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Introduction

Solar cells are one of the most promising devices for solving

the urgent demand of green and sustainable energy. Among
various cell designs, hybrid halide perovskite (CH3NH3PbX3,

where X = Cl, Br, I) solar cells (PSCs) recently attracted consider-
able attention owing to their outstanding photovoltaic per-

formance.[1–4] In the configuration of a PSC, the hole transport-

ing material (HTMs) plays the key role of promoting hole mi-

gration, as well as preventing internal charge recombination.[5]

HTMs based on small molecules have certain advantages over

polymeric materials ; they are able to form a tighter interfacial
contact with the perovskite layer. The film thickness is also

easier to control by using solutions of small molecules. In the

literature, there are already quite a number of HTMs reported,
which include the systems of 3,4-ethylenedioxythiophene,[6]

pyrene,[7] linear p-conjugated molecules,[8] butadiene,[9] spiro-
type derivatives,[10–12] carbazole derivatives,[13–15] tetrahiafulva-

lene,[16] tetraphenylbenzidine,[17] and oligothiophene deriva-
tives.[18] Most of them exhibit excellent power conversion effi-
ciencies (PCEs) in the range of 10–16 %. Among them 2,2’,7,7’-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene
(spiro-OMeTAD) is the most widely known. The PSC made with
this material displayed a PCE close to 20 %.[19–23] However,
there are still some drawbacks that limit the usage of this ma-

terial, such as its relatively low charge-carrier mobility and the
high cost of synthesis.[16, 24]

The structure of bimesitylene consists of a twisted geometry

similar to that of spiro-OMeTAD. The two phenyl rings are
locked into perpendicular positions owing to steric repulsion

between the ortho-substituted methyl groups. The twisted ge-
ometry enhances its solubility in organic solvents and favors

the formation of amorphous thin films. Bimesitylene deriva-
tives exhibit a symmetrical shape, so that the solid films usually

show a high glass transition temperature (Tg). The Tg values of

known 4-fold functionalized bimesitylene derivatives are in the
range of 133–330 8C,[25, 26] which is comparable to that of spiro-

OMeTAD (125 8C).[12] The attachment of different aryl substitu-
ents to the bimesitylene scaffold yields materials that were

successfully developed and employed as efficient charge-carri-
er and emissive materials in organic light-emitting diodes

A new class of hole-transport materials (HTMs) based on the
bimesitylene core designed for mesoporous perovskite solar

cells is introduced. Devices fabricated using two of these deriv-

atives yield higher open-circuit voltage values than the com-
monly used spiro-OMeTAD. Power conversion efficiency (PCE)

values of up to 12.11 % are obtained in perovskite-based devi-
ces using these new HTMs. The stability of the device made

using the highest performing HTM (P1) is improved compared

with spiro-OMeTAD as evidenced through long-term stability
tests over 1000 h.
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(OLEDs).[25–30] In this report, we describe the synthesis and char-
acterization of three new HTMs based on bimesitylene, as well

as their applications in CH3NH3PbI3 PSCs (Figure 1).

Results and Discussion

The synthetic scheme for the preparation of bimesitylene de-
rivatives P1–P3 is shown in Scheme 1 (additional experimental

details are provided in the Supporting Information). Com-
pound P1 was prepared through the Ullmann reaction be-
tween 4,4’-dimethoxydiphenylamine and tetraiodobimesitylene
with a CuII salt as the catalyst. Compounds P2 and P3 were
prepared through a Pd0-mediated Suzuki coupling reaction be-

tween tetraiodobimesitylene and 4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyldi(4-methoxyphenyl)amine or 4-me-

thoxy-N-(4-methoxyphenyl)-N-(4-(5-(4, 4, 5, 5-tetramethyl-1, 3,

2-dioxaborolan-2-yl)thiophen-2-yl)phenyl)aniline, respectively.
All three compounds were purified by column chromatogra-

phy and fully characterized by 1H and 13C NMR and mass spec-
trometry.

