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Two new dibenzosuberane-substituted fullerene derivatives, dibenzosuberane-Cgy mono-
adduct (DBSCMA) and bis-adduct (DBSCBA) were synthesized using a classical cycloprop-
anation reaction via a tosylhydrazone route for application as acceptor materials in poly-
mer solar cells (PSCs). DBSCBA shows good solubility in common organic solvents and
both derivatives were characterized by "HNMR, '*C NMR, MALD-TOF, elemental analysis
and UV-vis absorption measurements. The shift of fullerene energy levels induced by
the dibenzosuberane substitution was investigated by using theoretical simulations and
ultraviolet photoelectron spectroscopy. Bulk-heterojunction PSCs based on poly (3-hexyl-
thiophene) (P3HT) and dibenzosuberane-Cgo derivatives were fabricated and optimized by
adjusting the donor/acceptor ratio and using thermal annealing and solvent additive. The
morphologies of the active layers processed under different conditions were also examined
by atomic force microscopy. When tested under an illumination of AM 1.5 G at 100 mW/
cm?, the highest power conversion efficiency of the devices using DBSCBA is 3.70% which
is superior to that of conventional P3HT:PCBM devices.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Bulk-heterojunction (BHJ) polymer solar cells (PSCs)
have become one of the hottest research fields in recent
years because of their unique advantages such as solution
process, light weight and the possibility for transparent,
flexible devices [1-5]. In a conventional BH] PSC, the active
layer is sandwiched between a transparent indium tin
oxide (ITO) anode and a low-work-function metal cathode
and comprises of a conjugated polymer as donor and a ful-
lerene derivative as acceptor. One of the most popular
compositions in BH] PSCs is the blend of poly(3-hexylthi-
ophene) (P3HT) and [6,6]-phenyl-Cg;-butyric acid ester
(PCBM) [6]. To date, the power conversion efficiency
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(PCE) of the optimized PSCs based on P3HT/PCBM has ex-
ceeded 4% [7,8]. To further improve the device perfor-
mance, novel conjugated polymers have been synthesized
to achieve low bandgap, broad absorption, enhanced elec-
tron mobility and optimal energy levels [9-16]. Likewise,
the research efforts toward new fullerene derivatives are
equally important. As electron acceptor, conventional
PCBM has some well-known drawbacks, such as weak
absorption in the visible region and a low-lying LUMO
(Lowest Unoccupied Molecular Orbital) energy level, lead-
ing to significant loss of open circuit voltage (V,.). To ad-
dress the question, numerous PCBM-like fullerene
derivatives have been studied as electron acceptors [17-
26], most of which, however, showed poor or just compa-
rable performance to PCBM. Recently, the development of
fullerene bis-adduct acceptors for higher V,. PSCs has re-
ceived considerable attention [27-35]. Successful exam-
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ples such as [6,6]-phenyl-Cg;-butyric acid methyl ester bis-
adduct (bis-PC¢;BM) [27], indene-Cgobis-adduct (ICBA)
[29], dihydro-naphthyl-Cggbis-adduct (NCBA) [30], di(4-
methylphenyl)-methano-Cgobis-adduct (DMPCBA) [31],
bis-adduct thieno-o-uinodimethane-Cgq (bis-TOQC) [32]
have been reported. Although remarkable progress has
been made, the influence of multi-adduct functional
groups on the photovoltaic performances are still unclear.
The exploration of new fullerene derivatives and the inves-
tigation of their structure-property relationships are still
critical [19]. In this work, we firstly introduced the spiro-
structure to three-membered ring group on the fullerene
acceptor to investigate the effect of this new structure on
the acceptor photovoltaic performance. We designed and
synthesized two new acceptors dibenzosuberane-Cgg
mono-adduct (DBSCMA) and its bis-adduct (DBSCBA)
through the cyclopropanation reaction (as shown in
Scheme 1).0ur results showed that the close ring did not
interfere with the reaction activity and good yields were
obtained. The bis-adduct DBSCBA shows good solubility
in common solvents such as chloroform, toluene, chloro-
benzol and o-dichlorobenzene, while the mono-adduct
DBSCMA is less soluble. Their LUMO and HOMO (Highest
Occupied Molecular Orbital) energy levels were carefully
investigated by using theoretical simulations and ultravio-
let photoelectron spectroscopy. When tested under an illu-
mination of AM 1.5 G at 100 mW/cm?, a high PCE of 3.70%
was obtained for the optimized devices using DBSCBA,
which is nearly ~10% higher than that of the devices using
PCBM.

