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ABSTRACT: A series of alkoxy-substituted dihydronaphthyl-
based [60]fullerene bisadduct derivatives (Cn-NCBA, n = 1—
6), with the alkoxy chain length from 1 to 6 carbon atoms,
were synthesized as acceptors for polymer solar cells (PSCs),
for the purpose of systematically investigating the effects of
fullerene derivative structures on the photovoltaic properties of
PSCs. Although the absorption spectra and electrochemical
properties of Cn-NCBA are almost the same, the PSCs based
on P3HT:Cn-NCBA showed different photovoltaic properties. 1
The device based on the P3HT:C3-NCBA blend demon-
strated the highest power-conversion efficiency (PCE) of ca. 4.1%, while those with shorter or longer alkoxy-substituted
dihydronaphthyl-based [60]fullerene bisadduct derivatives showed relatively lower PCE values. C5-NCBA and C6-NCBA with
longer alkoxy chain length showed relatively low electron mobilities, leading to relatively poor photovoltaic performance. More
importantly, we found that the alkoxy chain length changes the hydrophobicity of Cn-NCBA and, thus, the interfacial interaction
and miscibility with P3HT, which were analyzed by interfacial tension and atomic force microscopy (AFM) measurements. The
hydrophobicity of Cn-NCBA increased as the alkoxy chain length increased. A distinct phase separation for the P3HT:C1-NCBA
blend film due to the large interfacial tension and poor miscibility between P3HT and C1-NCBA could be one reason for the low
PCE value of the C1-NCBA-based devices. C3-NCBA may provide the most appropriate combination of electron mobility and
miscibility with P3HT to achieve optimal photovoltaic properties. The current study provides the molecular structure—device
performance relationship, especially with respect to the alkoxy chain length of Cn-NCBA and their interfacial interactions with
P3HT, and suggests a design rule for high-performance fullerene bisadduct acceptors for PSC applications.
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B INTRODUCTION

methyl ester (PCBM)' are the most representative donor and

Polymer solar cells (PSCs) have emerged as a promising source
of alternative energies, because of the advantages of low cost,
light weight, and flexibility.' > To maximize the donor—
acceptor heterojunction interfacial area for efficient exciton
dissociation, mainstream PSC devices adopt the concept of a
bulk heterojunction (BHJ), where a photoactive layer contains
a p-type conjugated polymer donor and an n-type fullerene
derivative acceptor to form an interpenetrating network.* In
order to improve power-conversion efficiency (PCE) of the
PSCs, great efforts have been devoted to explore novel low-
bandgap conjugated-polymer donor’~’ and the matching
fullerene derivative acceptor materials,*” in which the poly(3-
hexylthiophene) (P3HT) and [6,6]-phenyl-Cg,-butyric acid
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acceptor materials, respectively.

However, one of the main bottlenecks for the P3HT:PCBM-
based PSCs is the low open-circuit voltage (V) value of ca. 0.6
V, which results in a limited PCE of only ca. 49112 1t is well-
established that the V. value is related to the difference
between the highest occupied molecular orbital (HOMO)
energy level of the donor and the lowest unoccupied molecular
orbital (LUMO) energy level of the acceptor,"® so an upshift of
the LUMO energy level of the fullerene acceptor is preferred
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for increasing the V. values.'* Recently, a series of high V.
P3HT-based PSCs have been obtained using fullerene
bisadduct derivatives with higher LUMO energy level.'>~>°
For example, Lenes et al.>* synthesized [60]PCBM bisadduct
(bisPCBM) with LUMO energy level ca. 0.1 eV higher than
that of PCBM. The V. and PCE values of the PSC based on
P3HT:bisPCBM reached 0.73 V and 4.5%, respectively,
whereas the P3HT:PCBM-based solar cell has V_. and PCE
values of only 0.58 V and 3.4%, respectively, under the same
conditions. The relative higher LUMO energy level of
bisPCBM, compared to PCBM, is induced by the reduced 7z-
conjugation and electron delocalization of the fullerene sphere
after the second addend is added.”> Recently, PSCs with
fullerene bisadduct derivatives other than PCBM have attracted
extensive attention, because of their relative high PCEs.
Especially, a remarkable bisadduct fullerene derivative, ICBA
(indene-Cg, bisadduct), has been reported.’> The LUMO
energy level of ICBA is 0.17 €V higher than that of PCBM. As a
consequence, the optimized PSC with the P3BHT:ICBA as the
photoactive layer exhibited a high V. value of 0.84 V and the
PCE value was as high as 6.48%.”" Recently, Hsu et al.*
reported the di(4-methylphenyl)methano-Cy, bisadduct
(DMPCBA), whose LUMO energy level is ca. 0.1 eV higher
than PCBM, and the PSC based on the P3BHT:DMPCBA blend
exhibited a high V. value of ca. 0.87 V, as well as a high PCE
value of ca. 5.2%. Very recently, we reported a dihydron%phth-
yl-based [60]fullerene bisadduct derivative (NCyBA).*® The
PSC based on the P3HT:NC4BA blend not only had a high
V. value of ca. 0.82 V and a high PCE value of ca. 5.37%, but it
also exhibited high thermal stability, which was due to the
amorphous nature of NC4,BA, which effectively suppressed the
thermal-driven crystallization. For further improving the visible
absorption of the fullerene derivative, the dihydronaphthyl-
based [70]fullerene bisadduct derivative (NC,,BA) was
synthesized and explored as an acceptor in PSCs.*’ The
NC;(BA has a LUMO energy level that is 0.2 eV higher than
PCBM and displays increased and broad absorption in the
visible region. Consequently, the PSC based on P3HT:NC,,BA
showed a high V. value (0.83 V) and a high PCE value
(5.95%). Undoubtedly, fullerene bisadduct derivatives”®** have
emerged as efficient acceptors for PSC applications.

