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Highly Efficient and Thermally Stable Polymer Solar Cells
with Dihydronaphthyl-Based [70]Fullerene Bisadduct
Derivative as the Acceptor
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1. Introduction
The efficiency of polymer solar cells (PSCs) can be essentially enhanced

by improving the performance of electron-acceptor materials, including by
increasing the lowest unoccupied molecular orbital (LUMO) level, improving
the optical absorption, and tuning the material solubility. Here, a new soluble
C;o derivative, dihydronaphthyl-based C;, bisadduct (NC;oBA), is synthesized
and explored as acceptor in PSCs. The NC;(BA has high LUMO energy level
that is 0.2 eV higher than [6,6]-phenyl-C¢;-butyric acid methyl ester (PCBM),

Polymer solar cells (PSCs) have drawn
broad attention because of their advan-
tages of low cost, light weight, and flex-
ibility.l] The most efficient architecture
of PSCs reported so far is the bulk het-
erojunction (BH]J) structure of a blend of
a conjugated polymer donor and a soluble
fullerene acceptor with an interpenetrating

and displays broad light absorption in the visible region. Consequently, the
PSC based on the blend of poly(3-hexylthiophene) (P3HT) and NC;,BA shows
a high open-circuit voltage (V. = 0.83 V) and a high power conversion effi-
ciency (PCE = 5.95%), which are much better than those of the P3HT:PCBM-
based device (V,. = 0.60 V; PCE = 3.74%). Moreover, the amorphous nature
of NC;BA effectively suppresses the thermally driven crystallization, leading

network as the photoactive layer.? In
this architecture, poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl-Cg;-butyric acid
methyl ester (PCBM) are the most repre-
sentative conjugated polymer donor and
acceptor materials, respectively. The power
conversion efficiency (PCE) of PSCs based

to high thermal stability of the P3HT:NC;,BA-based solar cell devices. It is
observed that the P3HT:NC;,BA-based device retains 80% of its original PCE
value against thermal heating at 150 °C over 20 h. The results unambiguously
indicate that the NC;,BA is a promising acceptor material for practical PSCs.

on P3HT:PCBM has reached over 4%.5
However, further improving the PCE of
P3HT:PCBM-based PSCs is difficult for
the following reasons: i) the absorption
of P3HT mismatches with solar illumina-
tion; ii) the acceptor material [60]PCBM
has weak absorption in the visible region;
and, iii) the typical open circuit voltage of P3HT:PCBM-based
PSCs is only 0.6 V, due to the higherlying highest occupied
molecular orbital (HOMO) of P3HT and the lower-lying lowest
unoccupied molecular orbital (LUMO) of PCBM. In order to
improve the PCE of PSCs, over the last decades great efforts
have been devoted to exploring both new conjugated polymer
donor” and new fullerene derivative acceptor materials.P!
For conjugated polymer donor materials, the main research
interests are in synthesizing some materials with broad light
absorption, low bandgap, high hole mobility, and appropriate
electronic energy levels.[® For acceptor materials, however, the
best candidates are expected to have properties such as strong
absorption in the visible region in order to absorb more solar
energy,”l good solubility in order to get better dispersion while
fabricating solar cell devices, and a high level of the LUMO
energy to enhance the open circuit voltage (V,).”

In fact, the V,. of PSCs is considered to be one of the most
important factors in evaluating active materials; it is proportion-
ally determined by the difference between the LUMO energy
level of the acceptor and the HOMO energy level of the donor.!¥
Recently, a series of high V,. P3HT-based PSCs have been
obtained using fullerene derivatives with higher LUMO level as
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acceptors. For example, Lenes et al.l'!] synthe-
sized [60]PCBM bisadduct (bisPCBM) with
a LUMO level which is 0.1 eV higher than

