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S1. Experimental Section

S1.1 Computational Details

The ground-state geometry for investigated molecules CY1 and CY2 were optimized using the
B3P86/6-311G(d, p) functional and basis set.!*® The energies of all obtained geometries are ensured
to be the lowest because the optimized structures do not exhibit imaginary frequency. Energy
calculations, including electron affinities, adiabatic ionization potential and reorganization energy
of the investigated HTMs were performed using the B3P86/6-311G(d, p) method and basis set. On
basis of the ground-state geometry, the optical properties of CY1 and CY2 were calculated by TD-
BMK/6-31G(d) functional and basis set in dichloromethane solution with a polarizable continuum
model (PCM).” In order to calculate the parameter of electronic coupling for HTMs, it was
compelled to obtain the dimer structure, which was defined as adjacent segments from the crystal
structures of molecules. The crystal structure of the investigated HTMs can be predicted from the
polymorph module in Material Studio software.® The geometry of the cluster models used in the
present study was taken from the B3P86/6-311G(d,p) level. The Deriding force field was used for
the prediction.? For the investigated molecules, the polymorph calculations are restricted to the six
most probable space groups such as P2y/c, PI, P2,2,2,, C2/c, P2; and Pbca.'’ Then, the crystal
structures were sorted according to their total energy. On basis of the crystal structures, to obtain
their spatial parameters, a molecule was selected discretionarily as the center of hole transporting,
and the adjacent molecules were represented as dimers in different directions which marked as P, T
and L. The angle between each jump path and the coordinate axis were labeled p, O1; and 6y ;. The
angle of the final transmission direction relative to the reference axis was defined as @. y was the
angle of the hopping pathway relative to the transport plane of the organic crystal molecular stacking
layer. To determine the hole transport plane, various planes of each molecule were considered, and
the electronic coupling of each dimer in each plane was theoretically calculated. Then, the hole
mobility of each plane was calculated using the above formula, and the plane with the largest hole
mobility was defined as the final transport plane. Moreover, the calculation details of the hole
transfer integral (v), charge-transfer rate (k) and hole mobility (uy,) were reported in previous work.!!-
15 The DFT and TD-DFT calculations were carried out by the Gaussian 09 program.'® The charge

