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1. Experimental Section

General Methods. Chemicals and reagents were purchased from commercial suppliers and used
as received. All solvents were dried according to standard procedures. Air-sensitive reactions
were carried out under nitrogen atmosphere. The device preparation was done in a glovebox under
nitrogen atmosphere. Flash chromatography was performed using silica gel (Merck, Kieselgel 60,
230-240 mesh or Scharlau 60, 230-240 mesh). Analytical thin layer chromatography (TLC) was
performed using aluminium-coated Merck Kieselgel 60 F254 plates. NMR spectra were recorded
on a Bruker Advance 300 (‘H: 400 MHz; '*C: 101 MHz) spectrometer at 298 K using partially
deuterated solvents as internal standards. Coupling constants (/) are denoted in Hz and chemical
shifts (6) in ppm. Multiplicities are denoted as follows: s = singlet, d = doublet, t = triplet, m =
multiplet. FT-IR spectra were recorded on a Bruker Tensor 27 (ATR device) spectrometer. UV-
Vis spectra were recorded in a Varian Cary 50 spectrophotometer. Mass spectra matrix-assisted
laser desorption ionization (coupled to a time-of-flight analyzer) experiments (MALDI-TOF)
were recorded on a MAT 95 thermo spectrometer and a Bruker REFLEX spectrometer,
respectively. Cyclic voltammetry (CV) experiments were conducted in 0.1 M solutions of
TBAPF4 in DCM. Glassy carbon electrode was used as a working electrode and platinum wires
were used as counter and reference electrodes. Before each measurement, solution was
deoxygenated with N,. Ferrocene was added as an internal standard; its oxidation potential in
DCM was positioned at 0.7 V vs. NHE. HTM oxidation potential were recalculated in reference
to NHE. Thermogravimetric analysis (TGA) was performed using a TA Instruments TGAQ500
with a ramp of 10 °C/min under N, from 100 to 1000 °C. Differential scanning calorimetry (DSC)
was run on a Discovery DSC from TA instruments. Three cycles were recorded under nitrogen,

heating (until 400 °C) and cooling (50 °C) at 20 °C/min of scanning rate.



2. Synthetic details and characterization

Compounds 1' and 32 were prepared according to previously reported synthetic procedures and

showed identical spectroscopic properties to those reported therein.
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Scheme S1. Synthetic methodology for the preparation of CoTh-TTPA

Compound 2
Compounds 2 was prepared according to a modified synthetic procedure reported ™s e ds

7\

by Wang et al.* Compound 1 (1 g, 2.13 mmol) placed in a 100-mL round-bottomed N

s &
TMS’ ™S

flask and dissolved in anhydrous Et,O (40 mL). After the solution was cooled at
=78 °C, a solution of #n-BuLi (2.5 M, 2.0 mL, 4.9 mmol) was slowly added and then stirred for 1
h. After that, CuCl, (850 mg, 6.3 mmol) was added with a N, flow and the reaction was stirred
overnight at r.t. Then, the mixture was quenched with water and extracted with Et,O. The
combined organic extracts were dried over Na,SO, and concentrated in vacuo. The crude was
purified by flash column chromatography (hexane) to afford 2 (63%). This compound showed

identical spectroscopic properties to those reported in reference 3.

CoTh-TTPA

A solution of 3 (100 mg, 0.16 mmol), 4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-N, N-bis(4-methoxyphenyl)aniline
(335 mg, 0.77 mmol), K;PO, (790 mg, 3.73 mmol) and
Pd(PPh;), (36 mg, 0.03 mmol) in DMF (10 mL) was degassed
for 30 minutes under nitrogen. The reaction was heated at 100

°C for 3 hours. The mixture was cooled to room temperature and

water was added to the reaction. The resulting precipitate was
filtered and washed with water and methanol. The solid was then
dissolved in chloroform and dried over sodium sulfate. The solvent was removed under reduced
pressure and the crude product was purified by flash column chromatography (silica gel, CH,Cl,)
to afford CoTh-TTPA as a bright orange solid (187 mg, 0.12 mmol), yield 78%. 'H NMR (400
MHz, THF-ds) é/ppm: 7.40 (m, 8H), 7.20 (s, 4H), 7.04 (m, 16H), 6.85 (m, 24H), 3.75 (s, 24H);
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3C NMR (100 MHz, CDCl;) d/ppm: 167, 159, 156, 151, 148, 140, 137, 136, 135, 130, 125, 65;
FTIR (neat): 3036, 2948, 2832, 1603, 1497, 1462, 1234, 1033, 823 cm™' HRMS caled for
CosH76N4O5S4 [M*] 1540.45; found 1540.6540.