Br rongalite, TBAB ?40 toluene, 80°C Cro
PCBM, and the corresponding V,. and PCE of Br DMF,0°C o

the P3HT-based PSC are respectively 0.73 V
and 4.5%. In comparison, the P3HT:PCBM-
based solar cell has V. and PCE at 0.58 V and
3.4% under same conditions. Ross et al.l?
prepared an endohedral fullerene LusN@
Cgo —PCBH which also possesses a higher LUMO level than
PCBM, and the PSC fabricated by P3HT:LusN@Cgy ~PCBH
showed both high V, (0.81 V) and high PCE (4.2%) in compar-
ison with that based on P3HT:PCBM (V,. = 0.63 V and PCE =
3.4%). Other than the PCBM family of fullerene derivatives,
some new bisadduct fullerene derivatives** were also explored
to increase the LUMO energy level of fullerene acceptors and
enhance the photovoltaic performance of the PSCs. Especially,
Li et al.' recently prepared the indene-Cy bisadduct (ICBA),
whose LUMO energy level is 0.17 eV higher than PCBM. The
optimized PSCs based on P3HT:ICBA have a high V,. (0.84 V)
with a PCE as high as 6.48%.1%] Very recently, we reported a
new dihydronaphthyl-based [60]fullerene bisadduct derivative
(NCgoBA).I"% Not only does the PSC based on this material
(P3HT:NCg,BA) have high V. at 0.82 V as well as high PCE at
5.37%, but also the preparation of this material is high yield at
mild temperature. Therefore, this family of fullerene derivatives
has potential to be applied in practice PSCs in the future.

Since it is well known that [70]JPCBM-based PSCs exhibit
higher PCE than [60]JPCBM under the same conditions,!”!
herein we explored the synthesis of C;, dihydronaphthyl-based
bisadduct (NC;,BA) as well as the photovoltaic performance
in P3HT-based PSCs. The LUMO energy level of NC,(BA is
0.2 eV higher than that of PCBM. As expected, NC,,BA dis-
plays improved light absorption in the visible region. Conse-
quently, when NC,,BA is used in the photovoltaic cell instead
of NCg,BA, 8% higher current densities are obtained. The PCE
of P3HT:NC;,BA-based PSCs reached 5.95%. In addition, the
P3HT:NC,yBA-based devices exhibited enhanced thermal sta-
bility compared to PCBM-based PSCs.

2. Results and Discussion

2.1. Synthesis of NC;,BA

The Diels-Alder reaction of fullerene with ortho-quinodimethane
provides a powerful method for fullerene functionalization.!'®!
The synthetic route of NCyBA is shown in Scheme 1. First,
the sultine was prepared from 1,2-bis(bromomethyl)benzene
by reaction with sodium hydroxymethanesulfinate (“ron-
galite”) in anhydrous N,N-dimethylformamide (DMF) with
a catalytic amount of tetrabutylammonium bromide (TBAB)
at 0 °C. Under these conditions,'” polymerization of the
o-quinodimethane is avoided. The sultine then generated
o-quinodimethanes by extrusion of SO,, which acted as the
dienophile to react with fullerene readily. The raw product was
purified by silica gel column chromatography and HPLC in
succession. Figure S1 shows the HPLC curve of the reaction
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sultine o-quinodimethane

Scheme 1. Structure and synthetic route of NC;,BA.

mixture with a Buckyprep column using toluene as the eluent
(see the Supporting Information).

NC;,BA possesses excellent solubility in common organic
solvents such as THF, chloroform, toluene, and o-dichloroben-
zene. The molecular structure of NC;,BA was confirmed by
MALDI-TOF MS. It should be mentioned that the obtained
NC,,BA was a mixture of isomers, as confirmed by 'H and 3C
NMR spectra; this mixture was used directly to fabricate the
photovoltaic devices without further separation.

2.2. Absorption Spectra of NC;oBA

The UV-Vis absorption spectrum of NC;,BA in THF is shown
in Figure 1. For comparison, the absorption spectra of PCBM
and NCyBA are also shown in the same figure. All these
fullerene derivatives display strong UV absorption from 200 to
400 nm. However, the absorbance of NC;,BA is dramatically
enhanced compared to those of PCBM and NCg,BA in the vis-
ible region from 400 to 800 nm (see the inset of Figure 1). The
relatively lower absorption of Cy derivatives can be attributed to
a high degree of symmetry, leading to the lowest-energy transi-
tions being formally dipole forbidden. When the Cqy moiety in
NCgBA is replaced by a less symmetrical fullerene C,,, these
transitions will become allowed and a dramatic increase in light
absorption is expected. Obviously, NC;(BA as acceptor material
to fabricate PSCs would be able to absorb more solar energy
and contribute to an improved performance.
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Figure 1. Absorption spectra of PCBM, NC4BA, and NC;,BA in THF
solutions (107> mol L™"). Inset: enlarged absorption spectra in the visible
region from 400 to 800 nm.
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Figure2. CyclicvoltammogramsofPCBMandNC;oBAino-dichlorobenzene:-
acetonitrile (5:1 v/v) with 0.1 m NBu,PFg at 100 mV s~

