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New method for the synthesis of a
highly-conjugated acene material and
its application in Perovskite solar cellst

*3 and Yuliang Li (2 %3¢

Kita-type coupling and Scholl-type oxidative cyclodehydrogenation to afford acene from binaphthalene
and mesitylene is as an effective alternative to the reported approaches. Acene may enable the broader
application of small organic molecules in electronic and optical devices. Therefore, this novel synthetic

method would promote the development of acene chemistry.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs), which have large
m-areas, have received significant attention in the past two
decades. They have potential applications as active components
in field-effect transistors," photovoltaic devices,” light-emitting
diodes,® and magnetic devices.'® The pioneering work on PAHs
was reported by Scholl,* Clar,” and Zander.® Compared with the
traditional synthetic methods that use harsh conditions such
as high temperature and pressure, methods that use mild
conditions and provide better regioselectivity and higher yields
have been developed in recent years. Since Miillen et al. synthe-
sized p-HBC’ in 1995, several more complex PAHs, even graphene
nanoribbons (GNRs) up to 12 nm in length,’ with different shapes
and sizes have been reported.® In the past few years, Diels-Alder
[4+2] cycloaddition'® and Suzuki cross-coupling'® have been the
well-established methods to construct polyphenylene derivatives.
However, the challenge of finding a practical procedure applicable
to PAHs has received significant attention.'” In 1912, Scholl and
Seer achieved the formation of biaryls from arenes in the presence
of stoichiometric FeCl;.™® Kita and co-workers found that the
promotion of direct C-C coupling could be achieved by a
combination of BF;-Et,0O with [bis(trifluoroacetoxy)iodo] benzene
(PIFA)."* Ar-Ar coupling between naphthalenes and polyalky-
benzenes was achieved at the 1 position of naphthalene. Linear
tetraarene with a binaphthalene core was prepared through
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direct oxidative Kita-type coupling between naphthalene and
substituted benzene.’® Then, in the latter mode, the tetraenes
were converted into a series of linear octiarenes.'® Oligo-
naphthalenes could be synthesized through a remarkably direct
one-step via a regioselective intermolecular four/six-component
assembly, and they could serve as precursors to long aromatic
systems."”

Herein, we report the rapid transformation of oligonaphthalenes
to nanographene-like structures, which have different conjugation
lengths. Compared with the traditional synthetic methods, such as
bromination and Suzuki coupling, used to synthesize acene,'® this
synthetic route is shorter since it has only two steps. This research
could be applied in the synthesis of nanographene materials.
Moreover, acene is applied in perovskite solar cells, which exhibit
excellent conductivity properties.

Results and discussion
Synthesis

The molecular structures of acene with an extended mn-conjugation
are shown in Scheme 1. Direct dehydrogenative coupling between
the linear ter- and quaternaphthalenes and mesitylene was achieved
under Kita conditions using the hypervalent PIFA/BF;-Et,O reagent
to access 4,4"-dimesityl-1,1":4’,1"-ternaphthalene (1a) and 4,4’
dimesityl-1,1':4',1":4" 1""-quaternaphthalene (2a). Subsequently,
oligonaphthalenes are used as the precursors for Scholl-type
oxidative cyclodehydrogenation, in which FeCl; is used as both
a Lewis acid and an oxidant. The n-conjugation extended
compounds 1 and 2 were obtained in 53% and 65% yield,
respectively. They were characterized via 'H and "*C nuclear
magnetic resonance (NMR) spectroscopy and high-resolution
mass spectrometry (MS).
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Scheme 1 Synthetic route to acene: 1,8-dimesityltribenzolde kl,rst]-
pentaphene (1) and 1,10-dimesityldibenzolkl rstlbenzo[10,5]anthral9,1,2-
cdelpentaphene (2).

Photophysical and electrochemical properties of 2

We obtained the ultraviolet-visible absorption spectra and
fluorescence spectra of compound 2 in a CH,Cl, solution. Fig. 1a
shows the absorption and fluorescence spectra of compound 2 in
CH,CL, (1 x 107> M). Both the absorption and emission spectra
show well-resolved vibrational structures. Absorption bands appear
in the range of 300-400 nm and 400-600 nm. The three peaks in the
range of 400-600 nm are attributed to the 0 — 0,0 - 1and 0 — 2
vibration absorptions. The bands at around 287 nm are associated
with the n—r* transition of the mesitylene unit. The three bands in
the visible region are assigned to the m-n* transition in the
naphthalene core. The fluorescence spectrum of compound 2
was obtained in solution, in which the maximum emission
band was located at 604 nm upon excitation at 508 nm.