3. Computational Details

Quantum-chemical calculations were carried out with the Gaussian 16 (revision A.03) software
package.* All the calculations were performed within the density functional theory (DFT)
framework using the B3LYP functional®> and the 6-31G** basis set.® Solvent effects were
considered within the self-consistent reaction field (SCRF) theory by using the polarized
continuum model (PCM) approach.” C,-symmetry constraints were imposed during the
optimization of CoTh-TTPA and its CoTh central unit. The TPA substituent and the spiro-
OMeTAD reference molecule were also optimized under C, symmetry. Vertical electronic
transition energies to the lowest-energy singlet excited states were computed for CoTh-TTPA by
using the time-dependent DFT (TDDFT) approach.® The lowest 80 singlet excited states were
calculated at the B3LYP/6-31G** level using the ground-state optimized geometry.
Reorganization energies (1) were computed in gas phase by fully optimizing the geometries of
the radical cations of CoTh-TTPA, its core, the TPA unit and the spiro-OMeTAD molecule; the
evaluation process of 4 is explained below. Radical cations were treated as open-shell systems
and computed within the spin-unrestricted DFT approximation at the UB3LYP/6-31G** level in
the presence of CH,Cl,. Additionally, dication, trication and tetracation species were also
computed in CH,Cl,. Molecular orbitals were plotted using the Chemcraft 1.6 software with

isovalue contours of £0.03 a.u.’

Figure S1 shows the B3LYP/6-31G**-optimized structure calculated for both the CoTh core and
the CoTh-TTPA HTM. Both compounds share a saddle-like structure as a minimum-energy
geometry. The distortion from planarity of the saddle-like cyclooctatetrathiophene structure is
characterized by the folding angle a that defines the tilting of the thiophene rings with respect to
the central molecular plane. Figure S2 displays the most representative bond length values
calculated for the core of both CoTh and CoTh-TTPA. Figure S3 displays the theoretical
simulation of the absorption spectra calculated for CoTh-TTPA from the electronic transitions
computed at the TDDFT B3LYP/6-31G** level in CH,Cl, solution. Table S1 gathers the vertical
excitation energies (E), the oscillator strengths (f) and the electronic descriptions in terms of one-
electron molecular orbital excitations calculated for the most relevant S, — S, electronic
transitions of CoTh-TTPA in CH,Cl,. Figure S4 depicts the topology and energy of the frontier

molecular orbitals participating in the S — S, transitions quoted in Table S1.



CoTh CoTh-TTPA

Figure S1. B3LYP/6-31G**-optimized geometries calculated in CH,Cl, solution for the CoTh
core and the CoTh-TTPA HTM. The folding angle o that characterizes the saddle-like structure

of cyclooctatetrathiophene is quoted.

CoTh CoTh-TTPA

Figure S2. Optimized bond lengths (in A) calculated at the B3LYP/6-31G** level, in CH,Cl,
solution, for the CoTh core and the CoTh-TTPA HTM. For the latter, the terminal TPA pendant

groups have been partially omitted and only the bond lengths calculated for the core are shown.
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Figure S3. Stick and convoluted absorption spectra computed for CoTh-TTPA at the TDDFT
B3LYP/6-31G** level in CH,Cl,. The TDDFT stick spectrum was convoluted with Gaussian
functions of full-width at half maximum (FWHM) of 0.25 eV.