2.3. Electrochemical Properties of NC;,BA

The electrochemical properties of NC;BA were studied by
cyclic voltammetry. Figure 2 shows the cyclic voltammogram of
NC,(BA as well as that of PCBM for comparison. Both NC;,BA
and PCBM exhibit three quasi-reversible reduction waves
in the negative potential range from 0 to —-2.5 V vs. Ag/Ag*.
Table 1 lists the half-wave potentials (defined as E = 0.5[E, +
E,.], where E, is the cathodic peak potential and E,, the cor-
responding anodic peak potential) of the reduction processes of
the fullerene derivatives NC;,BA and PCBM for comparison.
It can be observed clearly that the first (E;), second (E,) and
third (E3) reduction potentials of NC;oBA all shifted negatively
compared to those of PCBM, and the onset reduction poten-
tial of NC;,BA (-0.99 V) is also negatively shifted comparing
to PCBM (-0.79 V). Moreover, the LUMO energy levels of the
fullerene derivatives can be calculated from the onset reduction
potentials (E,.q°%) according to the following equation,?’!

ELUMO: - e( Eroend‘f' 4, 71) [eV]

where the unit of E,.q* is V vs. Ag/Ag*. With this equation, the
LUMO energy levels of NC;BA and PCBM are calculated as
—3.72 and -3.92 eV, respectively. Obviously, the LUMO level of
NC,oBA is increased by ca. 0.2 eV in comparison with that of
PCBM. Undoubtedly, the higher LUMO energy level of NC;,BA
is desirable for its application as an acceptor in P3HT-based
PSCs because it is expected to increase the open-circuit voltage
of the devices.

Table 1. Electrochemical properties of NC;,BA and PCBM.

Acceptors E; E; Es Eed®" LUMO
I\ \J M M [eV]

PCBM -0.87 -1.26 -1.75 -0.79 -3.92

NC;0BA -1.08 -1.41 -1.96 -0.99 -3.72
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Figure 3. Differential scanning calorimetry (DSC) measurements of
PCBM and NC;0BA with a heating rate of 10 °C min~".

2.4. Thermal Properties of NC;BA

The thermal properties of the fullerene acceptor are closely
related to the lifetime of practical PSC devices. Figure 3
shows differential scanning calorimetry (DSC) measure-
ments of NC;,BA and PCBM. In contrast to the PCBM with
a crystallization peak at ca. 286 °C, no crystallization transi-
tion was observed for NC,;,BA over the whole temperature
range, indicating that NC;,BA is essentially an amorphous
material. Thus it is expected that this material is able to
overcome thermally driven crystallization and achieve high
thermal stability in the as-fabricated PSCs.2!l Furthermore,
thermal gravimetric analysis of NC;(BA was also performed
(Figure 4); the decomposition temperature (T) of NC;,BA is
as high as 415 °C, confirming the high thermal stability of
this compound.
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Figure 4. Thermogravimetric analysis (TGA) of NC;,BA with a heating
rate of 20 °C min".
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Figure5. Current density—voltage curves of PSCs based on P3HT:NC;,BA,
P3HT:PCBM, and P3HT:PC;,BM blends.