transfer integral could be simulated from the PW91/TZP level in ADF program.!”. 13
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S1.2 Synthesis of HTMs
N3,N3,N6,N6-tetrakis(4-methoxyphenyl)-9-(4-(naphthalen-2-yl)phenyl)-9H-carbazole-3,6-
diamine (CY1): The naphthalen-2-ylboronic acid (85.955 mg, 0.50 mmol) and the 9-(4-
bromophenyl)-N3,N3,N6,N6-tetrakis (4-methoxyphenyl)-9H-carbazole-3,6-diamine (310.688 mg,
0.40 mmol) were accurately weighed and putted into a round-bottomed flask (250 mL). The
connected instrument was replaced by vacuum extraction for three times to fill the device with argon
gas. Under argon atmosphere, the catalyst Pd(PPh;)4 (0.05 mmol, 57.8 mg) was transferred to the
flask. Pre-deoxygenated toluene (15 mL) solution and K,CO3 (2 M 2.5 mL) solution were injected
into the flask. The reaction was reflux at 110 ‘C for 24 h. After monitoring the reaction, the system
was cooled to room temperature, extracted with dichloromethane (DCM), and dried with anhydrous
Na,SO, for 3 h. After vacuum extraction and filtration, the most of the solvent was removed using
a rotary evaporator. Finally, the crude product was purified by column chromatography on silica gel
(eluent: EA:PE = 1:4) to obtain white solid powder (270.6 mg, yield: 82.16%). '"H NMR (600 MHz,
DMSO0-d6) 6 8.35 (s, 1H), 8.09 (d, J = 8.5 Hz, 2H), 8.05 (t, J = 9.4 Hz, 2H), 7.97 (t, ] = 9.9 Hz, 2H),
7.73 (d,J=9.4 Hz, 4H), 7.60 — 7.53 (m, 2H), 7.38 (d, ] = 8.7 Hz, 2H), 7.10 (d, J = 8.8 Hz, 2H), 6.88
(d, J =9.0 Hz, 8H), 6.82 (d, J = 9.0 Hz, 8H). 3C NMR (151 MHz, DMSO-d6) 3 154.81, 142.41,
141.91, 137.56, 132.40, 128.40, 127.86, 127.02, 124.97, 124.55, 124.45, 124.06, 116.98, 115.17,
111.40, 55.65, 40.03.
N3,N3,N6,N6-tetrakis(4-methoxyphenyl)-9-(4-(pyren-1-yl)phenyl)-9H-carbazole-3,6-diamine
(CY2): The pyren-1-ylboronic acid (123.035 mg, 0.50 mmol) and the 9-(4-bromophenyl)-
N3,N3,N6,N6-tetrakis (4-methoxyphenyl)-9H-carbazole-3,6-diamine (310.688 mg, 0.40 mmol)
were accurately weighed and putted into a round-bottomed flask (250 mL). The connected
instrument was replaced by vacuum extraction for three times to fill the device with argon gas.
Under argon atmosphere, the catalyst Pd(PPh;), (0.05 mmol, 57.8 mg) was transferred to the flask.
Pre- deoxygenated toluene (15 mL) solution and K,CO; (2 M 2.5 mL) solution were injected into
the flask. The reaction was reflux at 110 “C for 24 h. After monitoring the reaction, the system was
cooled to room temperature, extracted with dichloromethane (DCM), and dried with anhydrous
Na,SO, for 3 h. After vacuum extraction and filtration, the most of the solvent was removed using

a rotary evaporator. Finally, the crude product was purified by column chromatography on silica gel
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(eluent: EA:PE = 1:5) to obtain white solid powder (287.6 mg, yield: 80.14%). '"H NMR (600 MHz,
DMSO-d6) 6 8.42 (d, J =7.9 Hz, 1H), 8.34 (dd, J = 17.7, 7.6 Hz, 2H), 8.25 (d, J = 13.5 Hz, 4H),
8.17 - 8.09 (m, 2H), 7.90 (d, J = 8.0 Hz, 2H), 7.83 (d, ] = 7.5 Hz, 2H), 7.75 (s, 2H), 7.51 (d, J = 8.8
Hz, 2H), 7.14 (d, J = 8.8 Hz, 2H), 6.90 (d, ] = 9.1 Hz, 8H), 6.83 (d, ] = 9.4 Hz, 8H), 3.70 (s, 12H).
BCNMR (151 MHz, DMSO-d6) & 154.82, 142.41, 141.86, 137.53, 129.12, 129.02, 128.78, 128.01,
127.47,126.99, 125.92, 125.44, 124.97, 124.45, 123.99, 116.98, 115.17, 111.29, 55.65, 40.03.
S1.3 Device Fabrication