2. Experimental section
2.1. Materials and measurement

Cgo Was purchased from Puyang Yongxin Fullerene Co.,
Ltd. Other reagents and chemicals were purchased from
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Fig. 1. The UV-vis absorptions spectra of PCBM, DBSCMA and DBSCBA in
chlorobenzene solutions. The inset is the enlarged absorption spectra in
the visible region from 440 to 550 nm.

Alfa-Aesar Co. or Sigma-Aldrich Co. and used as received
without further purification. Dibenzosuberone p-tosylhyd-
razone (1) was synthesized according to the literature
[17].'"H NMR and '*C NMR spectra were measured on a
Varian Unity Inova 400 MHz and a Varian NMR system
300 MHz spectrometer with tetramethylsilane(TMS;
6=0ppm) as the internal standard, respectively. UV-vis
absorption spectra were obtained on a Perkin Elmer model
Lambda 750 instrument. Ultraviolet photoelectron spec-
troscopy (UPS) measurements were performed in a KRA-
TOSULTRA-DLD ultrahigh vacuum surface analysis
system. The spectra were measured by using an unfiltered
Hel(21.22 eV) gas discharge lamp and a total instrumental
energy resolution of 100 meV. Atomic force microscopy
(AFM) was performed with a Veeco Multimode V instru-
ment in tapping mode.
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Scheme 1. Synthetic routes and chemical structures of DBSCMA and DBSCBA.
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Fig. 2. Molecular geometries and orbital surfaces of the HOMO and LUMO of DBSCMA and DBSCBA. obtained at the DFT/B3LYP/6-31G" level.

2.2. Fabrication and characterization of PSCs

PSCs using P3HT as the donor and PCBM, DBSCMA and
DBSCBA as the acceptors were fabricated, with a typical
structure of ITO/PEDOT:PSS/P3HT:acceptor/LiF/Al. The
solutions were prepared in 1,2-dichlorobenzene with dif-
ferent polymer:fullerene ratios (with a total concentration
of 20 mg/mL). The ITO-coated glass substrates were
cleaned by sequential ultrasonic treatment in detergent,
deionized water, acetone, and isopropyl alcohol, and then
dried .After UV ozone treatment of the ITO substrates for
20 min, about 40nm thick poly(ethylenedioxythio-

HOMO = -5.42 eV
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phene):poly(styrenesulfonic acid)(PEDOT:PSS) layer was
spin-coated from aqueous solution (4500 rpm for 40 s) fil-
tered through a 0.45 pm poly(tetrafluoroethylene) (PTFE)
filter. The PEDOT:PSS layer was baked on a hotplate at
150 °C for 10 min. The pre-dissolved composite solution
was spin coated on the PEDOT:PSS layer at 700 rpm. Final-
ly, a top electrode consisting of a 0.6 nm LiF layer and a
100 nm Al layer was deposited on the polymer active layer
under a vacuum of 2 x 107 Torr, the active area of the de-
vices is 7.25 mm?. The current density-voltage characteris-
tics (J-V) of the photovoltaic cells were measured using a
Keithley 2400 digital source meter under a simulated AM
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Fig. 3. UPS spectra of PCBM, DBSCMA and DBSCBA films on ITO surface.

1.5 G solar irradiation at 100 mW cm~2 (Newport, Class

AAA solar simulator, 94023A-U). The light intensity is cal-
ibrated by a certified Oriel Reference Cell (91150V).