2.5. Photovoltaic Properties of NC;oBA

To investigate the photovoltaic properties of NC;,BA, BH] solar
cells based on the ITO/PEDOT:PSS/P3HT:acceptor/Ca/Al con-
figuration were fabricated and characterized under simulated
AM 1.5 G illumination (100 mW cm™2); two other devices using
PCBM and PC;(BM as acceptor materials were also fabricated
as comparison. Figure 5 shows the current density-voltage
curves of the three devices; the V,, short-circuit currents (J,),
fill factors (FF), and power conversion efficiencies (PCE) are
listed in Table 2. The two control devices (P3HT:PCBM and
P3HT:PC;,BM) showed PCEs of 3.74% (V,. = 0.60 V, J, =
9.42 mA cm?, and FF = 0.66) and 4.32% (V,. = 0.61V, J, =
10.45 mA cm~2, and FF = 0.68), respectively. In comparison, a
high PCE of 5.95% was achieved from the NC;,BA-based BH]
solar cell (V,. = 0.83 V, J,. = 10.71 mA cm™2, and FF = 0.67),
which is also higher than that of the P3HT:NCy,BA BH]J solar
cell in our previous study*® (PCE = 5.37%, V,. = 0.82V, J, =
9.88 mA cm™2, and FF = 0.67). The higher V,. resulting from
the higher LUMO energy level of NC;,BA was the premise for
NC;oBA-based devices achieving better performance. Moreover,
a value of J, = 10.71 mA cm™ was observed for NC;oBA-based
devices, which is enhanced by ca. 8% compared to the NCq(BA-
based device, ascribed to the increased and broad absorption of
NC;oBA. NC;(BA effectively increases the V,. and the J. of the
device, so finally the P3HT:NC,,BA-based device shows excel-
lent photovoltaic performance.

Table 2. Photovoltaic performance of P3HT-based PSCs with different
acceptors.

Acceptor Voo Jse FF PCE

v [mA cm?) (%]
PCBM 0.60 9.42 0.66 3.74
PC;0BM 0.61 10.45 0.68 4.32
NCgoBA? 0.82 9.88 0.67 5.37
NC;0BA 0.83 10.71 0.67 5.95
See ref. [16].
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Figure 6. External quantum efficiency (EQE) of the PSCs based on
P3HT:NC;oBA and P3HT:PCBM blends.

The external quantum efficiencies (EQE) of PSCs based on
P3HT:NC,BA and P3HT:PCBM are shown in Figure 6. High
EQE values were observed in both NC;, BA- and PCBM-based
devices, which suggests that the photon—electron conversion
processes are rather efficient. The calculated short current den-
sity of P3HT:NC;(BA and P3HT:PCBM devices from EQE curves
were 10.18 and 8.95 mA cm™?, respectively, which confirms the
high J,. values of the devices. The higher EQE of the NC,,BA-
based PSC than PCBM-based PSC could be ascribed to the con-
tribution of the absorption of the C,, derivative acceptor. The
EQE result indicates that NC;,BA is beneficial to the solar light
harvest and photocurrent conversion of the P3HT-based PSCs.

2.6. Thermal Stability of the PSC Devices

When the solar cells are used outdoors under strong sunlight,
the devices must withstand high temperatures. It is well known
that the poor thermal stability of P3HT:PCBM solar cells results
in a gradual decrease of the efficiency upon heating. To investi-
gate the thermal stability of NC;oBA-based devices, PSCs based
on P3HT:NC;,BA and P3HT:PCBM were isothermally heated
at 150 °C for 5, 10, and 20 h prior to the deposition of top elec-
trode. A previous study had already demonstrated that amor-
phous fullerene materials would lead to high thermal stability
of PSCs,l so the amorphous NC;BA material was favorably
expected to achieve thermally stable PSCs. Figure 7 shows
the current density—voltage curves of the solar cells; the corre-
sponding photovoltaic parameters of these devices are shown
in Table 3. The results indeed revealed a high thermal stability
of the P3HT:NC,(BA-based devices, whose PCE only slightly
decreased from 5.88% to 4.89% after heating at 150 °C for 20 h.
In contrast, the PCE of the P3HT:PCBM-based device signifi-
cantly decreased from 3.82% to 1.75% over 20 h of heating.

