serve multiple functions, namely they aid in interfacial defect passivation, improve hole transport, and can enhance the materials’ light-harvesting capability,[22-23] This synergistic structure-property relationship underscores the power of rational molecular design in developing next-generation HTMs.
[bookmark: _Hlk217547495][bookmark: _Hlk217547468][bookmark: _Hlk217547526]Pyrene, a planar polycyclic aromatic hydrocarbon (PAH) with a four-benzene-ring fused backbone, serves as a classical building block in organic electronics due to its extended π-conjugation, strong blue fluorescence and high carrier mobility.[28-29] When functionalized with arylamine units, pyrene-based structures have demonstrated particular promise as dopant-free HTMs, showing enhanced hole transport and yielding high-performance PSCs.[30-31] Early foundational work by the Seok group in 2013 revealed a clear positive correlation between device efficiency and the number of diamine substituents at the pyrene core.[32] Subsequent design optimization has led to significant advances, with Ding et al., for example, reporting a dopant-free, pyrene-based HTM that achieved a notable PCE of 24.33% while maintaining over 90% of its initial performance after 1000 h under damp heat.[17] Building on this progress, our recent work has further elucidated the unique photophysical advantages of triphenylamine (TPA) decorated pyrene systems. These materials exhibit a pronounced “antenna effect”, where increasing the number of TPA-OMe moieties enhances the molar absorption coefficient (ε), improves the photoluminescence quantum yield, and increases the two-photon absorption cross-section, all without shifting the emission peak.[22,33] When implemented as dopant-free HTMs in PSCs, these engineered molecules delivered an average PCE of 23.44%.[18] These results collectively underscore that the TPA-functionalized pyrene core represents a highly promising molecular platform for developing efficient and stable HTMs.[17]
[bookmark: _Hlk217547423]An antenna molecule, also known as a light-harvesting molecule, absorbs photons and efficiently transfers the excitation energy between donor and acceptor chromophores.[34] Given the strong electron-donating and hole-transport capability of the TPA unit[35] and building on the observed “antenna effect” in TPA-functionalized pyrene systems[22], a key design is addressed to further enhance the photovoltaic performance by incorporating more TPA units into a pyrene-based antenna scaffold. To explore this, we have designed a series of pyrene-based HTMs, PyTPA-9C, PyTPA-10C, and PyTPA-13C, by covalently linking two PyTPA-OH precursors with alkyl bridges of varying lengths. These materials exhibit distinct structure-dependent optical properties: (1) they retain a pronounced antenna effect, with absorption and emission profiles like the precursor; (2) as the alkyl chain lengthens, the increased molecular flexibility leads to an initial rise followed by a slight decrease in both ε and fluorescence quantum yield; and (3) the odd-even parity of the alkyl spacer critically modulates the optical properties and electronic structure. When employed as a dopant-free HTM in PSC devices, the optimized derivative PyTPA-10C, featuring an even-carbon decyl chain, achieves a champion PCE of 25.47%, a record value for PSCs using organic small-molecule HTMs. Detailed charge‑dynamics analysis reveals that PyTPA-10C promotes efficient hole extraction, enhances charge transport, suppresses non-radiative recombination, and passivates interface defects. Consequently, the PyTPA-10C-based devices exhibit remarkable and operational stability, retaining ~90.6% of the initial PCE after 1000 h under damp-heat conditions (65 oC/50-60% RH in air) and ~84.02% after 500 h of maximum power point (MPP) tracking at 65 oC. This work therefore demonstrates the significant potential of rationally engineering antenna molecules as high-performance, dopant-free HTMs for achieving both efficiency and stability in PSCs.
Results and Discussion
Synthesis and Characterization
The synthesis of the target compounds PyTPA-9C, PyTPA-10C and PyTPA-13C is summarized in Scheme S1, with their molecular structures depicted in Figure 1. These materials were synthesized by linking two units of the precursor PyTPA-OH, which was prepared according to our previously reported method via an alkyl-bridge substitution reaction with the corresponding bromoalkane,[18,22] The reactions proceeded in good yield (63~70%). It is worth noting that under similar conditions, alkyl chains shorter than six carbons failed to link two PyTPA-OH molecules, likely due to the increased steric hindrance. All final compounds exhibit excellent solubility (e.g. 30 mg/mL in DCM, 40 mg/mL in DMSO), ensuring good solution processability for subsequent device fabrication. The chemical structures of PyTPA-9C, PyTPA-10C and PyTPA-13C were confirmed by 1H/13C NMR spectroscopy (Figures S1-S6) and high-resolution mass spectrometry (HRMS) (Figures S7-S9). Thermal stability was assessed by thermogravimetric analysis (TGA), revealing high decomposition temperatures (Td, 5% weight loss) above 435 oC for all three compounds (Figure S10). Furthermore, differential scanning calorimetry (DSC) measurements showed that the crystallization temperature (Tc) increased systematically from 98 oC for the precursor Py-TPA-OH to 235 oC for Py-TPA-13C as the alkyl chain lengthened (Figure S11). This trend indicates enhanced thermal stability and potentially improved structural ordering in the solid state, which is favorable for hole-transport layer formation with reduced defects.