2.3. Synthesis

2.3.1. Synthesis of dibenzosuberonep-tosylhydrazone (1)

Dibenzosuberone (1.04 g, 5.0 mmol) and p-toluene-sul-
fonylhydrazide (1.40 g, 7.5 mmol) were dissolved in meth-
anol (20ml), and a catalytic amount of concentrated
hydrochloric acid was added to the mixture and refluxed
overnight. After cooling to room temperature, the mixture
was stirred over 24 h and then cooled to —15 °C. The pre-
cipitated product was collected by filtration, washed with
cold methanol and dried in a desiccator to yield tosylhyd-
razone compoundl (1.35g, 70%) as a white crystal. 'H
NMR (CDCl3, 400 MHz, ppm) 7.06-7.86 (m, 12H), 7.25 (d,
2H), 3.19 (t, 4H), 2.46 (s, 3H). >C NMR (CDCls, 300 MHz,
ppm) 155.86, 144.29, 140.04, 138.43, 135.72, 135.39,
130.72, 129.86, 129.50, 129.31, 129.21, 128.05, 127.24,
126.37, 126.21, 34.02, 31.75. MALD-TOF: 375.20.Calcu-
lated: C, 70.19%; H, 5.35%; N, 7.44%. Found: C, 69.53%; H,
5.25%; N, 7.49%.

2.3.2. Synthesis of DBSCMA and DBSCBA

NaOMe (0.08 g, 1.5 mmol) was added to a stirred solu-
tion of 1 (0.38 g, 1 mmol) in dry pyridine (10 ml) under
N, atmosphere. After stirring for 15 min at 80 °C, the reac-
tion mixture was treated with a solution of Cgo (0.36 g,
0.5 mmol) in 1,2-dichlorobenzene (30 ml) and stirred for
24 h. Afterwards, the solution was heated to reflux for

Table 1
Energy levels obtained from theoretical and experimental results.

24 h. After cooling to room temperature, the solution was
loaded into silica column and then purified by flash silica
column chromatography with 1:3 toluene/hexane as the
eluents. Then, the fraction containing DBSCMA was col-
lected and concentrated. The concentration solution was
poured into methanol to give DBSCMA(0.10g 22%) as a
dark brown solid. "H NMR (CDCl;, 400 MHz, ppm) 7.15-
7.33 (m, 8H), 2.35 (s, 4H). '3C NMR (CDCl;, 400 MHz,
ppm) 146.67, 142.00, 141.80, 128.46, 125.60, 124.32,
98.82, 52.34, 37.64, 31.13. MALD-TOF: 912.4. Calculated:
C, 98.68%; H, 1.32%. Found: C, 96.75%; H, 1.23%. DBSCBA
and DBSCMA were separated and purified from the same
reaction product mixture. The fraction containing DBSCBA
was collected and concentrated. The concentration solu-
tion was poured into methanol to give DBSCBA (0.16 g 28
%) as a dark brown solid. "H NMR (CDCl3, 400 MHz, ppm)
6.87-8.34 (m, 16H), 3.09-4.62 (m, 8H). '*C NMR (CDCls,
300 MHz, ppm) 163.11, 148.18, 145.68, 144.70, 143.02,
141.95, 140.82, 139.04, 137.80, 131.61, 130.28, 128.83,
125.12, 109.07, 94.25, 53.61, 32.08. MALD-TOF: 1104.50.
Calculated: C, 97.81%; H, 2.19%. Found:C, 93.83%; H, 2.15%.