All three compounds showed good solubility in most organ-
ic solvents. The UV/Vis absorption and fluorescence spectra of

P1–P3 in chlorobenzene are shown in Figure 2. The absorption

bands of P1, P2, and P3 are centered at 297, 307, and 365 nm,
respectively. The extended conjugation in P3 shows a distinct

red-shift of 68 and 58 nm with respect to those of P1 and P2,
respectively. The same trend was observed in the fluorescence
spectra, in which the emission maxima of P1, P2, and P3
appear at 392, 400, and 460 nm, respectively.

The optimized geometries of P1–P3, and their electron den-
sity distributions in the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO),

are shown in Figure S1 a (in the Supporting Information). The
HOMOs are localized on the peripheral triarylamine side arms,

whereas the LUMOs are confined in the central parts of the

molecules, which are composed of the conjugated arylene
chromophores and mesitylene moieties.

The molecular geometry and electron density distribution of
P1–P3 were further investigated by density function theory

(DFT) modeling using the B3LYP/6-31G(d,p) functionals. The
four side arms are extended from the central bimesitylene core

forming a tetrahedron shape. The molecular orbitals in each

arm are roughly orthogonal to those on different arms. In an
ideally symmetrical geometry, four degenerate levels are ex-

pected for both the HOMOs and the LUMOs. However, owing
to the flexible rotation of single bonds, the ideal geometry is

slightly distorted, so that the energy levels are mildly split (Fig-
ure S1 b).

Figure 1. Chemical structures of P1, P2, and P3.

Scheme 1. Synthetic route for P1–P3. Reagents and conditions:
(i) CuSO4·5 H2O, K2CO3, 220 8C; (ii) Pd(PPh3)4, THF, K2CO3 (2 m), reflux.

Figure 2. Absorption (&) and emission (&) spectra of P1–P3 in chloroben-
zene.
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The experimental redox potentials of P1–P3 were measured
by cyclic voltammetry (CV, Figure S2). The energy levels of the

HTMs should match closely with that of the perovskite to
ensure smooth charge transfer. The redox parameters are col-

lected in Table 1, and a plot of HOMO–LUMO levels is shown
in Figure 3. The HOMOs of P1 (¢5.24 eV), P2 (¢5.17 eV), and

P3 (¢5.13 eV) were estimated to be higher than that of
CH3NH3PbI3 (¢5.43 eV). Along with the extension of conjuga-
tion length, the values of first oxidation potential (Eox) and E0-0

(i.e. , energy at which the normalized absorption and fluores-

cence curves intersect) decrease from P1 to P3. It is notewor-
thy that the energy levels of P1 and P2 are slightly (i.e. , 0.09

and 0.02 eV) lower than that of spiro-OMeTAD. Therefore
higher open-circuit voltages (Voc) are expected when integrat-

ed into solar cells. Furthermore, the high LUMO level of P1 can
effectively block the backflow of electrons, preventing charge

recombination.

The thermochemical properties of the three HTMs were
characterized by differential scanning calorimetry (DSC) and

thermal gravimetric analysis (TGA). Their thermal decomposi-
tion temperatures (Td) were determined to be 350, 378, and

366 8C (Figure S3) for P1, P2, and P3, whereas the Tg values
measured by DSC were 115, 112, and 156 8C (Figure S3), re-

spectively. These results can be compared with the corre-
sponding parameters of spiro-OMeTAD (Tg = 125 8C[12] and Td =

452 8C[31]).
The photovoltaic performance of PSCs based on these HTMs

was evaluated. A device made with spiro-OMeTAD under an
identical condition was also fabricated as a reference. Plots of

photocurrent density versus photovoltage (J–V) of the cell
FTO/TiO2/CH3NH3PbI3/HTM/Ag with lithium bis(trifluoromethyl-
sulfonyl)imide (LiTFSI) and 4-tert-butylpyridine (TBP) as dopants

are presented in Figure 4 a, and the related parameters are
summarized in Table 2. The same concentration was used for
each bimesitylene derivative in chlorobenzene (80 mg mL¢1) to
maintain the same thickness (~150 nm) of HTM on perovskite.

The Voc values of P1 (1.01 V) and P2 (0.98 V) were higher than
that of spiro-OMeTAD (0.92 V), as expected by their lower

HOMO levels. The photovoltaic performance of the cell em-

ploying P1 afforded a remarkable PCE of up to 12.11 % under

Table 1. Physical parameters of P1–P3.