Cyclic voltammetry (CV) was used to examine the electro-
chemical behaviour of compound 2 in CH,Cl, containing 0.1 M
TBAPF, as the supporting electrolyte (Fig. 1b). The cyclic voltammo-
gram was remarkable, displaying three oxidation potentials at
+0.28 V, +0.69 V, and +1.13 V, all as fully reversible waves (versus
Fc/Fc'). Moreover, the compound exhibited two reduction
potentials at —1.36V and —1.56 V.

We performed DFT calculations at the B3LYP/6-31G(d,P)
level to examine the electronic structures of compound 2 (Fig. 2).
The calculated frontier orbitals indicate different components. The
HOMO (4.37 V) and LUMO (2.53 eV) orbitals of compound 2 are
mainly localized in the central oligonaphthalene unit. We observed
nodal planes perpendicular to the molecular skeleton in the
HOMOs and LUMOs with the electron densities distributed
symmetrically on the two sides of the nodal plane. The time-
depended DFT calculations suggest that the low-energy band could
be assigned to a symmetry-allowed HOMO-LUMO transition.
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Fig. 1 (a) Absorption (blue) and emission (red) spectra of compound 2 in
CH,Cl,, and (b) CV trace of compound 2 in CH,Cl, (0.1 mM) at room
temperature. Scan rate: 100 mV s~ working electrode: glassy carbon;
reference electrode: Ag wire; and electrolyte: TBAPFe.
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Fig. 2 Frontier orbitals analysis of compound 2 calculated at the B3LYP/
6-31G(d,p) level.

Application in perovskite solar cells

The device structure of the PHJ perovskite solar cells in this
study was ITO/P3CT-K/Pervoskite/PCs; BM/ZnO/AL*® as shown in
Fig. 3a. The resultant current density (J)-voltage (V) characteristics
based on this device structure under AM 1.5G conditions
(100 mW cm™?) are displayed in Fig. 3b, and the relevant

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Fig. 3 (a) Device architecture of the perovskite solar cell and (b) J-V
characteristic curves of pure PCgBM and PCgBM:compound 2 based
perovskite solar cells under AM 1.5G 100 mW cm™2 simulated solar light.

parameters are summarized in Table 1 (reference devices based
on PCyBM have also been fabricated and measured). The
control device based on a pure PCy;BM interlayer exhibited a
Jse Of 22.54 mA cm ™2, an open-circuit voltage (V,) of 0.987 V,
and a fill factor (FF) of 0.678 with a corresponding PCE of
15.07%. However, the device obtained using PCs;BM:compound
2 as an electron transport layer displayed a J,. of 25.2 mA cm ™2,
Voe Of 1.032 V, and FF of 0.656, yielding a PCE of 17.07%.
A remarkable higher PCE was observed for the PC61BM:
compound 2-based devices with a 13% enhancement as compared
to that based on pure PCq;BM. Furthermore, both enhanced J.
and FF were observed for the PCqs;BM:compound 2-based device.
The enhanced device performances indicate an improvement in
film conductivity and interfacial coverage based on compound 2
doping, which resulted in the high PCE of the devices and data
repeatability. The enhancement of J,. was obviously due to the
improved transport networks by the delocalized n-system of the
acene material.

Table 1 Parameters of the optimized devices based on different electron
transport layers

ETL Voe (V) Jse (MAcm™) FF  PCE (%) R at Vo

Pure PCq;BM 0.987 22.54
PC¢;BM:compound 2 1.032  25.20

67.8 15.07 5.6
65.6 17.07 4.2
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Conclusion

In conclusion, we have presented a facile and efficient approach
based on Kita-type coupling and Scholl-type oxidative cyclode-
hydrogenation to afford acene from 1,1’-binaphthalene/1,1':4/,
1"-ternaphthalene and mesitylene, which is an effective alternative
to the reported approaches. The total synthesis is composed of
2 steps conducted under mild conditions and results in good to
excellent yields. This method shortens the synthetic route for
acene. We investigated the electronic structures of the synthesized
compounds in the ground state using various experimental techni-
ques and DFT calculations. Moreover, compound 2 as a dopant in
the PCs;BM ETL layer was successfully applied in perovskite
solar cells for the first time. The high efficiency of 17.07% was
demonstrated for the device based on the PCs;BM:compound 2
ETL. Furthermore, these compounds may enable the broader
applications of small organic molecules in high-performance
electronic and optical devices. Thus, we believe that this method
will promote the development of acene chemistry.