Both NC4,BA-based and NC,;BA-based PSC devices
showed excellent photovoltaic properties and high thermal
stability when blended with P3HT, indicating that this family of
fullerene derivatives has the potential to be applied in practical
PSCs. To further explore this family of fullerene derivatives, a
series of alkoxy-substituted dihydronaphthyl-based [60]-
fullerene bisadduct derivatives (Cn-NCBA, n = 1—6) were
designed, by changing the alkoxy chain length from 1 to 6
carbon atoms, respectively, and the effects of alkoxy chain
length of Cn-NCBA on the physical properties and photo-
voltaic properties were investigated. Cn-NCBA (n = 1-6)
demonstrate almost the same light absorption and electro-
chemical properties. However, the PSCs based on P3HT as a
donor and Cn-NCBA as acceptors showed different photo-
voltaic properties. The PSCs with C3-NCBA as the acceptor
displayed highest photovoltaic performance with a PCE value
of 4.1% among the series of Cn-NCBA, while those with
shorter or longer alkoxy-substituted dihydronaphthyl-based
[60]fullerene bisadduct derivatives showed relatively lower
PCE. C5-NCBA and C6-NCBA with longer alkoxy chain length
showed relatively low electron mobilities, leading to relatively
poor photovoltaic performance. We also found that the alkoxy
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chain length changes the hydrophobicity of Cn-NCBA and thus
the interfacial interaction and miscibility with P3HT. Direct
evidence of changes in the interfacial interaction was provided
by measurements of the surface tension of Cn-NCBA and their
corresponding interfacial tensions with P3HT. The results were
supported by atomic force microscopy (AFM) measurements.
The hydrophobicity of Cn-NCBA and miscibility with P3HT
increased with the increase of alkoxy chain length. A distinct
phase separation for the P3HT:C1-NCBA blend film due to the
large interfacial tension and poor miscibility with P3HT could
be one reason for the low PCE of the C1-NCBA-based devices.
C3-NCBA may provide the most appropriate combination of
electron mobility and miscibility with P3HT to achieve optimal
photovoltaic properties. The alkoxy chain length has been
shown to have a pronounced effect on the electron mobility
and morphology, and, thus, device performance.

B EXPERIMENTAL SECTION

Materials and Characterization. All chemicals were purchased
from commercial sources and used without further purificaton, and the
solvents were purified and freshly distilled prior to use according to
literature procedures. 1,2-Dimethoxybenzene (1a) was purchased from
Alfa-Aesar, and 1,2-dialkoxybenzene (1b—1f) were prepared according
to previously reported procedures.’® P3HT (4002-E) was purchased
from Rieke Metals, Inc. 'H NMR and *C NMR spectra were recorded
on Bruker DMX-400 and Bruker DMX-600 spectrometer. Absorption
spectra were taken on a Hitachi U-3010 UV—vis spectrophotometer.
The electrochemical cyclic voltammetry was conducted on a Zahner
IMé6e Electrochemical Workstation. A Pt disk was taken as the working
electrode, Pt wire as the counter electrode, and Ag/Ag® electrode
(0.01 M AgNO;, 0.09 M NBu,PF, in acetonitrile) as the reference
electrode. A mixed solution of o-dichlorobenzene:acetonitrile (v:v =
5:1) with 0.1 M tetrabutylammonium hexafluorophosphate
(NBu,PF;) was used as electrolyte, and the scan rate was fixed at
100 mV s~'. High-performance liquid chromatography (HPLC)
analysis was performed on LC908-C60 (Jai Co., Ltd.) with a Cosmosil
Buckyprep column (220 mm X 250 mm, Nacalai USA), using toluene
as an eluent. AFM images under tapping mode were taken on a Veeco
NanoScope IIla SPM (DI, USA). Contact angle (CA) was measured
on an OCA20 contact angle system (Data-Physics, Germany).
Solutions of P3HT, PCBM, and NCBA in o-dichlorobenzene (10
mg mL™") were prepared and then passed through a 0.2-um PTFE
syringe filter. Each solution was spin-cast onto a glass substrate at 800
rpm for 60 s. Two microliters (2 uL) of water or glycerol was dipped
onto the as-prepared film. The CA value is automatically given by the
system. Each sample was measured five times and an average value of
CA was given.