HTM labs
[a] [nm]

(e [M¢1 cm¢1])
lf

[a]

[nm]
Eox

[b]

[eV]
E0¢0

[c]

[eV]
ELUMO

[d]

[eV]

P1 297 (109 900) 392 ¢5.24 3.47 ¢1.77
P2 307 (108 700) 400 ¢5.17 3.37 ¢1.80
P3 365 (108 800) 460 ¢5.13 3.02 ¢2.11

[a] Wavelength at the maximum of the absorption and fluorescence
bands measured in chlorobenzene. [b] Oxidation potential measured in
(n-C4H9)4NPF6 (0.1 m in THF) at a scan rate of 100 mV s¢1; ferrocene was
used as an internal reference; the value was corrected to vacuum using
the following formula: Eox (eV) = e[E1/2 (V vs. Fc/Fc+) + 4.8]. [c] The energy
at l0¢0, which was obtained from the intersection of normalized absorp-
tion and fluorescence spectra. [d] Energy of the LUMO level estimated by
ELUMO = Eox¢E0¢0.

Figure 3. Energy level diagram of the materials in this study, including: P1
(red), P2 (dark green), and P3 (light green).

Figure 4. a) J–V curves and b) IPCE spectra for PSCs fabricated using P1–P3
and spiro-OMeTAD.

Table 2. Photovoltaic parameters of PSCs employing different HTMs.[a]

HTM Jsc

[mA cm¢2]
Voc

[V]
FF PCEmax

[%]
PCEavg

[%][b]

P1 18.89 1.01 0.64 12.11 11.69�0.4
P2 17.31 0.98 0.57 9.70 9.27�0.4
P3 7.64 0.89 0.34 2.30 1.84�0.5
spiro-OMeTAD 20.73 0.92 0.66 12.69 12.28�0.4

[a] Performances of devices were measured at simulated 1 sun illumina-
tion (AM 1.5 G, 100 mW cm¢2) using a 0.16 cm2 working area. [b] Average
PCE values and standard deviations determined from 8 cells fabricated in
same configuration.
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AM 1.5 G (100 mW cm¢2) illumination, with a Voc of 1.01 V, short-
circuit current density (Jsc) of 18.89 mA cm¢2, and fill factor (FF)

0.64. This result is comparable to that of spiro-OMeTAD
(12.69 %) under the same conditions.

Depending on the energy levels of the HTM, the HTM in
PSCs can function not only as a hole-transporter, but also as

an electron-blocker.[16] The higher LUMO levels of P1–P3 may
increase the recombination resistance (Rres) resulting from ef-
fective suppression of charge recombination.[10, 17] The LUMO
levels of the HTMs decreased in the order of P1>P2>P3, indi-
cating that P1 may be the most effective electron blocker,
leading to higher PCEs.

Hysteresis of the cell was investigated by measuring the for-
ward and reverse scans of a representative device (using P1 as
the HTM) at a delay time of 100 ms (Figure S4) and strong hys-

teresis was observed. The efficiency in the forward and reverse

scans was 12.11 % and 8.77 %, respectively.
The IPCE spectra of the cells employing P1–P3 are shown in

Figure 4 b. The similar shapes of the IPCEs for all the cells
imply that the HTM absorption has negligible effect on the

device performance. The integrated current density of P1, P2,
P3, and spiro-OMeTAD was 18.33, 16.32, 6.69, and

19.50 mA cm¢2, respectively, which is in good agreement with

the Jsc values obtained from the J–V measurements.
To further explore the charge-carrier properties of P1–P3,

the hole mobility values of the HTMs were measured by the
space-charge limitation of current (SCLC) in the J--V character-

istics obtained under a dark condition (Figure S5). It was found
that the hole mobility values of P1, P2, and P3 are 9.0 Õ 10¢4,

6.3 Õ 10¢4, and 2.1 Õ 10¢6 cm2 V¢1 s¢1, respectively. The values of

P1 and P2 are superior to that of spiro-OMeTAD (4.8 Õ
10¢4 cm2 V¢1 s¢1 in our measurement) ; however, all HTMs had

similar mobility values with the same order of magnitude.[18, 32]