Experimental

4,4"-Dimesityl-1,1":4”,1"-ternaphthalene (1a) and 4,4"""-dimesityl-
1,1":4',1":4" 1'""-quaternaphthalene (2a) were synthesized according
to literature reports.’>*®

General procedure for the synthesis of 1 and 2

To a stirred solution of oligonaphthalenes (0.1 mmol) in
dichloromethane (50 mL), a solution of iron(m) chloride
(1 mmol) in nitromethane (10 mL) was added dropwise. A
nitrogen stream was bubbled through the mixture throughout
the course of the reaction. After stirring for 2 h at 40 °C, the
reaction was quenched with methanol (10 mL). The resulting
mixture was poured into water and extracted with DCM. The
extract was purified by column chromatography to afford the
corresponding compounds 1 and 2.

Compound 1. Brown powder; yield: 53%; DCM/petroleum
ether = 1/5, R¢ = 0.21. 'H NMR (500 MHz, CDCI,CDCl,, 373.2 K)
o ppm 8.83 (d, J = 5.0 Hz, 1H), 8.61-8.57 (m, 1H), 8.47 (d,
J=10.0 Hz, 1H), 8.38 (d,J = 5.0 Hz, 1H), 8.08 (d, J = 10.0 Hz, 1H),
7.98 (s, 1H), 7.68 (t, ] = 10.0 Hz, 2H), 7.54-7.39 (m, 6H), 7.09 (d,
J = 15.0 Hz, 4H), 2.45 (d, J = 10.0 Hz, 6H), 2.01 (d, J = 10.0 Hz,
12H). *C NMR (125 MHz, CDCI,CDCl,, 373.2 K) 6 ppm 140.76,
138.98, 137.09, 136.76, 136.56, 136.56, 133.24, 132.17, 131.53,
130.90, 130.15, 128.76, 128.06, 127.72, 127.70, 127.06, 126.85,
126.60, 126.44, 125.57, 125.13, 124.94, 124.40, 121.89, 121.81,
121.05, 120.48, 120.39, 74.00, 73.89, 73.78, 73.56, 29.39, 20.88,
20.10. HRMS (MALDI-TOF) m/z caled for C,gHze [M]' 612.2817,
found: 612.2819.

Compound 2. Purple powder; yield: 65%; DCM/petroleum
ether = 1/2, R¢ = 0.34. "H NMR (500 MHz, CDCI,CDCl,, 373.2 K)
o ppm 8.71-8.36 (m, 6H), 8.24 (d, J = 10.0 Hz, 1H), 8.02-7.89
(m, 2H), 7.81 (t, ] = 10.0 Hz, 2H), 7.66-7.38 (m, 7H), 7.11 (s, 4H),
2.49 (s, 6H), 2.07 (s, 12H). "*C NMR (125 MHz, CDCl,CDCl,,
373.2 K) 6 ppm 137.58, 136.67, 132.78, 131.42, 130.97, 128.08,
126.92, 126.83, 125.35, 124.75, 124.51, 124.25, 122.45, 122.11,
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121.71, 121.05, 74.00, 73.78, 73.56, 59.53, 31.01, 29.39, 20.89,
20.09, 20.04, 0.71. HRMS (MALDI-TOF) m/z calcd for CsgH,o [M]
736.3130, found: 736.3128.

Sample characterization

"H and "*C NMR spectra were obtained using a Bruker AVANCE
III 500 WB instrument at a constant temperature of 373.2 K.
Chemical shifts are reported in parts per million from low-to-high
field and referenced to TMS. Matrix-assisted laser desorption/
ionization Fourier transform ion cyclotron resonance (MALDI-FT-
ICR-MS) MS was performed using a Bruker Solarix 9.4T FT-ICR-MS
mass spectrometer. The CV experiment was performed using an
electrochemical analyser with the conventional three-electrode
configuration: glassy carbon electrode as the working electrode
and Ag/AgCl as the reference electrode. All experiments were
performed in CH,Cl, with 0.1 M of nBu,NPF as the supporting
electrolyte and ferrocene/ferrocenium ion (Fc/Fc') as the inter-
reference.

Theoretical calculations

DFT calculations were performed using the Gaussian 09 program.
Geometry was optimized in the gas-phase using the B3LYP
functional and 6-31g(d,p) basis set on all atoms.

Perovskite device fabrication

Presented in the ESIL. T
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