1,2-Bis(bromomethyl)-4,5-dimethoxybenzene (2a). To a
mixture of 1,2-dimethoxybenzene (56.5 mmol, 1 equiv) and
paraformaldehyde (141.3 mmol, 2.5 equiv) dissolved in CH,Cl, (30
mL) were added hydrogen bromide (33% (w/w) in AcOH, 169.5
mmol, 3 equiv) and AcOH (70 mL). The mixture was stirred at room
temperature under an argon atmosphere for 24 h. The white
precipitate formed during the period was separated from the solution
by filtration, washed with AcOH, and dried under vacuum to give
compound 2a as a white powder. Yield: 72%. '"H NMR (400 MHz,
CDCly): & (ppm) 6.84 (s, 2H), 4.63 (s, 4H), 3.90 (s, 6H).

1,2-Bis(bromomethyl)-4,5-diethoxybenzene (2b). Prepared as
described for compound 2a. Yield: 75%. '"H NMR (400 MHz,
CDCL): 5 (ppm) 6.84 (s, 2H), 4.62 (s, 4H), 4.10 (m, 4H), 1.45 (t,
6H).
1,2-Bis(bromomethyl)-4,5-dipropoxybenzene (2c). Prepared
as described for compound 2a. Yield: 76%. '"H NMR (400 MHz,
CDCly): 6 (ppm) 6.84 (s, 2H), 4.62 (s, 4H), 3.97 (t, 4H), 1.80—1.90
(m, 8H), 1.06 (t, 6H).

1,2-Bis(bromomethyl)-4,5-dibutoxybenzene (2d). Prepared as
described for compound 2a. Yield: 64%. 'H NMR (400 MHz,
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CDCL): 5 (ppm) 6.84 (s, 2H), 4.62 (s, 4H), 4.00 (t, 4H), 1.80 (m,
4H), 1.45—1.54 (m, 4H), 0.96 (t, 6H).

1,2-Bis(bromomethyl)-4,5-bis(pentyloxy)benzene (2e). This
compound was prepared as described for compound 2a. Yield: 67%.
'"H NMR (400 MHz, CDCLy): & (ppm) 6.83 (s, 2H), 4.62 (s, 4H),
4.00 (t, 4H), 1.82 (m, 4H), 1.35—1.49 (m, 8H), 0.93 (t, 6H).

1,2-Bis(bromomethyl)-4,5-bis(hexyloxy)benzene (2f). This
compound was prepared as described for compound 2a. Yield: 65%.
'"H NMR (400 MHz, CDCL): 6 (ppm) 6.84 (s, 2H), 4.62 (s, 4H),
3.99 (t, 4H), 1.81 (m, 4H), 1.46 (m, 4H), 1.31—1.35 (m, 8H), 0.91 (t,
6H).

General Procedure for the Synthesis of Sultines (3a—3f). To
a solution of the corresponding bis(bromomethyl) derivative 2a—2f (1
equiv) in anhydrous DMF were added sodium hydroxymethanesulfi-
nate (rongalite, 3 equiv) and tetrabutylammonium bromide (TBAB,
0.3 equiv) under argon. The mixture was stirred at 0 °C under an
argon atmosphere for 4 h, then water was added and the mixture was
extracted with CH,Cl,. The organic extracts were dried over NaSO,,
and the solvent was evaporated at 30 °C to give a colorless oil. The
crude product was subjected to the next reaction without further
purification.

C1-NCBA. To a solution of Cg, (0.302 mmol, 1 equiv) in toluene
(250 mL) was added the sultine 3a (0.906 mmol, 3 equiv). The
mixture was heated at 100 °C under an argon atmosphere for 15 h.
After cooling, water was added and the mixture was extracted with
toluene. The organic extracts were dried over NaSO, and
concentrated under reduced pressure. The crude product was first
purified by silica gel column chromatography, and further purification
by preparative HPLC equipped with a Buckyprep column, using
toluene as an eluent, afforded brown powder. Yield: 36%. '"H NMR
(400 MHz, CDCL): § (ppm) 6.93—7.41 (m, 4H), 3.75—4.92 (m,
20H). *C NMR (600 MHz, CDCl,): § (ppm) 148.51, 148.19, 146.75,
145.59, 145.44, 145.04, 144.82, 143.78, 141.59, 141.32, 130.06, 111.50,
111.26, 77.25, 77.03, 76.82, 67.99, 65.33, 65.10, 65.02, 64.70, 64.60,
56.21, 45.05, 44.80. MALDI-TOF MS: calcd. 1048.17; found 1048.19.