The best performance of P1 can be ascribed mainly to its high

FF among the three compounds.
Long-term stability is one of the limiting parameters for

practical applications of PSCs; therefore, an analysis of the

long term stability of the PSCs of both P1 and spiro-OMeTAD
was performed. An unsealed cell was stored in the dark in
a low humidity atmosphere (<5 RH %) and the J–V characteris-
tics were examined at different time intervals. A moderate de-

crease in the cell performance was expected for unsealed cells.
It was observed that the efficiency of P1 shows a good durabil-

ity over 1000 h with very little degradation in PCE (~8 %, Fig-

ure 5).The initial efficiency of the P1 cell (12.11 %) degraded to
a value of 11.14 %. On the other hand, the efficiency of spiro-

OMeTAD-based cell decreased from a value of 12.69 % to
10.51 % under the same conditions. It is noteworthy that effi-

ciency of spiro-OMeTAD cell dropped abruptly in the period of
450 to 1000 h. This study indicated that the P1-based cell

likely has improved stability than the cell containing spiro-

OMeTAD.
The film morphology of P1–P3 was analyzed by both scan-

ning electron microscopy (SEM, Figure 6) and atomic force mi-
croscopy (AFM, Figure 7). The average grain size increases in

the order of P1<P2<P3 as revealed in Figures 6 and 7.The
root-mean-square (RMS) roughness of films P1, P2, and P3 was

50.4, 63.7, and 84.4 nm, respectively. Generally, a smoother sur-
face is accompanied by higher surface coverage, whereas poor

coverage results in low-resistance shunting paths.[33] Slight ag-
gregation was observed in the films of P2 and P3. We specu-
lated that the grain sizes of P2 and P3 increased to various de-

grees owing to p–p stacking among peripheral side arms. It
was reported previously that the extended p-conjugation side

arms of HTMs may penetrate into those of neighboring mole-
cules and lead to partial p–p interaction that can consequently

interfere with the designed charge-transport pathways.[11, 26, 34]

As such, the lower PCEs of the P2- and P3-based cells may be
attributed to aggregation. From both SEM and AFM images,

the film surfaces of P1–P3 were smoother than spiro-OMeTAD,
in which visible pinholes could be detected (darker areas). Re-

cently it was reported that pinholes could be detected on thin
films of spiro-OMeTAD spin-coated from a solution of chloro-

Figure 5. Stability test for devices based on P1 and spiro-OMeTAD in a low
humidity atmosphere (<5 RH %).

Figure 6. SEM top views of perovskite layers covered by HTMs P1–P3 or
spiro-OMeTAD.

Figure 7. AFM topographical images of HTM films based on P1–P3 and
spiro-OMeTAD.
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benzene.[35, 36] Defects in thin HTM films create severe trapping
sites for charges, reducing the transportation length of exci-

tons. The presence of pinholes can lead to instability of the
cell, and it is likely to be the reason why the efficiency of the

spiro-OMeTAD-based cell dropped abruptly upon exposure to
air. The pinhole-free cell made with P1 secured a longer life-

time than that with spiro-OMeTAD. Therefore, the superior per-
formance of the P1-based cell may be rationalized in term of

its smoother HTM layer.

Conclusions

We designed and synthesized a series of new arylamine HTMs

with a bimesitylene core through simple procedures. The per-

ovskite solar cells (PSCs) fabricated using P1 as the hole-trans-
port material (HTM) showed a power conversion efficiency

(PCE) value of up to 12.11 %, which is comparable to the
device fabricated using spiro-OMeTAD (12.69 %). The HOMO

levels of the P1 and P2 HTMs are estimated to be lower than
that of spiro-OMeTAD, which led to higher measured Voc

values. From SEM and AFM images, it was shown that the film

of P1 is smoother than those of P2 and P3, and is responsible
for the best PCE among the three. The pinhole-free films of P1
and P2 also led to higher hole-mobility values with respect to
spiro-OMeTAD. A stability test revealed that the P1 cell exhibit-

ed a longer lifetime than spiro-OMeTAD cell, presumably
owing to a improved film morphology. The HTMs based on

the bimesitylene core hold great potential for the future devel-

opment of high performance PSCs.

