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ABSTRACT: We have successfully synthesized and separated
a series of tert-butyl 4-C4;-benzoate (+-BCB) organofullerenes,
including monoadduct, diadduct, and triadduct compounds,
and investigated their photophysics, electrochemistry, thermal
properties, and high-performance liquid chromatography
analysis. The photovoltaic devices were fabricated based on
monoadduct, diadduct, and triadduct products, and the devices
based on them exhibited power conversion efficiencies of
2.43%, 0.48%, and 1.68%, respectively. This was the first time
to study the dependent relationship on the device performance
and the different isomer numbers.

IS

&

Current Density (mA.cm2)

e o« uf
i ({‘ b f»c__\_\'l»\/ o4 L’i}[i §"'
4 e P ul
ATN [‘i[\ﬁ £ ol DL [ s
(90 N, vy Fq ] RULd=-
& 5o a1 NG
et Ty Ak )rnr;O N & R I o
° O T R
-BCB-M -BCB-B -BCB-T Retention Time (min)
we e we we e W e
. % . “
[ ] 55 < I :
ya ] L] : n-snélw = ! h\ tBCB-M |y
oy = --1BCB-B
i _r_f// / E ol ——t8ces € 7 \ BCB.T
b= f 2w 1BCB-T w* Y
/ Pnoto 22 i 6] e 1
¥ +-BCB-M € 2 / \
e ——rBCBB 7. ej .
ia +BEB-T § of e = of St AN
N L 6 1.2 08 04 00 04 08 17 18 P T I T T )

Bias (V) Wavelength (nm)

KEYWORDS: bulk heterojunction, fullerene, photovoltaic property, multiadduct

1. INTRODUCTION

Fullerene derivatives are extensively used in organic photo-
voltaics (OPVs) because of their high electron affinity and high
mobility' ™7 and remarkable properties on photoinduced
electron transfer.*™'' In recent decades, [6,6]-phenyl-Cg;-
butyric acid methyl ester (PC;;BM) is widely studied, and
scientists have reported much work on utilizing PC4BM and
new improved fullerene materials.>'>>* A mixture of Bis- and
Tri-PC¢;BM was first applied in bulk-heterojunction (BHJ)
OPVs by Padinger et al,, and they found that the multiadduct
PCBM can provide a high-quality film and the lowest short-
circuit current density (Jsc), 5.6 times smaller than that of
Mono-PCBM.>® Brabec et al. found that the open-circuit
voltage (Vo) was related to the lowest unoccupied molecular
orbital (LUMO) energy level of the acceptor (A) and highest
occupied molecular orbital (HOMO) energy level of the donor
(D).** Afterward, Blom et al. purified Bis-PCBM and prepared
the BHJ OPVs with poly(3-hexylthiophene)(P3HT), contribu-
ting to a PCE of 4.5%, Vo of 0.73 V, a fill factor (FF) of 68%,
and Jsc of 9.14 mA-cm™2 in 2008.>* Since then, Laird et al.
applied indene—fullerene diadduct first in BHJ OPVs, which
was a D—A reaction production of 567 electrons."

Because fullerene is a three-dimensional (3D) ball,>**® there
are lots of reactive sites on the ball with little steric
hindrance,”** contributing multiadduct fullerene compounds
with dozens of isomers.>* Blom et al. measured the photo-
voltaic performance, mobility, and isomer numbers of mono-,
di-, and triadduct fullerene analogues using BHJ OPVs, a space-
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charge-limited current (SCLC) method, and high-performance
liquid chromatography (HPLC), respectively; they found that
the diadduct could increase Vg, while Jgc would decrease
because of the bigger isomer numbers and lower mobility of
multiadduct fullerene.”® Our previous work reported that even
diadduct fullerene derivatives may have bigger isomer numbers,
lower mobility, and lower performance than that of
monoadduct.®® This is due to the fact that bigger isomer
numbers lead to lower mobility. The multiadducts are of great
importance both in applications as acceptor materials in organic
solar cell and in understandin% the properties of multiadducts
on the interface and surface.>*>” However, there have been no
reports in the fabrication of photovoltaic devices based on
triadduct (54x) or tetraadduct (527) fullerene materials with
higher performance. Here, we report studies on the synthesis
and photovoltaic devices of the +-BCB series (Figure 1) of
fullerene materials of monoaddition (¢-BCB-M), diaddition (-
BCB-B), and triaddition (¢-BCB-T).