To further investigate the high thermal stability of NCoBA-based
devices, in situ morphological characterization of P3HT:NC;(BA
and P3HT:PCBM blends was performed using an optical micro-
scope. As shown in Figure 8, no obvious phase segregation was

Adv. Funct. Mater. 2012, 22, 2187-2193
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Figure 7. Current density-voltage curves of the PSCs based on:
a) P3HT:NC;4BA and b) P3HT:PCBM blends before and after isothermal
heating at 150 °C for 5, 10, and 20 h, respectively.

observed for the P3HT:NC, BA blend after thermal annealing
for 20 h; in contrast, obvious PCBM aggregates appeared for the
P3HT:PCBM blend after 20 h under same conditions, indicating
that thermally driven crystallization for PCBM did exist, finally
leading to the D-A (donor-acceptor) phase separation.

Table 3. Values of photovoltaic parameters of the P3HT-based devices
as a function of heating time at 150 °C.

Acceptor Heating time Voe Jsc FF PCE
ig) M [mA cm™] [%]
PCBM 0 0.59 9.30 0.70 3.82
5 0.60 8.17 0.65 3.19
10 0.61 6.28 0.69 2.64
20 0.63 4.54 0.61 1.75
NC;0BA 0 0.83 10.73 0.66 5.88
5 0.84 8.93 0.67 5.06
10 0.84 8.69 0.69 5.01
20 0.85 8.25 0.70 4.89

Adv. Funct. Mater. 2012, 22, 2187-2193
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Figure 8. Optical microscopy images of: a) P3HT:NC;BA and
b) P3HT:PCBM blends after heating at 150 °C for 20 h.

3. Conclusions

We synthesized a new dihydronaphthyl-based [70]fullerene
bisadduct derivative (NCBA), which was explored as an
acceptor in P3HT-based PSCs. This material has improved
absorption and high-lying LUMO energy level, leading to a
high PCE (5.95%) for P3HT-based solar cells with this mate-
rial as acceptor. Moreover, the NC; BA shows an amorphous
nature upon heating treatment, so the PSCs fabricated by
P3HT:NC;,BA have high thermal stability. It was observed that
the PCE of P3HT:NC,,BA-based devices only slightly decreased
from 5.88% to 4.89% after 20 h heating at 150 °C. These results
indicate that NC;,BA is a promising acceptor material for prac-
tical use in PSCs.

4. Experimental Section

Materials: All chemicals were purchased from commercial sources
and used without further purificaton; the solvents were purified and
freshly distilled prior to use according to literature procedures.
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Measurements: '"H NMR and '3C NMR spectra were measured
on Bruker DMX-400 and Bruker DMX-600 spectrometers. Chemical
shifts of NMR are reported in ppm relative to the singlet of CDCls
at 7.26 ppm for "H NMR spectroscopy and 77.6 ppm for 3C NMR
spectroscopy. Absorption spectra were taken on a Hitachi U-3010 UV-vis
spectrophotometer. Electrochemical cyclic voltammetry was conducted
on a Zahner IM6e Electrochemical Workstation. During measurement,
a Pt disk was used as the working electrode, Pt wire as the counter
electrode, and Ag/Ag" electrode (0.01 m AgNO;, 0.09 m Buy,NPFg in
acetonitrile) as the reference electrode were used in a mixed solution of
o-dichlorobenzene:acetonitrile (5:1 v/v) with 0.1 m tetrabutylammonium
hexafluorophosphate (NBu,PFg) at 100 mV s7'. The differential scanning
calorimetry (DSC) analysis of fullerene derivatives was performed under
a nitrogen atmosphere on a TA Instruments Q-100 at heating rates of
10 °C min~'. Thermogravimetric analysis (TGA) was recorded on TA
Q-50 under nitrogen atmosphere at a heating rate of 20 °C min~". The
optical microscopy images were obtained using an Olympus Fluoview
Fv1000. High performance liquid chromatography (HPLC) analysis was
performed on LC908-C60 (Jai Co., Ltd.) with a Cosmosil Buckyprep
column (@ 20 mm x 250 mm, Nacalai USA) using toluene as eluent.