Table S1. Lowest-energy singlet excited states calculated at the TDDFT B3LYP/6-31G** level
for CoTh-TTPA in CH,Cl, solution. Vertical excitation energies (£), oscillator strengths (f) and

dominant monoexcitations with contributions (within parentheses) greater than 10%.

State E (eV/nm) f Description“

S 2.38/521 0.410 H — L (96)

S, 2.53/491 0.908 H-1—> L (97)

S; 2.74 /453 0.217 H-2 — L (98)

Ss 2.87/431 0.872 H — L+1 (95)

Se 2.98/416 0.637 H-1 — L+1(95)

S, 3.19/389 0.473 H-2 —> L (81)
H-1— L+1 (14)

Si 3.33/373 0.225 H-3 - L+1 (16)
H-1 - L+2 (64)
H— L+3 (17)

Si3 3.51/353 0.404 H-5 > L (16)

H-2 — L+2 (69)
Ss6 4.06 /305 0.450 H-3 - L+11 (13)
H-2 - L+12 (13)
H-1 — L+10 (26)
H — L+9 (19)
H— L+13 (21)
Sas 4.06/305 0.535 H-3 —» L+13 (10)
H-2 — L+10 (13)
H-1 —> L+12 (24)
H — L+11 (36)
“H and L denotes HOMO and LUMO, respectively.




2

Far '
]

LUMO+10 (-0.06 eV) ¥ 7

LUMO+9 (-0.10 eV

LUMO+2 (-0.99 eV) LUMO+3 (-0.81 eV)

Py R ?é" ‘
b2 ol A8 o |
% HOMO-1 (-4.69 eV) HOMO (-4:62:2V)

HOMO-2 (-4.85 eV)

HOMO-5 (-5.76 eV)

Figure S4. Isovalue contours (£0.03 a.u.) and energies calculated at the B3LYP/6-31G** level
in CH,Cl, for selected molecular orbitals of CoTh-TTPA.



Oxidized species. B3LYP/6-31G** calculations in CH,Cl, were used to investigate the molecular
structure and charge distribution of the four-armed CoTh-TTPA HTM in different oxidation
states, from the monocation to the tetracation. The radical cation species was computed as a
doublet open-shell species. The dication was calculated both as a singlet closed-shell species, in
which both electrons are extracted from the same orbital, and as a triplet open-shell species, in
which the electrons are extracted from different orbitals. The triplet state was found to be more
stable than the singlet state by 0.11 eV. In the case of the trication, doublet and quadruplet open-
shell states were computed. The quadruplet state turned out to be the most stable by 0.21 eV. For
the tetracation, the quintet state is found to be the most stable followed by the triplet (0.52 eV)
and singlet (0.65 eV) states. Table S2 gathers the Mulliken atomic charges computed for the
central CoTh core and the peripheral TPA groups of the different oxidized species of CoTh-

TTPA in their most stable electronic state.

Table S2. Mulliken atomic charges (in €) computed for the central CoTh core and the TPA units
of CoTh-TTPA in different oxidized states.

Molecular fragment Neutral Cation Dication Trication  Tetracation
CoTh —0.508 —0.227 -0.116 —0.102 —0.067
TPA-1 0.127 0.307 0.529 0.775 1.017
TPA-2 0.127 0.307 0.529 0.775 1.017
TPA-3 0.127 0.307 0.529 0.776 1.017
TPA-4 0.127 0.307 0.529 0.776 1.017
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Figure S5 represents the potential energy surfaces for the neutral and cation states of two
molecules (labelled as 1 and 2) involved in an intermolecular charge transfer process. The
intramolecular reorganization energy (4) consists of two terms related to the geometry relaxation
energies of one molecule going from the fully relaxed ground state of the neutral species to the
cation state (Figure S5, left) and a neighbouring molecule evolving in the opposite way (Figure
S5, right),

A=A +4, \* MERGEFORMAT (1)
4 =E (M1)-E (M1%) \* MERGEFORMAT (2)
A, =E (M2)-E (M2) \* MERGEFORMAT (3)

Here, E(M1) and E(M1%) for molecule 1 are the energies of the positively charged molecule (the
cation) at the equilibrium geometry of the neutral molecule and the relaxed cation, respectively,
and £(M2%) and E(M2) for molecule 2 are, accordingly, the energies of the neutral molecule at

the equilibrium geometry of the cation and the neutral molecule, respectively.