C2-NCBA. Prepared as described for compound C1-NCBA. Yield:
45%. '"H NMR (400 MHz, CDCly): § (ppm) 6.92—7.38 (m, 4H),
3.55—4.87 (m, 16H), 1.46—1.56 (m, 12H). *C NMR (600 MHz,
CDCL): 5 (ppm) 154.99, 149.13, 148.60, 14833, 148.11, 146.67,
146.43, 146.24, 145.91, 145.52, 145.37, 145.14, 144.98, 144.74, 144.68,
144.51, 143.69, 142.42, 142.21, 141.50, 141.23, 130.19, 113.60, 113.36,
77.23, 77.02, 76.80, 67.94, 65.30, 65.00, 64.88, 64.73, 64.66, 64.57,
45.11, 44.94, 44.70, 44.53, 4434, 43.37. MALDL-TOF MS: calcd.
1104.23; found 1104.61.

C3-NCBA. Prepared as described for compound C1-NCBA. Yield:
41%. 'H NMR (400 MHz, CDCL): & (ppm) 6.82—7.33 (m, 4H),
3.61—4.90 (m, 16H), 1.88—1.99 (m, 8H), 1.04—1.17 (m, 12H). *C
NMR (600 MHz, CDCLy): § (ppm) 146.73, 146.31, 145.97, 145.58,
145.42, 145.20, 145.05, 144.80, 144.74, 144.58, 143.75, 142.49, 141.56,
14129, 130.33, 114.45, 114.14, 113.88, 77.25, 77.04, 76.83, 71.16,
65.35, 65.12, 65.05, 64.85, 64.78, 64.71, 64.61, 45.00, 44.87, 44.77,
44.41. MALDI-TOF MS: caled. 1160.29; found 1160.57.

C4-NCBA. Prepared as described for compound C1-NCBA. Yield:
35%. '"H NMR (400 MHz, CDCL): § (ppm) 6.93—7.41 (m, 4H),
3.73—4.89 (m, 16H), 1.85—1.88 (m, 8H), 1.55—1.62 (m, 8H), 0.97—
1.07 (m, 12H). C NMR (600 MHz, CDCl;): § (ppm) 148.83,
148.64, 148.18, 145.59, 145.43, 144.80, 143.75, 141.56, 130.38, 114.18,
113.93, 77.25, 77.04, 76.83, 69.42, 67.99, 65.35, 65.13, 65.05, 64.78,
64.72, 64.62, 44.76. MALDI-TOF MS: calcd. 1216.36; found 1216.39.

C5-NCBA. Prepared as described for compound C1-NCBA. Yield:
42%. '"H NMR (400 MHz, CDCly): § (ppm) 6.92—7.39 (m, 4H),
3.55—4.88 (m, 16H), 1.85—1.89 (m, 8H), 1.43—1.57 (m, 16H), 0.92—
0.98 (m, 12H). *C NMR (600 MHz, CDCl;): § (ppm) 155.57,
155.03, 149.11, 148.76, 148.60, 148.11, 147.26, 146.66, 146.43, 146.23,
145.90, 145.52, 145.36, 145.14, 144.99, 144.74, 144.66, 144.51, 143.69,
14243, 142.21, 141.50, 141.21, 130.25, 114.05, 113.80, 77.23, 77.02,
76.81, 69.62, 65.29, 64.99, 64.72, 64.65, 64.55, 45.11, 44.93, 44.69,
44.53, 44.33, 43.39. MALDI-TOF MS: calcd. 1272.42; found 1272.44.

C6-NCBA. Prepared as described for compound C1-NCBA. Yield:
46%. '"H NMR (400 MHz, CDCL;): § (ppm) 6.84—7.32 (m, 4H),

5968

3.62—4.80 (m, 16H), 1.76—1.81 (m, 8H), 1.43—1.45 (m, 8H), 1.27—
1.31 (m, 16H), 0.82—0.85 (m, 12H). *C NMR (600 MHz, CDCl,): §
(ppm) 148.61, 148.18, 146.73, 145.58, 145.42, 145.20, 145.05, 144.80,
144.73, 144.57, 143.75, 141.56, 141.29, 130.28, 114.11, 113.88, 77.28,
77.06, 76.85, 69.70, 68.00, 65.36, 65.13, 65.05, 64.79, 64.71, 64.62,
44.76. MALDI-TOF MS: calcd. 1328.48; found 1328.37.