Synthesis of Sultine: Sodium hydroxymethanesulfinate (rongalite,
402.8 mg, 3.4136 mmol) and tetrabutylammonium bromide (TBAB,
82.5 mg, 0.2561 mmol) were added to a solution of 1,2-bis (bromomethyl)-
benzene (225.3 mg, 0.8534 mmol) in DMF (15 mL). The mixture was
stirred at 0 °C under an argon atmosphere for 4 h, then water was added
and the mixture extracted with CH,Cl,. The organic extracts were dried
using NaSO,, and the solvent was evaporated at 25 °C. The raw product
was subjected to the next reaction without further purification. "H NMR
(400 MHz, CDCl3): 8(ppm) 7.19-7.42 (m, 4H), 5.31 (d, 1H), 4.97 (d,
1H), 4.42 (d, TH), 3.55 (d, TH).

Synthesis of NC7oBA: The sultine (152.1 mg, 0.9 mmol) was added to
a solution of Cyq (252.0 mg, 0.3 mmol) in toluene (250 mL). The mixture
was heated to 80 °C under an argon atmosphere for 15 h. After cooling
down, water was added and the mixture was extracted with toluene.
The organic extracts were dried by using NaSO,, and concentrated
under reduced pressure. The raw product was first purified by a silica
gel column using toluene as eluent. Further purification by preparative
HPLC equipped with a Buckyprep column using toluene as eluent. Yield:
64%. TH NMR (400 MHz, CDCl3): 8(ppm) 6.98-7.60(m, 8H), 3.66-4.18
(m, 8H). °C NMR (200 MHz, CDCl;): 8(ppm) 151.00, 150.61, 150.32,
149.96, 148.99, 145.08, 144.50, 143.59, 142.37, 141.93, 141.47, 139.39,
138.71, 138.61, 138.07, 137.96, 135.32, 132.97, 132.51, 129.87, 129.06,
128.68, 128.62, 128.47, 126.13, 78.06, 77.85, 77.64, 60.81, 60.51, 60.08,
59.90, 59.17, 59.05, 58.92, 57.45, 46.02, 45.48, 44.75, 42.77, 41.82.
MALDI-TOF MS: calcd. 1048.13; found 1048.67.

Fabrication and Characterization of PSCs: A conventional PSC structure
based on ITO/PEDOT:PSS/BHJ/Ca/Al was used. The ITO glass was
cleaned by sequential ultrasonic treatment in detergent, deionized
water, acetone, and isopropanol, and then treated in an ultraviolet—
ozone chamber (Ultraviolet Ozone Cleaner, Jelight Company, USA) for
20min. Then PEDOT:PSS (poly (3,4-ethylene dioxythiophene):poly(styrene
sulfonate)) (Baytron PVPAI 4083, Germany) was filtered through a
0.45 um filter and spin coated at 4000 rpm for 60 s on the ITO electrode.
Subsequently, the PEDOT: PSS film was baked at 150 °C for 20 min in
the air. The blend solution of P3HT and different fullerene derivative
acceptors in dichlorobenzene (DCB) (total concentration 34 mg mL™,
weight ratio of P3HT:PCBM of 1:1, P3HT:NCgoBA of 1:1, P3HT:NC;,BA
of 1:1.2, and P3HT:PC;oBM of 1:1.2) was then spin-coated on top of
the PEDOT:PSS layer. The blend films were then put into glass Petri
dishes while still wet to undergo solvent annealing. The thickness of
the photoactive layer was estimated using a surface profiler in the range
180-220 nm. The device was annealed at 120 °C for 10 min. The thermal
stabilities of the P3HT:PCBM- and P3HT:NC;, BA-based devices were
assessed by subjected them to sustained heating at 150 °C for different
times. A bilayer cathode consisted of Ca (20 nm) capped with Al (100 nm)
was thermally evaporated under a shadow mask under a base pressure
of ca. 107 Pa. The device active area of the PSC is ca. 4 mm?. The J-V
measurement of the devices was conducted on a computer-controlled
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Keithley 236 Source Measure Unit. Device characterization was done in
a glovebox under simulated AM1.5G irradiation (100 mW cm™) using a
xenon lamp-based solar simulator (from Newport Co., Ltd.). The EQE
measurements of the PSCs were performed using a Stanford Research
Systems model SR830 DSP lock-in amplifier coupled with WDG3
monochromator and 500W xenon lamp. The light intensity at each
wavelength was calibrated with a standard single-crystal Si photovoltaic
cell.
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