To measure the photovoltaic performance of PSCs, a structure of FTO/TiOy
Csg.0sFAg.8sM Ay 10Pb(Ig.97Bro 03)3/HTMs/Ag were fabricated. The patterned FTO glass (Advanced
Election Technology CQ,. Ltd.) were cleaned sequentially washed with detergent, deionized water,
acetone, isopropanol in an ultrasonic bath and then dried by flowing air. The preparation method
for compact layer of TiO, was reported in our previous work.'®> 20 Then the FTO substrates were
transferred into N, glovebox. The preparation of perovskite film was from the work of Gritzel.?!
Perovskite precursor solution was prepared by dissolving a mixture of Pbl, (1.61 mmol, 742.0 mg),
FAI (1.31 mmol, 224.4 mg), MABr (0.15 mmol, 16.2 mg), and CsI (0.08 mmol, 19.8 mg) in 1 mL
of mixed solution of DMF and DMSO [DMF (v):DMSO (v) = 4:1]. The mixed perovskite precursor
is stirred for 12 h in N, glovebox. Pbl,, FAI, PbBr,, MABr and Csl were purchased from the
commercial vendors of Advanced Election Technology CQ. Ltd. Anhydrous DMSO (99.8%) and
DMF (99.8%) were purchased from Sigma Aldrich. The perovskite solution was spin-coated onto
the FTO/TiO, substrate in a two-step program at 2000 and 6000 rpm for 10 and 30 s, respectively.
During the second step, 100 pL of anhydrous chlorobenzene (99.8%, Macklin Biochemical
Technology Co., Ltd., Shanghai) was dropped on the spinning substrate at 15 s after the start-up. In
order to drive off solvent and form the perovskite phase, the perovskite layer was annealed on a hot
plate at 120 °C for 20 min. The HTM solution was each prepared by dissolving Spiro-OMeTAD
(72.3 mg mL") in 1 mL chlorobenzene, 28.8 mL tert-butylpyridine (TBP) solution and 17.5 mL
lithium bis(trifluoro methylsulfonyl) imide (Li-TFSI)/acetonitrile (520 mg mL™"). Spiro-OMeTAD
(99.5%) was purchased from Advanced Election Technology CQ., Ltd. Lithiumbis-
(trifluoromethylsulfonyl)imide (LiTFSI, 99%) and 4-(tert-Butyl)pyridine (BP, 99%) were

purchased from Bide Pharmatech CO., Ltd.. CY1 and CY2 were dissolved in chlorobenzene in a
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concentration of 40 mg mL-!, with 28.7 uL. TBP and 17.5 uL Li-TFSI as dopants. The devices were
pumped to lower than 10~ Pa for the deposition of 80 nm silver. The active area of our device is
0.06 cm?.

S1.4 Hole Mobility Measurements

Hole-only devices were fabricated with the structure ITO/PEDOT:PSS/HTM/MoOs/Ag.
PEDOT:PSS (Heraeus, Clevios PVP Al4083) were purchased from Advanced Election Technology
CQ., Ltd. M00O; (99.99%) was purchased from Xi'an Polymer Light Technology CO., Ltd., China.
The dark J-V characteristics of hole-only devices were measured under N, atmosphere inside a
glove box. PEDOT:PSS was deposited on the ITO substrate at 5000 rpm for 30 s, followed by
annealing at 120 °C for 30 min. The conditions of spin coating HTMs are consistent with the device
fabrication. Mobility is extracted by fitting the current density-voltage curves using space charge
limited current (SCLC). Fitting the results to a space charge limited form, based on the following

] = 9¢eqe,m,V?/8L°

equation . 22 J is the current density, L is the film thickness of the active layer,

Mhis the hole mobility, € is the relative dielectric constant of the transport medium (v = 3 for

organic materials), 6 is the permittivity of free space (8.85x10-12 F m-!), ¥V is the internal voltage of
the device.

S1.5 Measurements

The nuclear magnetic resonance (NMR) spectra were obtained from a BRUKER AVANCE III 600
MHz NMR Instrument (in DMSO-dg, 99.9%, Beijing Hwrkchemical Co., Ltd.). Mass spectra were
collected on a Bruker impact II high-resolution mass spectrometer. UV-vis absorption spectra were
measured on a Shimadzu UV-2450 absorption spectrophotometer. Absorption spectra in solution
were recorded in dichloromethane solution with a HTM concentration of 10° M. Cyclic
voltammetry studies were conducted using a CHI660E system in a typical three-electrode cell with
a glass carbon working electrode, a platinum wire counter electrode, and a silver/silver chloride
(Ag/AgCl) reference electrode. All electrochemical experiments were carried out under a nitrogen
atmosphere at room temperature in an electrolyte solution of 0.1 M tetrabutylammonium hexa-
fluorophosphate (BuyNPFy) in dichloromethane at a sweeping rate of 50 mV s!. The potential of