Experimental Section

General information

All solvents and chemicals were purchased from Aldrich, ACROS,
Alfa, Merck, Lancaster, TCI, Showa, and Sigma–Aldrich, separately.
The thin-layer chromatography (TLC) was conducted with Merck
KGaA precoated TLC Silica gel 60F254 aluminum sheets. Flash
column chromatography was performed on glass columns packed
with silica gel using Silicycle UltraPure SilicaFlash P60, 40–63 mm
(230–400 mesh). Unless otherwise specified, all reactions and ma-
nipulations were carried out under a nitrogen atmosphere, and the
purity of all commercial materials and solvents was more than
98 %. Solvents of reagent grade were used for syntheses and those
of spectroscopy grade for spectra measurements. Solvents were
dried by standard procedures. 1H and 13C NMR spectra were re-
corded on a Bruker 400 and 500 MHz spectrometer. Fast atom
bombardment (FAB) mass spectra were recorded on a Jeol JMS
700 double-focusing spectrometer. UV spectra were measured on
a Jasco V-530 double beam spectrophotometer. Fluorescence spec-
tra were recorded on a Hitachi F-4500 fluorescence spectropho-
tometer. CV experiments were performed with a CHI-621A electro-
chemical analyzer. All measurements were carried out at room
temperature with a conventional three-electrode configuration
that consisted of a platinum working electrode, an auxiliary elec-
trode, and a nonaqueous Ag/AgNO3 reference electrode. The SEM
images were obtained by using a field-emission scanning electron
microscope (JEOL-7401). The AFM images were obtained by using
a Nano-Scope NS3A system (Digital Instrument) to observe the sur-
face morphologies and thicknesses of various thin films

Synthesis of P1

Tetraiodobimesitylene (1.1 g, 1.5 mmol), 4,4’-dimethoxydiphenyla-
mine (1.5 g, 6.45 mmol), CuSO4·5 H2O (0.04 g, 0.15 mmol) and
K2CO3 (0.83 g, 6.00 mmol) was added in a flask under N2 atmos-
phere. The reaction mixture was heated at 220 8C for 16 h. After
cooling, the reaction solution was extracted with CH2Cl2. The com-
bined organic layers were dried over MgSO4 and evaporated under
reduced pressure. Further purification was performed by column
chromatography using a mixed solvent CH2Cl2/hexane (1:1) as the
elution to provide a brown solid in 62 % yield. M.p. 283–284 8C;
1H NMR (500 MHz, CDCl3): d= 6.82 (d, J = 8.5 Hz, 16 H), 6.72 (d, J =
8.5 Hz, 16 H), 3.74 (s, 24 H), 1.75 (s, 6 H), 1.66 ppm (s, 12 H);
13C NMR(500 MHz, CDCl3): d= 153.49, 142.71, 141.3, 140.18, 137.15,
134.49, 137.15, 134.49, 120.00, 114.47 ppm; FAB-HRMS calcd for
C74H74N4O8 (M+) 1146.5496, found 1146.5507.

Synthesis of P2

A heterogeneous mixture of 2 m K2CO3 (13 mL), THF (16 mL), tet-
raiodobimesitylene (0.85 g, 1.15 mmol), 4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyldi(4-methoxyphenyl)amine (2.23 g,
5.17 mmol), and Pd(PPh3)4 (0.11 g, 8 mol %) under argon was
heated at 80 8C for 18 h. The mixture was extracted with CH2Cl2,
and the organic layer was dried over anhydrous MgSO4. Evapora-
tion of the solvent gave a crude product, which was purified by
silica gel column chromatography eluted using CH2Cl2/hexane
(2:1), affording the desired product as a white solid (0.96 g, 73 %
yield). M.p. 284–285 8C; 1H NMR (500 MHz, CDCl3): d= 7.092 (d, J =
8.0 Hz, 16 H), 6.97 (s, 16 H), 6.83 (d, J = 8.5 Hz, 16 H), 3.793 (s, 24 H),
1.83 (s, 6 H), 1.699 ppm (s, 12 H); 13C NMR(500 MHz, CDCl3): d=
155.58, 146.79, 141.29, 139.77, 138.86, 134.90, 132.70, 132.63,
130.05, 126.366, 120.53, 114.62, 55.477, 19.55, 18.42 ppm; FAB-
HRMS calcd for C98H90N4O8 (M+) 1450.6741, found 1450.6759.