Figure 1. Molecular structures of the pyrene-based TPA derivatives PyTPA-OH, PyTPA-9C, PyTPA-10C and PyTPA-13C.
Density Functional Calculations and Electrochemical Properties
[bookmark: _Hlk217247369]The optimized ground-state geometries and frontier orbital distribution of PyTPA-9C, PyTPA-10C and PyTPA-13C were investigated using density functional theory (DFT) calculations at the B3LYP/6-31G* level. As shown in Figure S12, the two PyTPA-OH units are connected by a flexible alkyl bridge. Driven by the interplay of alkyl chain length and the steric bulk of the TPA-OMe moiety, these compounds adopt distinct molecular conformations in the ground state. Specifically, PyTPA-9C exhibits a W-shaped structure, PyTPA-10C forms a ladder-type conformation with a span of 29.09 Å, and the longer-chain PyTPA-13C adopts a folded, nearly perpendicular arrangement between its two PyTPA-OH units, resulting in a more sterically hindered geometry. The calculated dipole moments reflect these structural differences, with 7.67 D for PyTPA-9C, 2.81 D for PyTPA-10C, and 9.92 D for PyTPA-13C.
 The highest occupied and lowest unoccupied molecular orbital (HOMO/LUMO) and energy levels are summarized in Figure 2. In all three compounds, the HOMO is primarily localized on one of PyTPA-OH units, whereas the LUMO is predominantly distributed on the other unit. The spatial separation of frontier orbitals facilitates efficient intramolecular charge transfer (ICT). The HOMO energy levels range from -4.48 to -4.35 eV, and the LUMO levels from -1.55 to -1.47 eV. Owing to the conformational variations imposed by the alkyl linkers, the energy gap follows the order of PyTPA-10C (2.94 eV) >  PyTPA-13C (2.88 eV) >  PyTPA-9C (2.86 eV). Notably, PyTPA-10C possesses the largest band gap and the deepest HOMO level within the series. This optimal energy-level alignment, originating from its ladder-type conformation, is anticipated to minmize the energy barrier for hole injection and hole extraction at the perovskite/HTM interface.
[bookmark: _Hlk217250836]The electrochemical properties and energy levels of the compounds were investigated by cyclic voltammetry (CV) in acetonitrile (ACN), using tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte (Figure S13). All compounds exhibited reversible or quasi-reversible oxidation waves. Their first oxidation potentials were measured at 0.83 V for PyTPA-9C, 0.91 V for PyTPA-10C, and 0.87 V for PyTPA-13C, with the corresponding onset oxidation potentials (Eonset) being 0.62 V, 0.66 V and 0.69 V, respectively. The HOMO energy levels were estimated using the empirical relation EHOMO = -(Eonset + 4.40), and the LUMO levels were derived from ELUMO = EHOMO + Egopt, where Egopt is the optical bandgap obtained from absorption onset. The resulting HOMO/LUMO energies are -5.02 / -2.33 eV for PyTPA-9C, -5.06 / -2.36 eV for PyTPA-10C, and -5.09 / -2.41 eV for PyTPA-13C (Table S1). Compared with the parent molecule PyTPA-OH, the introduction of extended alkyl bridges effectively lowers both the HOMO and LUMO levels. This downshift leads to improved energy-level alignment with the perovskite absorber, underscoring the promise of these derivatives as efficient HTMs for PSCs.
[image: ]
Figure 2. Frontier orbital amplitude plots of the compounds PyTPA-9C, PyTPA-10C and PyTPA-13C calculated by using DFT Gaussian09/ B3LYP/6-31G* method in the ground state.