Device Fabrication and Characterization. The PSCs were
fabricated in the configuration of the traditional sandwich structure
ITO/PEDOT:PSS/BHJ/Ca/Al. 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 20 min. Then
PEDOT:PSS (poly(3,4-ethylene dioxythiophene):poly(styrene sulfo-
nate)) (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) (the total concentration is 34 mg
mL™", and the P3HT:acceptor weight ratio is 1:1.2) was 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 process.
The thickness of the photoactive layer was estimated by a surface
profiler in the range of 180—220 nm. The device was annealed at 120
°C for 10 min. A bilayer cathode consisted of calcium (20 nm) capped
with aluminum (100 nm) was thermal-evaporated under a shadow
mask in a base pressure of ca. 107* Pa. The device active area of the
PSCs is ca. 4 mm® The J—V measurement of the devices was
conducted on a computer-controlled Keithley 236 source measure
unit. Device characterization was done in glovebox under simulated
AML.5G irradiation (100 mW cm™2), using a xenon-lamp-based solar
simulator (from Newport Co., Ltd.). The EQE measurements of the
PSCs were performed using a lock-in amplifier (Stanford Research
Systems, model SR830 DSP) coupled with a Model WDG3
monochromator and a 500-W xenon lamp. The light intensity at
each wavelength was calibrated with a standard single-crystal Si
photovoltaic cell. For the electron-only devices, the electron mobilities
of P3HT:Cn-NCBA and P3HT:PCBM blend films were measured
under the optimized device condition. An aluminum film (50 nm) was
thermally evaporated onto a glass slide. The P3HT:fullerene derivative
solutions were spin-coated onto the aluminum film/glass substrate.
Then, an aluminum (100 nm) electrode was thermally evaporated
onto the blend film through a shadow mask. The measurement of
electron mobilities was conducted in darkness by the space-charge
limited current (SCLC) method on a computer-controlled Keithley
236 source measure unit.

B RESULTS AND DISCUSSION

Synthesis. The synthetic route to Cn-NCBA (n = 1—6) is
shown in Scheme 1. First, the reaction of 1,2-dialkyloxybenzene
(la—1f) with a solution of HBr in acetic acid and
paraformaldehyde at room temperature led to 2a—2f>"*
Then, sultines 3a—3f were synthesized from the respective 1,2-

Scheme 1. Synthetic Route to Cn-NCBA (n = 1-6)

RO, OR
HCOH,HBr RO g rongalite, TBAB ROj@C$¢°
—— ——i
CHoClz, ACOH. 1t Br DMF,0°C Ro o
1a R = methyl 2a R = methyl 3aR = methyl
1bR = ethyly 2b R = ethyl 3bR = ethyl
1cR = n-propyl 2c R =n-propyl 3¢ R = n-propyl
1d R = n-butyl 2d R = n-butyl 3dR = n-butyl
1e R = n-pentyl 2e R = n-pentyl 3eR = n-pentyl
1f R = n-hexyl 2f R = n-hexyl 3fR = n-hexyl
C1-NCBAR = methyl
Ceo RO C2-NCBAR = ethyl

C3-NCBAR = npropyl
C4-NCBAR = n-butyl

C5-NCBAR = npentyl
C6-NCBAR = n-hexyl

toluene, 100°C R
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bis(bromomethyl)-4,5-dialkoxybenzene via reaction with so-
dium hydroxymethanesulfinate (“rongalite”) in anhydrous N,N-
dimethylformamide (DMF) with a catalytic amount of
tetrabutylammonium bromide (TBAB) at 0 °C.>* Finally, the
sultines 3a—3f reacted with Cg, in toluene by extrusion of SO,
and in situ generation of the respective substituted o-
quinodimethanes, which were readily trapped by C, acting
as the dienophile.** The crude products were purified by silica
gel column chromatography and HPLC in succession. The
molecular structure of Cn-NCBA (n = 1—6) were confirmed by
MALDI-TOF mass spectrometry, 'H NMR spectrometry, and
BC NMR spectrometry.