3. Results and discussion
3.1. Synthesis and optical properties

Cyclopropanation is a classic reaction for fullerene
modification, due to its high stability and small structural
perturbation [17]. The two new fullerene derivatives were
synthesized via the reaction which is similar to the synthe-
sis of PCBM. The structures of DBSCMA and DBSCBA were
confirmed by the 'HNMR, '>CNMR spectra, MALD-TOF
mass spectrum and elemental analysis. The synthetic route
is shown in Scheme 1. The UV-vis absorption spectra of
PCsoBM, DBSCMA and DBSCBA in dichloromethane solu-
tions (the absorption spectrum of PCgoBM is for compari-
son) are shown in Fig. 1. All the three Cgo derivatives
display strong UV absorption peaks ranging from 200 to
400 nm, while their visible absorptions are generally weak.
It is worth noting that the absorbance of DBSCMA and
DBSCBA are slightly higher than that of PCgoBM in the vis-
ible region (see the inset of Fig. 1), which may influence the
short-circuit current of the corresponding polymer solar
cells.

3.2. DFT calculations and UPS measurement

To better understand the effect of dibenzosuberane-
substitution on the fullerene energy levels, density func-
tional theory (DFT) calculations were carried out at the

Experimental values®

Theoretical values”

HOMO (eV) LUMO (eV) Eq (eV) HOMO (eV) LUMO (eV) Eq (eV)
PCBM 5.81 3.80 5.78 3.20 2.58
DBSCMA 5.85 3.75 5.64 3.16 2.48
DBSCBA 5.76 3.68 5.42 3.09 233

¢ HOMO values were determined by UPS, while LUMO values were estimated by subtracting from optical bandgap Eg.
P All chemical structures were optimized with the B3LYP function and a basis set of 6-31G.
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B3LYP/6-31G* level. The wave functions of the frontier
molecular orbital of the two derivatives are depicted in
Fig. 2. Compared with the mono-substitution on DBSCMA,
the bis-substitution on DBSCBA further breaks the conju-
gation of the carbon cage, leading to less extended delocal-
ization of the 7 electrons. Consequently, the HOMO and
LUMO energy levels of DBSCBA were calculated to be
—5.42 eV and —3.09 eV respectively, which are both higher
than the calculated values of DBSCMA (HOMO: —5.64,
LUMO: -3.16eV) and PCBM (HOMO: -5.78, LUMO:
—3.20 eV), indicating a possible higher V.. It is worth not-
ing that the relative position of the two substitution groups
on the fullerene will also influence the calculated energy
levels, as shown in Fig. 2.

Experimentally, the HOMO level can be measured by
UPS and the LUMO level can be calculated by subtracting
the optical gap (obtained from Fig. 1) from the measured
HOMO level. Fig. 3 shows the UPS spectra taken from pris-
tine thin films of PCgoBM, DBSCMA and DBSCBA on ITO
substrates. The HOMO energy levels are determined by
the following equation:

EHOMO = hU - (Ecutoff - Eonset)

where hv is the incident photon energy of 21.2 eV, the
positions of Ecytoff and Eonsee are marked in Fig. 3, respec-
tively. The measured HOMO values are —5.81 eV for PCgo_
BM, -5.85eV for DBSCMA and -5.76eV for DBSCBA
within the error range of +0.04 eV. The detailed values of
the HOMO, LUMO and optical gap are summarized in Ta-
ble 1. Based on the data, although there is a discrepancy
between the measured and theoretically calculated values,
the shift of fullerene LUMO measured by UPS is consistent
with the simulation results. Therefore, the introduced
dibenzosuberane groups can not only endow the fullerene
with solubility but also with improved energy level align-
ment for potentially higher V.