Ag/AgCl reference electrode was internally calibrated by using the ferrocene/ferrocenium redox



couple (Fc/Fc*). According to the onset oxidation potential of the CV measurements, the highest
occupied molecular orbital (HOMO) was estimated based on the vacuum energy level of ferrocene
(5.1 eV): HOMO = — (Eypset — Epe/rer) — 5.1 eV. The current—voltage (J—V) curves were measured
under 100 mW cm? (AM 1.5 G) simulated sunlight using Keithley 2400 in conjunction with a
Newport solar simulator (94043 A). Film thickness of hole transport layer and perovskite layer were
measured by Surfcorder ET200A, Kosaka Laboratory Ltd. Using atomic force microscopy (AFM)

to characterize the morphology, the model is CSPM5500A.
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Fig. S1 Electrostatic surface potential (ESP) of CY1 and CY?2.
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Fig. S2 Simulated crystal structures with the lowest total energies of CY1 and CY2.
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Fig. S4 '"H NMR spectrum of CY1 in DMSO.
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Mass Spectrum SmartFormula Report

Analysis Info

Analysis Name C:\Users\Karry\Desktop

Method
Sample Name

DirectInfusion - MS - positive.m

Acquisition D 2023/3/2 12:02:45

Operator Demo User

Instrumen impact II

1825265.1022

i
Comment
Acquisition Paramet
Source Type ESI Ion Polarity Positive Set Nebulizer 0.4 Bar
Focus Active Set Capillary 4500 V Set Dry Heater 180 °C
Scan Begin 50 m/z Set End Plate -500 V Set Dry Gas 0.8 1/min
Scan End 1300 m/z péfseharging 2000 V Set Divert Valve Source
¥ettageona 0 nA Set APCI Heater 0 °C
Intens.
2000-|
1500 823.3403
8243460
1000
820.9863 825.3492
821.4957 822.5021 824.6968
500 | | } 8257006 826.2401
f
0 L ‘ | , M /\/\M Al ln HU\J\ ﬂ M N\ﬁ
821 822 823 824 825 826 m/z
Meas. m/z # Ion Formula m/z err [ppm] mSigma # mSigma Score rdb ej¥ Conf N-Rule
824.3460 1 C56H46N304 824.3483 28 103.7 1 100.00 36.0 even ok
Fig. S6 High resolution mass spectrometry of CY1.
MASS SPECTROMETRY REPORT
Sample No. Formula (M) Measured m/z Calc. m/z Diff (ppm)
CY1 Cs6HysN304 823.3403 823.3410 -0.85
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Fig. S7 '"H NMR spectrum of CY2 in DMSO.
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Fig. S8 3C NMR spectrum of CY2 in DMSO.
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Table S1. Predicted crystal data of CY1 and CY2.

Compounds  Space a(A) b(A) c(A) a(®) B(°) ¥(°)
group
CYl Pbca 21905196 14.085505 30.282169 90.000 90.000 90.000

CY2 Pl 11.713397 15.313071 18.632639  70.87553  106.58209 71.59114
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Table S2. Summary of hysteresis index (HI) and device performance of perovskite solar cell

adopting CY'1 and CY2 at forward and reverse voltage scans.

HTM Jsc [MA cm?] Vo [V] FF [%] PCE [%]  HI*[%]

) forward 24.28 1.057 76.74 19.69

Spiro-OMeTAD 4.16
reverse 24.19 1.054 74.00 18.87
forward 24.06 1.028 75.76 18.74

CY1 3.36
reverse 23.90 1.034 73.29 18.11
forward 24.36 1.057 77.80 20.03

CY2 2.74
reverse 24.23 1.063 75.64 19.48

*HI = [(PCEforward _PCErcvcrsc)/PCEforward] x 100%
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