Optical Properties. The UV—vis absorption spectra of the
fullerene derivatives in THF are shown in Figure 1. The

1.8 4
1.6 4
14 —  PCBM
| —— C1-NCBA
9 1.2 —— C2-NCBA
e | — C3-NCBA
1]
o 1.04 —— C4-NCBA
° 1 —— C5-NCBA
3 081 — C6-NCBA
< 1 :
0.6
0.4 4
0.2
0.0 T T T T T 1 ' T v T
300 400 500 600 700 800

Wavelength (nm)

Figure 1. Absorption spectra of Cn-NCBA (n = 1—6) and PCBM in
THE solutions (105 mol L™).

absorption spectra of Cn-NCBA (n = 1—6) derivatives are quite
similar, indicating that the alkoxy chain length in the alkoxy-
substituted dihydronaphthyl-based [60]fullerene bisadduct
derivatives has little effect on the absorption spectra.®®

Electrochemical Properties. The electrochemical proper-
ties of the fullerene derivatives were investigated by cyclic
voltammetry. As shown in Figure 2, the cyclic voltammograms
of Cn-NCBA exhibit three similar quasi-reversible reduction
waves in the negative potential range from 0 to —2.5 V vs Ag/
Ag"'. It can be seen that the first (E;), second (E,), and third
(E;) reduction potentials, as well as the onset reduction
potentials (E,4) of Cn-NCBA negatively shift, compared to
PCBM. In fact, the LUMO energy levels of the fullerene
derivatives can be estimated from E 4" according to the
following equation:

Eiumo (eV) = — e(E " + 4.71)

Cn-NCBA compounds have almost the same LUMO energy
levels: ca. —3.74 €V (see the Supporting Information), which is
ca. 0.18 eV higher than that of PCBM (ca. —3.92 eV). It should
be mentioned that the LUMO energy level of NCyBA in our
previous study is ca. —3.76 eV,*® which is 0.02 eV lower than
that of Cn-NCBA. The reason why Cn-NCBA has a slightly
higher LUMO energy level than NC4BA is that alkoxy is, in
fact, an electron-donating group,z’é’37 and the high LUMO
energy level of Cn-NCBA should be preferable to improve V..
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= g ——————— C6-NCBA
C5-NCBA

C4-NCBA
C3-NCBA
C2-NCBA
C1-NCBA
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T
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Figure 2. Cyclic voltammograms of Cn-NCBA (n = 1-6) and PCBM
in o-dichlorobenzene:acetonitrile (v:v = 5:1) with 0.1 M NBu,PFq at
100 mV s~

Photovoltaic Properties. To investigate the effect of
alkoxy chain length in the alkoxy-substituted dihydronaphthyl-
based [60]fullerene bisadduct derivatives on their photovoltaic
properties, BHJ solar cells based on the ITO/PEDOT:PSS/
P3HT:acceptor/Ca/Al configuration were fabricated and
characterized under simulated AM 1.5 G illumination (100
mW c¢m™). The concentration for all blend solutions in 0-DCB
was optimized to be 34 mg/mL. The donor—acceptor weight
ratio and the annealing temperature for the devices were
optimized to be 1:12 and 120 °C, respectively (see the
Supporting Information). The current density—voltage curves
of the devices separately using Cn-NCBA and PCBM as the
acceptor are shown in Figure 3, and the resulting V,, short-
circuit current (J,), fill factor (FF), and PCE of the devices are
summarized in Table 1.

Obviously, Cn-NCBA-based devices showed higher V.
values than the control PCBM-based solar cell, because of
the higher LUMO energy levels of Cn-NCBA. It can be seen
from Table 1 that the P3HT:C3-NCBA device afforded a
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£ 2
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24
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a —=— PCBM
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o —v— C3-NCBA
-8 —o— C4-NCBA
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Figure 3. Current density—voltage curves of the PSCs based on
P3HT:Cn-NCBA and P3HT:PCBM blends.

dx.doi.org/10.1021/am301629d | ACS Appl. Mater. Interfaces 2012, 4, 5966—5973



ACS Applied Materials & Interfaces

Research Article

Table 1. Device Characteristics of P3HT-Based Solar Cells

open-circuit voltage, short-circuit current, J,. fill factor,
V. (V) (mA/cm?) FF
CI1-NCBA 0.72 3.85 0.50
C2-NCBA 0.81 7.50 0.62
C3-NCBA 0.81 8.12 0.62
C4-NCBA 0.81 7.79 0.58
CS-NCBA 0.78 7.28 0.56
C6-NCBA 0.77 7.39 0.57
PCBM 0.62 9.19 0.59

power-conversion efficiency, electron mobility RMS rouéhness

PCE (%) (cmZ v! s_l) (nm
1.4 3.7 %X 107° 33.6
3.8 7.7 X 1075 16.5
4.1 8.6 X 107° 12.1
37 41 %1073 13.1
32 9.5 x 1076 12.7
32 92 x 107° 13.3
34 1.7 x 107* 11.8

highest PCE of 4.1%, the PSCs based on P3HT:C2-NCBA and
P3HT:C4-NCBA blends demonstrated slightly lower PCE
values of 3.8% and 3.7%, respectively, whereas the P3HT:C5-
NCBA, P3HT:C6-NCBA, and P3HT:CI1-NCBA solar cells
separately showed much lower PCEs of ca. 3.2%, 3.2%, and
1.4%, respectively. C2-NCBA, C3-NCBA, and C4-NCBA
exhibited superior photovoltaic performance, compared to
PCBM-based devices under the same conditions, indicating
that they are promising acceptor materials for PSC applications.
Since all of the fullerene derivatives exhibit similar light
absorption and electrochemical properties, the photovoltaic
performance difference of the P3HT:Cn-NCBA devices may be
ascribed to their structural changes, which lead to different
electron mobility and film morphology, etc.