3.3. Photovoltaic properties

The photovoltaic properties of the fullerene derivatives
were studied by fabricating PSCs with the structure of ITO/
PEDOT:PSS/P3HT: fullerene/LiF/Al, where the polymer
P3HT was used as electron donor and fullerene derivatives
were used as electron acceptors. The J-V curves of the PSCs
are presented in Fig. 4, and the photovoltaic parameters of
the devices are listed in Table 2. In order to get high device
performance, we employed different optimization meth-
ods such as thermal annealing, adjusting D/A ratio and
using solvent additive. According to the previous study,
thermal annealing was one of the most efficient methods
for improving device performance [8]. Thus we firstly opti-
mized the annealing temperature of the devices using
DBSCBA as the acceptor and o-DCB as the solvent. The
annealing temperatures were adjusted from 90°C to
150 °C, and we observed that the best performance was
achieved at 110 °C, with the device PCE increased from
1.21% (with no annealing) to 2.15%. The result is in line
with the earlier study, in which the optimal annealing tem-
perature was also considered as 110 °C for P3HT/PCgoBM
devices cast from 0-DCB solution [3]. Secondly, the D/A
composite ratios are found critical for PSC performance
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Fig. 4. J-V curves of devices under different annealing temperatures (a),
with different D/A ratios (b) and with the addition of solvent additive (c).

[36]. To investigate the effect of D/A ratio on the device
photovoltaic performance, we fabricated PSCs with
P3HT:DBSCBA weight ratios of 9:11, 10:10, 11:9 and 12:8
(with a total concentration of 20 mg/ml), under an optimal
annealing condition. The J-V curves and the corresponding
photovoltaic parameters of the PSCs are shown in Fig. 4b
and Table 2, respectively. The device with a D/A weight ra-
tio of 11:9 obtained the best PCE of 2.63%, indicating that
11:9 is the optimal ratio for devices based on
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Table 2

Device performances of solar cells.
Acceptor Solvent Blend ratio Tem. (°C) DIO (%) Voc (V) Jsc (MA cm™2) FF (%) PCE (%)
DBSCBA DCB 9:11 - - 0.68 3.93 453 1.21
DBSCBA DCB 9:11 90 - 0.69 4.15 58.7 1.68
DBSCBA DCB 9:11 110 - 0.67 5.45 58.9 2.15
DBSCBA DCB 9:11 130 - 0.69 4.91 58.2 1.97
DBSCBA DCB 9:11 150 - 0.69 5.03 52.1 1.70
DBSCBA DCB 12:8 110 - 0.65 6.88 56.4 2.52
DBSCBA DCB 11:9 110 - 0.66 6.88 57.8 2.63
DBSCBA DCB 10:10 110 - 0.66 6.46 56.2 2.40
DBSCBA DCB 9:11 110 - 0.67 5.45 58.9 2.15
DBSCMA DCB 11:9 110 - 0.37 0.30 38.6 0.04
DBSCMA DCB 11:9 110 - 0.38 0.28 38.1 0.04
DBSCBA DCB 11:9 - 2 0.59 8.35 64.3 3.17
DBSCBA DCB 11:9 110 2 0.61 9.04 67.0 3.70
PCBM DCB 11:9 110 - 0.61 7.49 63.4 2.90
PCBM DCB 11:9 110 2 0.62 8.26 66.9 343

d RMS = 1.98 nm

DBSCBA DBSCBA (TA 110°C)

80 nm 120 nm
RMS=622nm{' d RMS = 10.8 nm

DBSCBA(D10.2%)

DBSCBA (TA 110°C + DIO 2%)

100 nm
ey RVMS=535mm | RMS = 2.71 nm

DBSCMA DBSCMA (TA 110°C)