A =2 +4

Molecule 1 A Molecule 2

Energy

é______-

Figure S5. Scheme of the potential energy surfaces of the neutral state (N) and the cation state
(C) for two molecules (1 and 2) involved in a charge (hole) transfer process. 4; and 4, are the two

contributions to the total intramolecular reorganization energy (4).
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4. Device Preparation

Conductive FTO glass (NSG10) was sequentially cleaned by sonication in a 2 % Helmanex
solution and isopropanol for 20 min respectively. A 20 to 50 nm titania blocking layer was applied
on the substrates by spraying a solution of titanium diisopropoxide bis(acetylacetonate) in ethanol
at 450 °C. For the mesoporous TiO, layer, 30 NR-D titania paste from Dyesol diluted in ethanol
(ratio 1:8 by weight) was applied by spin-coating at 3000 rpm for 30 s followed by a sintering
step at 500 °C for 30 min. After cooling down the substrates, a Li-treatment was applied by spin-
coating 80 uL of a solution of tris(bis(trifluoromethylsulfonyl)imide) (Li-TFSI) in acetonitrile (15
mg mL™") onto the mesoporous layer, followed by a sintering step at 500 °C for 30 min to
decompose the Li-salt as previously described. The [FAPDI;]yss| MAPbBr;], 15 perovskite layers
were fabricated by a single step spin-coating procedure. For the perovskite precursor solution 508
mg of Pbl, (TCI), 68 mg Pbl, (TCI), 180.5 mg formamidinium iodide (Dyesol) and 20.7 mg
methylammonium bromide (Dyesol) were dissolved in a 1:4 mixture of DMSO:DMF. The
perovskite solution was spun at 5000 rpm for 30 s using a ramp of 3000 rpm s~!. 17 s prior to the
end of the spin-coating sequence, 100 uL. of chlorobenzene were poured onto the spinning
substrate. Afterwards the substrates were transferred onto a heating plate and annealed at 100 °C
for 45 min. In the case of [(FAPbI)os/(MAPDBI3)g 13]0.92[CsPbls]o0s based devices, the Li-
treatment was replaced by a SnO, layer applied by spin-coating at 3000 rpm for 30s. The
perovskite was formed by the solution of 178.94 mg formamidinium iodide (Dyesol), 17.41 mg,
methylammonium bromide (Dyesol), 57.06 mg PbBr, (TCI), 27.02 mg Csl and 548.60 mg Pbl,
(TCI) in a 1:3.5 mixture of DMSO:DMF. The substrates were annealed at 100 °C for 1h. The
hole-transporting materials were applied from solutions in chlorobenzene (for spiro-OMeTAD
and CoTh-TTPA). Optimized concentrations were found to be 20 mM for CoTh-TTPA and 70
mM for spiro-OMeTAD respectively. Tert-butylpyridine (Tbp), tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)cobalt(IIl) (FK209) and Li-TFSI were added as additives. Equimolar amounts of
additives were added for all hole transporters: 330 mol% Tbp, 50 mol% Li-TFSI from a 1.8 M
stock solution in acetonitrile and 6 mol% FK209 from a 0.25 M stock solution in acetonitrile. The
final HTM solutions were spin-coated dynamically onto the perovskite layers at 3000 rpm for 30
s. The gold electrodes were deposited by thermal evaporation of 70 nm gold using a shadow mask

under high vacuum conditions.
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5. Solar Cell Characterization

The photovoltaic device performance was analyzed using a VeraSol LED solar simulator
(Newport) producing 1 sun AM 1.5G (100 W cm™) simulated sunlight. Current density-voltage
(J=V) curves were measured in air with a potentiostat (Keithley). The light intensity was
calibrated with an NREL certified KGS5 filtered Si reference diode. The solar cells were masked
with a metal aperture of 0.16 cm? to define the active area. The density current-voltage curves

were recorded scanning at 10 mV s

5.1 Hysteresis curves
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Figure S6. Hysteresis curve of the [FAPbl;],ss[ MAPbBr3] 15/CoTh-TTPA cell.
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Figure S7. Hysteresis curve of the [FAPbI;],ss[ MAPbBT3]y 15/spiro-OMeTAD reference cell.
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Figure S8. Hysteresis curve of the [(FAPbI;)y s7(MAPDbBTr3).13]0.92[ CsPbl3] 0s/spiro-OMeTAD

reference cell.