External quantum efficiency (EQE) plots of the PSCs based
on P3HT:Cn-NCBA and P3HT:PCBM are shown in Figure 4.

50
—a— PCBM
—e— C1-NCBA

40 —A— C2-NCBA
—y— C3-NCBA
—&— C4-NCBA

30 —«&— C5-NCBA

—p— C6-NCBA

10 4

500 600
Wavelength (nm)

300 400

700

800

Figure 4. External quantum efliciency of the PSCs based on
P3HT:Cn-NCBA and P3HT:PCBM blends.

Except for the C1-NCBA-based device, which showed obvious
low EQE, all the devices based on Cn-NCBA (n =2, 3,4, 5, 6)
showed high EQE values, suggesting efficient photon-electron
conversion processes.

Electron Mobility. To determine the effect of alkoxy chain
length on electron mobility, electron mobilities of P3HT:Cn-
NCBA and P3HT:PCBM blend films were measured by the
space-charge limited current (SCLC) method with the
electron-only devices (Al/P3HT:acceptor/Al). J-V curves of
the electron-only devices are described in Figure S, with
relevant values of electron mobilities summarized in Table 1.

The electron mobilities obtained for the P3HT:C2-NCBA,
P3HT:C3-NCBA, and P3HT:C4-NCBA blend films are 7.7 X
1075, 8.6 X 1075, and 4.1 X 107° cm® V™! 57/, respectively. The
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Figure S. J—V characteristics of electron-only devices based on
P3HT:Cn-NCBA and P3HT:PCBM blends under the optimized
device condition. The numbers shown in plots are the film thickness of
the samples.

relatively high carrier mobility would contribute to the high
photocurrents and fill factors in optimized BHJ devices. The
electron mobility of 1.7 X 10™* cm* V™! s for PSHT:PCBM is
close to that reported in the literature,®® confirming the validity
of the measurements. Previous study has theoretically predicted
that the electron mobility of the fullerene derivative decreases
as the length of the aliphatic side chain increases, because the
aliphatic side chain can disrupt the optimal packing of fullerene
and block electron transport.” The as-prepared C5-NCBA and
C6-NCBA with longer alkoxy chain length showed relatively
low electron mobilities (on the order of 107% cm? V7! s7}),
which should account for the low PCE of the P3HT:C5-NCBA
and P3HT:C6-NCBA devices.

Morphology. An atomic force microscopy (AFM)
technique in tapping mode was employed to measure the
nanoscale morphologies of the P3HT:Cn-NCBA and
P3HT:PCBM blend films, as shown in Figures 6 (height
image) and 7 (phase image). In order to quantitatively compare
the morphology of different films, values of the root-mean-
square (RMS) surface roughnesses of the P3HT:Cn-NCBA and
P3HT:PCBM blend films are summarized in Table 1.

The RMS roughnesses of the P3HT:C2-NCBA, P3HT:C3-
NCBA, P3HT:C4-NCBA, P3HT:CS5-NCBA, and P3HT:Cé6-
NCBA blend films are 16.5, 12.1, 13.1, 12.7 and 13.3 nm,
respectively. For comparison, the RMS roughness of the
P3HT:PCBM slow-grown film is 11.8 nm, which agrees with
that reported in the literature."’ The relative smoothness of the
active layer is indicative of finer and more evenly distributed
morphological features, which could reduce charge recombina-
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(a)

150.0 nm

Figure 6. AFM height images (S yum X § ym) of (a) P3HT:C1-NCBA, (b) P3HT:C2-NCBA, (c) P3HT:C3-NCBA, (d) P3HT:C4-NCBA, (e)

P3HT:CS-NCBA, (f) P3HT:C6-NCBA, and (g) P3HT:PCBM blend films.

Figure 7. AFM phase images (1 ym X 1 um) of (a) P3HT:C1-NCBA, (b) P3HT:C2-NCBA, (c) P3HT:C3-NCBA, (d) P3HT:C4-NCBA, (e)

P3HT:CS-NCBA, (f) P3HT:C6-NCBA, and (g) P3HT:PCBM blend films.

tion. The largest RMS roughness of 33.6 nm was observed for
the P3HT:C1-NCBA blend film, which may be ascribed to the
poor miscibility of P3HT:C1-NCBA. In addition, it can be seen
clearly from the AFM phase images that the P3HT:CI1-NCBA
blend film exhibits large phase separation with relatively big
domain size. The large phase separation leads to a smaller
donor:acceptor interfacial area, which is not favorable for
efficient exciton dissociation, accounting for the low PCE of the
P3HT:C1-NCBA PSCs.