Photophysical Properties
The pronounced antenna effect in pyrene-based TPA molecules arises when TPA units occupy the active 1-, 3-, 6-, and 8-positions along with the K-region (5,9-positions) of the pyrene core.[22] This effect is characterized by a strong correlation between the number of TPA antenna moieties and key photophysical parameters, including the ε, emission profiles, photoluminescence quantum yield (ΦPL), and two-photon absorption cross-section in solution.[22] To elucidate the antenna effect in these TPA-decorated pyrene derivatives, namely PyTPA-9C, PyTPA-10C and PyTPA-13C, their UV-vis absorption and PL spectra were recorded in THF solution (10-5 M) and in the solid-state (Figure 3).  Similar to the precursor PyTPA-OH,[18,22] all the TPA-decorated pyrenes exhibit two characteristic absorption bands at 260-320 nm and 380-430 nm, with near identical maxima at 304-305 nm and 411-414 nm, respectively. A near-linear coefficient (ε, R2 = 0.919) is observed for the molar absorption coefficient, which increases in the order: PyTPA-OH (81000 M−1 cm−1) < PyTPA-9C (187000 M−1 cm−1) < PyTPA-13C (231000 M−1 cm−1) < PyTPA-10C (240000 M−1 cm−1). The slightly reduced ε value for PyTPA-13C is likely due to the increased configurational flexibility induced by its long n-tridecanyl bridge. 
[bookmark: _Hlk218547434]Upon excitation in THF solution, these compounds exhibit bright green emission, with peak wavelengths at 507 nm (PyTPA-OH), 509 nm (PyTPA-9C), 512 nm (PyTPA-10C), and 510 nm (PyTPA-13C). The ΦPL increases from 0.74 for PyTPA-OH to 0.82 for PyTPA-13C. These results confirm that the alkyl chain functionalization at the 2-position of pyrene does not disrupt the inherent antenna properties. Following the brightness equation (B = ΦPL  ε),[36] the overall brightness of the series generally rises with the number of TPA units. Enhancing molecular planarity further contributes to a higher brightness value, achieving the maximum brightness of 121,180 for PyTPA-10C (Table 1), directly quantifying its optimal light-harvesting capacity. Additionally, these three compounds exhibit a solvatochromic trend similar to that of their precursor, PyTPA-OH[18,22] (Figure S14-S16, Table S2). The above results indicate that the pronounced antenna effect in these TPA-decorated pyrene derivatives is quantitatively defined by a positive correlation between the number of TPA antenna moieties and key photophysical parameters, which offers a quantitative foundation for linking the molecular design to the intrinsic optoelectronic properties via the antenna effect. 
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[bookmark: _Hlk217421930]Figure 3. (A) UV−vis absorption and emission spectra of pyrene-based antenna molecules Py-TPA-OH, PyTPA-9C, PyTPA-13C and PyTPA-10C in THF solution, (B) in the solid state, (C) emission spectra of compound PyTPA-10C in different polarity solvents (cyclohexane (Cy), 1,4-dioxane, THF, DMF, ACN, and DMSO, respectively) (D) fluorescence quantum yield.
[bookmark: _Hlk203579995]Upon aggregation, all compounds exhibit a red-shifted emission (< 20 nm) relative to their emission spectra, with peak maxima at 522 nm (PyTPA-OH), 528 nm (PyTPA-9C) 512 nm (PyTPA-10C), and 520 nm (PyTPA-13C). This spectral shift is accompanied by a pronounced decrease in ΦPL, and a significantly lower solid-state ΦPL for PyTPA-10C (0.11) compared to others compounds (featuring an odd-carbon decyl chain). X-ray diffraction (XRD) studies on thin films of the three compounds have been conducted. As shown in Figure S20, the data indicate that PyTPA-9C, PyTPA-10C, and PyTPA-13C predominantly adopt an amorphous state in thin films, reflecting a disordered molecular packing. Concentration-dependent PL spectra (Figure S17) indicate that these compounds exhibit a less than 20 nm red-shifted emission as the concentration increased from 10-7 to 10-3 M, reflecting that the decreased ΦPL is not ascribed to the intermolecular π-π stacking, Instead, it is consistent with strong intermolecular coupling and efficient non-radiative energy transfer pathways facilitated by its unique ladder-type packing and packing in the amorphous matrix (Figure S20). This type of typical molecular conformation could promote hole transport in PSC devices.9 This favorable configuration is crucial, as it facilitates reduced defect density at the perovskite/HTM interface, thereby contributing to the superior performance of the PyTPA-10C-based PSC devices (see below). The emission lifetime (τ) was investigated by Time-resolved photoluminescent (TRPL) measurements in THF, which reveal mono-exponential decay with 3.92-4.05 ns upon 390 nm excitation. In contrast, the solid-state lifetimes are reduced 1~3 fold (Figure S18). This marked shortening of the excited‑state lifetime further supports the presence of efficient non-radiative decay pathways in the aggregated state. 
Table 1. Summary of the electrochemical and optical properties of PyTPA-OH, PyTPA-9C, PyTPA-10C, and PyTPA-13C.
	HTMs
	λmax abs (nm)
(ε, M-1 cm-1)
	λmaxPL (nm)
solna/solidb
	ФPL
solna/solidb
	Bc
	τ (ns)
solna/solidb
	Td (℃)
	Tc (℃)