2. EXPERIMENTAL SECTION

Materials and Equipment. All solvents were purified and freshly
distilled prior to use according to literature procedures and a
purification handbook. Commercially available materials were used
as received. Synthesis, experimental, and characterization conditions
and detailed data are given in the Supporting Information. C4, 99.9%,
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t-BCB-M

Figure 1. Structures of -BCB fullerene derivatives.

t-BCB-T

was provided by the Henan Yongxin Company, People’s Republic of
China; ferrocene (A.R.) was bought from China National Medicines
Corp. Ltd. and then extracted by hexane; o-dichlorobenzene for
synthesis and cyclic voltammetry (CV) was of HPLC-grade and was
supplied by Ouhe Chemicals Corp., Beijing, People’s Republic of
China, and for device fabrication was supplied by Aldrich with 98+%
purity of Extra Dry and acroseal; poly(3-hexylthiophene-2,5-diyl) was
bought from Aldrich. Poly(ethylenedioxythiophene):poly-
(styrenesulfonic acid) (PEDOT:PSS) was CLEVIOS Al 4083;
TBAPF, (A.R.) was bought from Alfa, then recrystallized in ethanol
two times, and dried in vacuo at 80 °C.

Synthesis. The detailed synthesis of the precursors is reported in
the Supporting Information. The [6,6]-phenyl-Cg, derivatives were
synthesized according to the method developed by Hummelen et al.*®
tert-Butyl 4-(diazomethyl)benzoate (330 mg, 3 equiv) from the
previous step was dissolved in dry pyridine (15 mL) under nitrogen
and stirred at room temperature for 15—30 min, and then a solution of
fullerene (360 mg, 1 equiv) in dry 1,2-dichlorobenzene (o-DCB; SO
mL) was added. The mixture was stirred at 80—120 °C for 12—24 h,
and then the solvent was removed in vacuo. The crude product was
chromatographed on silica gel (200—300 mesh) by 0—50% ethyl
acetate in toluene as the eluent. Each portion of different adducts was
collected and purified by chromatography on silica gel (300—400
mesh) again, then resolved in phenyl chloride (PhCl), and refluxed for
72 h to ensure most of the [5,6] open-shell isomers changed to [6,6]
closed-shell methanofullerenes (product refluxed in 0-DCB will partly
decompose, while the rating change was slow; thus, 72 h was
necessary, as confirmed by Buckyprep HPLC analysis). After removal
of PhCl in vacuo, the product was purified by chromatography on
silica gel (300—400 mesh) to remove some decomposition
compounds. Then the product was dissolved in a little dichloro-
methane, precipitated with methanol, centrifuged, and decanted. The
remaining pellet was washed three times with methanol in a supersonic
bath to remove small molecule impurities; moreover, n-hexane and
ethyl ether were used to treat materials with previous precipitation and
washing procedures in sequence to remove silica and impurities in the
solvent. Finally, all materials were dried in vacuo at 45 °C for 24—48 h,
resulting in the purest [6,6]methanofullerene derivatives that we can
produce. The multiadduct fullerenes were analyzed by HPLC on an
analytical Cosmosil Buckyprep column [4.6 mm (i.d.) X 250 mm],
using toluene as the eluent at a flow rate of 0.6 mL/min, to give some
information about the minimum number of isomers.

t-BCB-M. Yield: 20%. "H NMR (600 MHz, CDCl,): § 8.19 (d, ] =
6.8 Hz, 2H), 8.05 (d, ] = 6.7 Hz, 2H), 5.43 (s, 1H), 1.64 (s, 9H). IR
(KBr, cm™): v 2974 (w), 2924 (m), 2854 (w), 1712 (s), 1611 (w),
1511 (w), 1456 (m), 1383 (m), 1289 (m), 1254 (w), 1161 (s), 1110
(s), 802 (w), 740 (w), 575 (w), 524 (m), 466 (m). MALDI-TOF
CCA. Found: m/z 9103 (M~). Caled (C,,H,0,): m/z 910.10.
Described ref 38.

t-BCB-B. Yield: 40%. 'H NMR (600 MHz, CDCL,): § 8.35-7.76
(m, 4H), 5.56—4.88 (m, 1H), 1.87—1.46 (m, 9H). IR (KBr, cm™):
12974 (w), 2927 (w), 1715 (s), 1611 (m), 1500 (w), 1456 (m), 1367
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(m), 1291 (s), 1256 (w), 1164 (s), 1117 (s), 1019 (m), 849 (w), 767
(w), 704 (w), 524 (m), 419 (w). MALDI-TOF CCA. Found: m/z
1100.5 (M™). Calcd (CgyH,50,): m/z 1100.20.

t-BCB-T. Yield: 30%. '"H NMR (600 MHz, CDCl,): & 8.45—7.66
(m, 4H), 5.57—3.46 (m, 1H), 1.84—1.42 (m, 9H). IR (KBr, cm™): v
3418 (w), 2974 (m), 2927 (m), 1715 (s), 1610 (m), 1507 (m), 1454
(m), 1394 (w), 1291 (s), 1254 (w), 1165 (s), 1114 (s), 1019 (m), 847
(m), 763 (m), 704 (m), 522 (m). MALDI-TOF CCA. Found: m/z
1290.4 (M"). Calcd (CogH,,04): m/z 1291.30.