Contact Angle. A previous study has already investigated
the effects of the solubilizing group in the fullerene derivative
on the interfacial interaction regarding P3HT and the
photovoltaic performance.*® They found that the difference of
the photovoltaic performance is mainly due to the phase
separation between P3HT and fullerene derivatives, which is
caused by changes in the hydrophobicity of the fullerene
derivatives and their interaction with P3HT. To further
investigate the phase separation, we measured the contact
angles (CAs) of two different solvents (water and glycerol) on
Cn-NCBA and P3HT films (see Table 2 and Figure Sl in the
Supporting Information). The water and glycerol CA of Cn-
NCBA increased with the increase of alkoxy chain length,
suggesting a corresponding increase in hydrophobicity. The
surface tensions of Cn-NCBA and P3HT can be calculated
from contact angle data*®*' and are also summarized in Table
2. The surface tensions of Cn-NCBA decreased as the alkoxy
chain length increased. To gain direct information about the
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Table 2. Contact Angle Data of Cn-NCBA and P3HT Films

water CA  glycerol surface tension interfacial tension

(deg) CA (deg) (mN m™) (mN m™)

C1-NCBA 74.1 68.4 34.5 11.2
C2-NCBA 80.9 75.0 30.2 8.8
C3-NCBA 89.3 80.5 26.2 4.4
C4-NCBA 96.7 84.6 24.1 1.1
CS-NCBA 103.4 91.6 20.9 0.2
C6-NCBA 104.6 92.5 20.6 0.1
P3HT 106.3 93.7 20.3

miscibility of Cn-NCBA and P3HT, the interfacial tension (y)
values between P3HT and Cn-NCBA were calculated using the
following equation:**
B 4},1}’72?

},IP + yZP

d d
4y,

d
nW+n

where ¥, is the interfacial tension between P3HT (1) and Cn-
NCBA (2); 7; is the surface tension of material i (i = 1 or 2);
and 7 and yP are the dispersion and polar components of y,
calculated from the contact angle with water and glycerol.

As shown in Table 2, the interfacial tension (y) values
between P3HT and Cn-NCBA decreased as the alkoxy chain
length increased. Two materials with a low y value could
minimize the required energy penalty to produce a relatively
well-mixed donor:acceptor blend with a large interfacial area,

hh=hrtn-
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which facilitates efficient exciton diffusion and charge transfer.
In contrast, the interfacial tension of C1-NCBA in blend with
P3HT is much higher than those of others, leading to a poor
miscibility of P3HT:C1-NCBA. The P3HT:C1-NCBA blend
should have a large phase separation with smaller interfacial
area, which was confirmed by atomic force microscopy (AFM)
measurements, accounting for the low PCE of the P3HT:C1-
NCBA PSCs.

B CONCLUSIONS

In this paper, a series of alkoxy-substituted dihydronaphthyl-
based [60]fullerene bisadduct derivatives, Cn-NCBA (n = 1—
6), were synthesized to investigate how the alkoxy chain length
affected the photovoltaic properties of fullerene materials.
Although Cn-NCBA (n = 1—6) exhibit similar light absorption
and electrochemical properties, polymer solar cells (PSCs)
based on P3HT:Cn-NCBA showed different photovoltaic
properties. The preferable device is based on the blend of
P3HT:C3-NCBA, demonstrating a PCE value of ca. 4.1%.
While those with shorter or longer alkoxy-substituted
dihydronaphthyl-based [60]fullerene bisadduct derivatives
showed relatively lower power-conversion efficiency (PCE),
CS-NCBA and C6-NCBA, with longer alkoxy chain length,
showed relatively low electron mobilities, leading to relatively
poor photovoltaic performance. A distinct phase separation for
the P3HT:C1-NCBA blend film due to the large interfacial
tension and poor miscibility with P3HT could be one reason
for the low PCE of the C1-NCBA-based devices, which was
supported by atomic force microscopy (AFM) and contact
angle (CA) measurements. C3-NCBA may provide the most
appropriate combination of electron mobility and miscibility
with P3HT to achieve optimal photovoltaic properties. In a
word, alkoxy chain length does have a pronounced effect on
electron mobility, morphology, and, therefore, overall device
performance. To further improve the device performance of the
P3HT-based PSC, it is important to synthesize the fullerene
bisadduct acceptor with appropriate carbon chain length that
has high electron mobility and good miscibility with the donor

simultaneously.
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