Synthesis of P3

A heterogeneous mixture of 2 m K2CO3 (8 mL), THF (10 mL), tetraio-
dobimesitylene (0.54 g, 0.70 mmol), 4-(4,4,5,5-tetramethyl-1,3,2-di-
oxaborolan-2-yl)phenyldi(4-methoxyphenyl)amine and 4-methoxy-
N-(4-methoxyphenyl)-N-(4-(5-(4, 4, 5, 5-tetramethyl-1, 3, 2-dioxabor-
olan-2-yl)thiophen-2-yl)phenyl)aniline (1.65 g, 3.2 mmol), and
Pd(PPh3)4 (0.065 g, 8 mol %) under argon were heated at 80 8C for
18 h. The mixture was extracted with CH2Cl2, and the organic layer
was dried over anhydrous MgSO4. Evaporation of the solvent gave
a crude product, which was purified by silica gel column chroma-
tography eluted using CH2Cl2/hexane (2:1), affording the desired
product as a light yellow solid (0.90 g, 72 % yield). M.p. 209–210 8C;
1H NMR (400 MHz, [d8]THF): d= 7.42 (d, J = 8.4 Hz, 8 H), 7.25 (d, J =
3.6 Hz, 4 H), 7.02 (d, J = 8.8 Hz, 16 H), 6.88 (d, J = 8.8 Hz, 8 H), 6.84
(d, J = 8.8 Hz, 16 H), 6.79 (d, J = 3.6 Hz, 4 H), 3.75 (s, 24 H), 2.10 (s,
6 H), 1.88 ppm (s, 12 H); 13C NMR(500 MHz, [d8]THF): d= 154.44,
146.39, 142.72, 138.73, 138.28, 136.48, 135.52, 134.19, 130.79,
125.82, 124.68, 124.52, 123.98, 119.75, 118.54, 112.60, 52.72, 16.86,
15.91 ppm; FAB-HRMS calcd for C114H98N4O8S4 (M+) 1778.6273,
found 1778.6268.

Device fabrication

A TiO2 compact layer (~30 nm in thickness) was deposited by spin-
coating a titanium isopropyl solution onto a F:SnO2 (FTO) sub-
strate. A 150 nm-thick mesoporous TiO2 film (particle size: ~20 nm,
crystalline phase: anatase) was spin-coated onto the compact-TiO2/
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FTO substrate using homemade pastes and heated to 500 8C for
30 min. After sintering the TiO2 layer, the electrode was cooled to
room temperature and immersed in 0.04 m aqueous TiCl4 at 70 8C
for 30 min. The film was then rinsed by deionized water and an-
nealed at 500 8C for 30 min. After cooling to room temperature the
substrate was transferred to a nitrogen-filled glove box. A solution
consisting of PbI2 (1.25 m) and methylammoniumiodide (1.25 m) in
g-butyrolactone (GBL) and DMSO (7:3, v/v) was coated onto the
substrate by two-step spin-coating process at 1000 and 5000 rpm
for 10 and 20 s, respectively. During the second spin-coating step,
the substrate was treated with 50 mL of toluene by drop-casting.
The substrate was dried on a hot plate at 100 8C for 10 min. A solu-
tion of the specified HTM (P1–P3 or spiro-OMeTAD) was mixed
with 17.5 mL of a solution of lithium bis-trifluoromethanesulfoni-
mide (LiTSFI, 520 mg) in acetonitrile (1 mL) and 28.5 mL of 4-tert-
butylpyridine and spin-coated on the substrate at 2000 rpm for
30 s. Finally, the Ag counter electrode was deposited by thermal
evaporation (~100 nm). The active area of this electrode was fixed
at 0.16 cm2. J–V curves were recorded with a Keithley 2400 source
meter under simulated AM 1.5 G sunlight, calibrated to
100 mW cm¢2. The reported device characteristics were estimated
from the measured J–V curves.
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