Fig. 5. AFM images of P3HT:DBSCBA film processed under different conditions. (a) as-cast (b) thermal annealed at 110 °C for 10 min (c) using 2% DIO, (d)
applying both thermal annealing and solvent additive. P3HT:DBSCMA film morphology (e) as-cast and (f) thermal annealed at 110 °C for 10 min.
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P3HT:DBSCBA. Since the LUMO of DBSCBA is about 0.1 eV
higher than that of PCBM, a higher V. is expected for de-
vices using DBSCBA. Indeed, a V,. of 0.65-0.69 V was ob-
tained for P3HT:DBSCBA devices processed under
different conditions (Table 2), which is evidently higher
than the V. (0.61 V) of PCBM based devices. To further im-
prove device performance, the effect of solvent additive
was investigated. Recently, solvent additives have been re-
ported to enhance the device performance by improving
the inter-penetrating D/A network structure [37,38,41].
Herein, we introduced a widely used additive 1,8-diiodooc-
tane (DIO) and improved device performance was ob-
served, as seen in Fig. 4c and Table 2. Dramatic PCE
enhancement from 2.63% to 3.70% can be achieved for
P3HT:DBSCBA devices with the addition of 2% DIO. This
optimal device performance of P3HT:DBSCBA based de-
vices is nearly 10% higher than that of the P3HT:PCBM de-
vices (3.43%) under the same processing conditions. The
PCE improvement is mainly due to the photo-current
enhancement, which can be attributed to the higher absor-
bance of DBSCBA than PCBM in the visible region. How-
ever, note that the V,. of P3HT:DBSCBA devices is
reduced to 0.61 V after the use of DIO, which is consistent
with the previous observation [34]b. Compared with
DBSCBA, the mono-adduct DBSCMA shows very poor per-
formance in PSCs with a low PCE of only 0.04%, which is
likely ascribed to the undesired film morphology (Fig. 5e)
induced by its poor solubility. The excellent photovoltaic
performance of P3HT:DBSCBA devices indicates that the
new bis-adduct DBSCBA with spiro-structure is a promis-
ing material to replace conventional PCBM as acceptor in
PSCs.

3.4. Film morphologies

As shown in Fig. 5, the effects of thermal annealing and
additive on film morphology were investigated using
atomic force microscopy (AFM). Before the use of thermal
annealing and solvent additive, the pristine film does not
show distinctive surface structures, implying limited phase
separation and poor charge transport hindered by undevel-
oped D/A network (see Fig. 5a). After thermal annealing at
110 °C (Fig. 5b), grainy structures can be observed and the
surface roughness alters from 0.74 nm to 1.98 nm, indicat-
ing enhanced phase segregation and carrier transport [8],
which is consistent with the corresponding PCE improve-
ment from 1.21% (with no annealing) to 2.15% (110 °C).
DIO is believed to allow a slower crystallization process
during spin-coating, thus improving morphology through
enhanced intermolecular ordering and well-developed
phase separation [41]. Therefore we observed that film
processed with DIO (Fig. 5¢) exhibited fine phase separa-
tion domains and a striking difference of surface roughness
altering from 0.74 nm to 6.22 nm, leading to efficient
charge transport and dramatically improved efficiency. As
shown in Fig. 5d, when both thermal annealing and DIO
were employed, the domain sizes further increased and a
high roughness of 10.8 nm was observed. This roughness
value is very close to that (9.5 nm) of the P3HT:PCBM de-
vice reported by Yang [39] and close to that (7.9 nm) of
the best P3HT:ICgoBA device [40]. The morphology of pris-

tine P3HT:DBSCMA film is apparently different from
P3HT:DBSCBA. As seen in Fig. 5e, large domains can be ob-
served and the surface roughness is high (5.35 nm) com-
pared to P3HT:DBSCBA (0.74 nm). In addition, we also
observed huge micron level DBSCMA aggregates in such
film under optical microscope. Most likely, the undesired
morphology is caused by the poor solubility of DBSCMA,
leading to poor device performance.

4. Conclusions

We have successful synthesized two fullerene deriva-
tives, dibenzosuberane-Cgy mono-adduct (DBSCMA) and
bis-adduct (DBSCBA) with new spiro-structure by cyclo-
propanation reaction for use as acceptor materials in poly-
mer solar cells. The introduced dibenzosuberane groups
improve the fullerene energy level alignment and the
two new fullerene derivatives show slightly higher absorp-
tion in the visible region than conventional PCBM. After
systematical optimization, a high power conversion effi-
ciency of 3.70% was obtained for the devices using DBSCBA
under an illumination of AM 1.5 G at 100 mW/cm?, which
is 10% higher than that of P3HT: PCBM control device. The
improved PCE is attributed to the optimal morphology and
enhanced absorbance of DBSCBA in the visible region.
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