	PyTPA-OH
	305 (81000)
411 (45000)
	507 / 522
	0.74/0.36
	33300
	3.92/3.16
	450
	99

	[bookmark: _Hlk217553029]PyTPA-9C
	305 (187000)
413 (109000)
	509 / 528
	0.85/0.49
	92650
	4.05/2.85
	445
	150

	PyTPA-10C
	306 (240000)
414 (146000)
	512 / 512
	0.83/0.11
	121180
	3.96/1.36
	431
	191

	PyTPA-13C
	304 (231000)
413 (133000)
	510 / 520
	0.82/0.27
	109060
	3.94/2.21
	434
	235


a measured in THF solution, b in the solid state, c B = ΦPL  ε in THF solution.
Photovoltaic performance of PSCs
[bookmark: _Hlk217285351][bookmark: _Hlk217421440]Given the promising performance of TPA-OMe-decorated materials and the continuous progress in pyrene-based HTMs with reported PCEs rising from 12.4% to 24.33% (and with the similar structures) in recent years (Figure 4H and Table S3),[31,37]  we further investigated the potential of our newly designed TPA-decorated pyrene antenna molecules as dopant-free HTMs. The n-i-p structured PSCs were fabricated with the configuration of ITO/SnO2/Cs0.05MA0.05FA0.90PbI3 /HTMs/Ag, employing dopant‑free PyTPA-9C, PyTPA-10C and PyTPA-13C as the HTL with an optimized thickness of ~ 30 nm (Figure 4A).  As shown in Figure S19, the energy levels of these pyrene-based HTMs are lower than of their precursor PyTPA-OH,[18] indicating improved energy alignment with the perovskite layer for more efficient charge extraction. The current density-voltage (J-V) characteristics under AM 1.5G (100 mW cm−2) are shown in Figure 4B-4D, with detailed photovoltaic parameters summarized in Table 2. The devices delivered state-of-the-art efficiencies: PyTPA-9C achieved a PCE of 24.27% (reverse scan) with an open-circuit voltage (VOC) of 1.176 V, a short-circuit current (JSC) of 25.23 mA cm−2, and a fill factor (FF) of 81.80%; PyTPA-13C reached a PCE of 24.68% with a VOC of 1.176 V, a JSC of 25.38 mA cm−2, and an FF of 82.69%. Notably, the PyTPA-10C-based device attained a champion PCE of 25.47% (reverse scan), with an average PCE of 25.47% ± 0.04% from 25 independent devices (Table 2, Figure 4I-L). This represents one of the highest efficiencies reported for n-i-p structured PSCs based on dopant-free, organic small-molecule HTMs to date. The corresponding parameters are a VOC of 1.178 V, JSC of 25.62 mA cm−2, and an FF of 84.39%. All devices exhibited minimal hysteresis, with a hysteresis index (HI) in the range 1.02-1.18%, indicating effective passivation of the perovskite/HTM interface by these pyrene-based materials.[38]
The external quantum efficiency (EQE) spectra and the corresponding integrated Jsc values of the device are illustrated in Figure 4E. The EQE increases significantly from 43% to 90% across the 300-800 nm range, reaching a maximum of 95% at 733 nm. The integrated Jsc values are 24.37 mA cm-2 for PyTPA-9C, 24.46 mA cm-2 for PyTPA-10C, and 24.22 mA cm-2 for PyTPA-13C, respectively, which are consistent with the J-V measurements, thereby confirming the reliability of the photovoltaic data. The steady-state power output and photocurrent were tracked at the MPP under continuous AM 1.5G illumination for 300 s (Figure 4F and 4G). PyTPA-10C delivered the highest stabilized PCE of 24.81% and a JSC of 23.4 mA cm-2. The stabilized performance follows the order: PyTPA-10C (24.81%, 23.4 mA cm⁻²) > PyTPA-13C (23.78% and 22.95 mA cm-2) > PyTPA-9C (23.02%, 22.78 mA cm-2). Statistical distribution of the photovoltaic parameters (PCE, VOC, Jsc, and FF) obtained from 25 independent devices is summarized in the box plots (Figures 4I-4L), demonstrating excellent reproducibility. On combination with DFT and experimental evidence, these results clearly show that the alkyl-chain length and resultant molecular flexibility of the HTMs are critical factors governing device performance. 
Notably, all new pyrene-based antenna molecules significantly outperform the precursor PyTPA-OH (Table 2). The parameter analysis reveals that the PCE improvement stems primarily from increased Jsc and FF, while VOC remains largely unchanged. According to the relationship of PCE (%) = (JSC × VOC × FF / Pin) × 100%, this enhancement can be attributed to the superior light-harvesting capability (antenna effect) and more efficient charge extraction/transport enabled by the increased number of TPA units, together with the improved energy-level alignment at the perovskite/HTM interface.
[image: ]
Figure 4. (A) Cross-sectional SEM micrograph of a PSC device containing pyrene-based antenna molecules as HTM; J-V curves of (B) PyTPA-9C, (C) PyTPA-10C and (D) PyTPA-13C based PSC devices; (E) EQE spectra with the corresponding integrated Jsc; (F) steady-state output PCE and (G) steady-state JSC at the maximum power point using dopant-free HTMs; (H) Comparison of the PCE in the reported PSCs using pyrene-based HTMs, The details of the molecular structures 1-19 are presented in Table S3; (I)-(L) box plots of the statistical distribution of (I) PCEs, VOC, JSC and FF at 25 PSC devices based on pyrene-based antenna molecules as HTMs.