25_

-2

Current density (mA.cm )

20
15

104

0.2

0.4 0.6
Potential (V)

Figure S9. Hysteresis curve of the [(FAPDI;)os7(MAPbBI3)g 13]0.02[ CsPbl3]g.0s/CoTh-TTPA cell.
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5.2 SEM images
Scanning electron microscope (SEM) images were taken by using a high-resolution scanning

electron microscope ZEISS Merlin.

Figure S10. SEM images of the surface of the HTMs on top of the perovskites: a) spiro-
OMeTAD/[FAPbI;]o ss[MAPbBr3]o1s; b) spiro-OMeTAD/[(FAPbI3)q.57(MAPbBrs3) 13]0.62[CsPbls]o 085
c) CoTh-TTPA/[FAPbI3]oss[MAPbBr;3]o 15; d) CoTh-TTPA/[(FAPbI;)o 57(MAPbBI3)0.13]0.92[CSPbI3]0 o8-
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5.3 EQE Measurements
External quantum efficiency (EQE) measurements were performed with an IQE-200B Quantum
Efficiency Measurement system from Newport in the range of 350 to 820 nm using a step size of

10 nm.
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Figure S11. EQE spectra using [(FAPbI3)0_87(MAPbBr3)0_13]0‘92[CSPbI3]0'Og/COTh-TTPA.
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Figure S12. EQE spectra using [(FAPbI3)0_87(MAPbBI'3)0_13]0‘92[CSPbI3]O'Og/Spiro-OMeTAD.

16



5.4 Device statistics
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Figure S13. Efficiency distribution of devices incorporating CoTh-TTPA fabricated with each

perovskite.
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6. Steady-State Photoluminescence

Photoluminescence spectra were recorded using a LS-55 photoluminescence

spectrometer from PerkinElmer.
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Figure S14. Steady state photoluminescence measured using an excitation wavelength of 580
nm. The samples were prepared from a stack of glass/perovskite/HTM and measured from the
HTM side. Double cation perovskite (left) and triple cation Cs-perovskite (right) show similar
trends in terms of quenching, although the latter is much more effective than the former,

especially for CoTh-TTPA.

7. Lateral conductivity measurements

For the conductivity measurements, the different HTMs were spin-coated from their
corresponding solutions in chlorobenzene onto substrates having interdigitated gold
electrodes with a channel length of 2.5um. The same molar concentration as for the device
preparation was used and 6% FK209 were added as dopant. Current-voltage curves were
recorded in the range from —10 to 10 V and the corresponding conductivity values were

calculated using Ohms law.
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8. Supplementary figures

o,
BRUKER

Current Data Parameters
NAME Ju176F2
EXPNO 10
PROCNO 1

F2 - Acquisition Parameters
Date_ 20160413

Time 18.04
INSTRUM spect
PROBHD 5 mm PABBI 1H/
PULPROG zg30

SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9583745 sec

RG 256

DW 60.400 usec

DE 6.00 usec

TE 298.2K

D1 1.00000000 sec

TDO 1
CHANNEL f1

NUC1 1H

P1 7.90 usec

PL1

.10dB
SFO1  400.1324710 MHz

F2 - Processing parameters

Sl 32768

SF 400.1300000 MHz
EM

SSB 0
LB 0.30 Hz
GB 0
PC 1.00
L
r T T T T T T T T T T
9 8 7 6 5 4 3 2 1 ppm

Figure S15. 'H NMR (400 MHz, THF-d;, 298 K) of CoTh-TTPA.
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