Table 2. Photovoltaic performance of the devices with PyTPA-OH, PyTPA-9C, PyTPA-10C and PyTPA-13C as the HTMs.a
	HTL
	Scan direction
	Jsc [mA cm-2]
	Voc [v]
	FF [%]
	PCE [%]
	HI (%)

	PyTPA-OH
	Forward
	24.07 ± 0.05
	1.18 ± 0.002
	79.07 ± 0.05
	22.46 ± 0.06
	--

	PyTPA-9C
	Reverse
	25.23 ± 0.05
	1.176 ± 0.002
	81.80 ± 0.05
	24.27 ± 0.06
	1.16%

	
	Forward
	25.18 ± 0.06
	1.175 ± 0.002
	81.08 ± 0.06
	23.99 ± 0.07
	

	PyTPA-10C
	Reverse
	25.62 ± 0.05
	1.178 ± 0.002
	84.39 ± 0.05
	25.47 ± 0.04
	1.02%

	
	Forward
	25.61 ± 0.04
	1.175 ± 0.002
	83.70 ± 0.05
	25.21 ± 0.06
	

	PyTPA-13C
	Reverse
	25.38 ± 0.05
	1.176 ± 0.002
	82.69 ± 0.04
	24.68 ± 0.08
	1.18%

	
	Forward
	25.36 ± 0.04
	1.174 ± 0.002
	81.92 ± 0.05
	24.39 ± 0.07
	


a The 25 PSC devices used to calculate the average photovoltaic parameters.

[bookmark: _Hlk216814942]Characterization of interfacial carrier dynamics
To elucidate the influence of the molecular structure on interfacial carrier dynamics, electrochemical impedance spectroscopy (EIS) and transient photoelectric characterization were performed on the pyrene-based PSCs. The Nyquist plots (Figure 5A) reveal that the device employing PyTPA-10C exhibits the highest recombination resistance (Rrec, 26.8 kΩ), significantly exceeding those of PyTPA-9C (Rrec, 12.9 kΩ) and PyTPA-13C (Rrec, 16.1 kΩ). While the series resistance (Rs) increases from 9.86 Ω (PyTPA-10C) to 16.4 Ω (PyTPA-13C) and 20.5 Ω (PyTPA-9C). This indicates that the PyTPA-10C most effectively suppresses charge recombination at the perovskite/HTM interface. The superior performance is attributed to its optimal energy-level alignment (optimized HOMO) with the perovskite, which minimizes the energy barriers and non-radiative losses.[17,39] The results are consistent with the Mott–Schottky plots.[40] The carrier recombination and extraction dynamics were further probed by transient photovoltage (TPV) and transient photocurrent (TPC) measurements. The TPV decay time (Figure 5B) follows the order of PyTPA-9C (88.4 µs) < PyTPA-13C (128.6 µs) < PyTPA-10C (145.2 µs). The longest decay for PyTPA-10C confirms its slowest charge recombination rate, consistent with the EIS results. Correspondingly, TPC analysis reveals that PyTPA-10C possesses the shortest current decay time (0.67 µs), compared to PyTPA-9C (1.12 µs) and PyTPA-13C (0.92 µs) (Figure 5C), demonstrating the most efficient hole extraction and transport. This rapid extraction is linked to reduced interfacial defect states.[41] Supporting this, PL quenching studies on perovskite/HTM stacks show the most pronounced PL intensity reduction for PyTPA-10C, further confirming its superior hole extraction capability relative to the other derivatives.
To further investigate the influence of the molecular conformation on the interface defect of the PSK film, the built-in potential (Vbi) of these pyrene-based HTM devices was characterized. As shown in Figure 5E, the Vbi values follow the order of PyTPA‑10C (1.10 V) > PyTPA‑13C (1.06 V) > PyTPA‑9C (0.99 V). In hole‑only devices analyzed by space‑charge‑limited current (SCLC) measurements, the trap‑filled limit voltage (VTFL) decreases sequentially from PyTPA‑9C (0.521 V) to PyTPA‑13C (0.456 V) and reaches the lowest value for PyTPA‑10C (0.242 V). Together, these results confirm that the ladder‑like conformation of PyTPA‑10C most effectively enhances built‑in field strength, promotes carrier separation/transport, and passivates interfacial defects; this is key factor underlying its superior photovoltaic performance.
The long-term operational stability of the dopant-free PSCs based on these pyrene antenna molecules was evaluated under continuous simulated AM 1.5G illumination (100 mW·cm⁻²) at 65 °C and 50-60% relative humidity (RH) in air. As shown in Figure 5I, the devices showed varying degrees of performance degradation. The PyTPA‑10C‑based device demonstrated exceptional stability, retaining 90.6% of its initial PCE after 1000 h and 87.03% after 1400 h. In contrast, devices with PyTPA‑9C and PyTPA‑13C retained only 84.9% and 86.5% after 1000 h, declining further to 80.49% and 82.59% after 1400 h, respectively. Under MPP tracking at 65 °C, the PyTPA‑10C device maintained 84.02% of its initial efficiency after 500 h, significantly outperforming PyTPA‑9C (69.15%) and PyTPA‑13C (79.05%). The superior stability of the PyTPA‑10C‑based device can be attributed to its favorable molecular conformation, which effectively stabilizes the perovskite lattice and suppresses interfacial ion migration, thereby enabling both high efficiency and robust long-term operation.
Compared to the precursor PyTPA‑OH, these newly designed antenna molecules(pyrene cores functionalized with eight TPA units) achieve the highest efficiency in dopant-free PSCs. These results underscore that alkyl‑chain length is a critical design parameter for tuning molecular conformation in pyrene-based HTMs. The optimized conformation concurrently enhances carrier separation/transport, suppresses charge recombination, and passivates interfacial defects, synergistically driving the device performance to a record high. Moreover, the observed odd-even effect of the alkyl spacers significantly influences the overall photovoltaic outcome. Specifically, the ladder-type conformation of PyTPA-10C (featuring an even‑carbon decyl chain), confers multiple advantages: (i) its deeper HOMO level improves energy alignment; (ii) the resulting packing facilitates efficient charge transport while suppressing recombination, as evidenced by the highest Rrec and longest TPV decay time; and (iii) it promotes effective defect passivation, yielding the lowest VTFL. This synergistic optimization of interfacial energetics and charge dynamics underpins the superior performance of PyTPA-10C-based devices.

[image: ]
Figure 5. (A) Nyquist plots of PSCs with pyrene-based antenna molecules; (B) TPV and (C) TPC decay curves; (D) PL spectra of pyrene-based antenna molecules on the PSK film; (E) Mott-Schottky curves. The space-charge-limited current versus voltage for (F) PyTPA-9C; (G) PyTPA-10C and (H) PyTPA-13C based PSC devices. Normalized PCE changes of the devices based on pyrene-based antenna molecules (I) at 65 oC /50-60% relative humidity in air and (J) MPP tracking at 65 °C.

Conclusion
In summary, this work presents a novel series of antenna molecules as dopant-free HTMs by strategically integrating a pyrene core with multiple TPA units via a tunable alkyl bridge. We systematically demonstrate that the length and odd–even parity of the alkyl spacer critically regulates molecular conformation, solid-state packing, and photophysical properties, thereby governing device performance. The optimized derivative, PyTPA-10C (featuring an even‑carbon decyl chain) adopts a favorable ladder‑type conformation that enhances intermolecular interaction, improves energy‑level alignment with the perovskite, and promotes efficient hole extraction and transport. As a result, PyTPA‑10C enables a high PCE of 25.47% for n‑i‑p PSCs based on dopant-free, organic small‑molecule HTMs, along with negligible hysteresis and exceptional operational stability (retaining >90% of initial PCE after 1000 h under damp‑heat conditions). Beyond reporting a high-performance material, this study establishes a general design principle: precise alkyl‑chain engineering in “antenna‑type” molecular frameworks represents a powerful and scalable strategy to simultaneously boost efficiency and long‑term stability in dopant‑free perovskite photovoltaics.
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Three pyrene-based antenna molecules were synthesized by covalently linking two pyrene-triphenylamine precursor units. (1) These materials show pronounced antenna effect analogous to the precursor; (2) odd-even effect of alkyl spacers critically modulates molecular conformation and electronic structures; and (3) compound PyTPA-10C featureing even-carbon decyl chain as dopant-free HTM achieves a champion PCE of 25.47% in PSC devices.
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