Measurement. 'H and '*C NMR spectra were measured on
Bruker DMX300 and Avance 400 or 600 spectrometers and calibrated
using signals from trimethylsilane (TMS) and reported downfield from
TMS. Matrix-assisted laser desorption ionization time-of-flight mass
spectra (MALDI-TOF-MS) were measured on a Bruker Biflex III
MALDI-TOF spectrometer and gave M-, consistent with the
calculated mass of all synthesized Cg, derivatives. The Fourier
transform infrared spectra were measured on a Bruker Tensor-27
spectrometer and showed absorption features at ca. 526 cm™
indicative the [60]fullerene core. Thermogravimetric/differential
thermal analysis (TGA/DTA) was measured on a Shimadzu DTG-
60 analyzer. Differential scanning calorimetry (DSC) measurement
was performed on a PerkinElmer Diamond differential scanning
calorimeter (N536-0022). The thickness of the film was tested by a
profilometer on a Tencor ALFA-Step 500 or an Ambios Technology
XP-2. Atomic force microscopy (AFM) was measured on a SII
SPA400 microscope, in tapping mode (DFM). HPLC was tested on a
JAI LC-9104 chromatograph in cooperation with a Cosmosil
Buckyprep 20 mm (ID) X 250 mm column for preparation, and
also a Waters 660 chromatograph in cooperation with a Cosmosil
Buckyprep Waters 4.6 mm (ID) X 250 mm column for analysis. CV
was measured on a Chi660d.Optical microscope (OM) on an
Olympus BXS1. UV-—vis spectra were tested on a Jasco V-570
spectrometer.

The space charge is defined when excess charge was used as a
continuum charge distributed in the internal region of a semi-
conductor. The SCLC method was used to test hole and electron
mobility in the direction perpendicular to the electrodes, which is a
typical method for testing the charge-carrier mobility for OPVs.>**
Electron-only devices with the structure Al/active layer/Al were
fabricated, and their current—voltage (J—V) characteristics in dark
have been measured. According to eq 1

9 2
= g€ —
J= et (1)
where ] is the current density, V'is the applied voltage, €, and &, are the
relative dielectric constant of the organic layer (¢, = 3) and the
permittivity of free space (8.854 X 10™'* F/cm), respectively, . is the
electron mobility, and L is the thickness of the organic layer.
Hole-only devices with the structure indium/tin oxide (ITO)/
PEDOT:PSS/active layer/Au were also fabricated according to eq 2
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J= %&‘r&‘o,uth exp(0.89,/V/E,L )L @)
where V = V., — WV, V,,, is the applied voltage, V}; is the
compensation voltage, around 0.2 V, 4, is hole mobility, and E, is a
constant in room temperature.

Fabrication and Characterization of OPVs. The device
structure used in this study was a classic sandwich structure with
ITO/PEDOT as a hole-collecting electrode and Al as an electron-
collecting electrode, ie., glass/ITO/PEDOT:PSS/P3HT:fullerene/
Ca/Al (Figure 2). ITO (150 nm thickness) glasses were cleaned by

PEDOT:PSS

ITO

GLASS

Figure 2. Schematic layout of an organic BHJ solar cell.

supersonic treatment in acetone, water, acetone, and isopropyl alcohol
for at least 10 min, respectively, and then by O, plasma treatment for 6
min with 300 W, which was used as the anode, and a thin layer of
PEDOT:PSS was incorporated between the ITO and active layer to
reduce device leakage, which was around 30-nm-thick spin-coated at
4000 rpm for 60 s and baked at 140 °C for 10 min to dryness.
Methanofullerenes and P3HT in different weight ratios were mixed
and then dissolved in an 0-DCB solution, both usually 17 mg/mL. The
solution was spin-coated onto the top of PEDOT:PSS at different rates
for different times to optimize the device performance. In the structure
of the devices, the active layer had a thickness of around 90—200 nm.
The time for solvent annealing (SA) was around 30 min, and then
prethermal annealing (PTA) was performed at 110 °C for 30 min or
150 °C for 10 min in a glovebox and then cooled in N, in a glovebox.
At last, a Ca layer of 30 nm and an Al layer of 80 nm were thermally
deposited on the active layer in vacuo. The deposition rates, usually
0.05—0.10 nm/s, and the thicknesses of the evaporation layers were
monitored by a thickness/rate meter (FTM-V). The crossing area
between the cathode and anode defined the sensing area. The device
area was 0.036 cm” or 0.04 cm® calibrated by an OM. All of the
fabrication steps were carried out in a nitrogen glovebox with H,O <
0.1 ppm and O, < 0.1 ppm. The J—V measurement of the devices was
conducted on a computer-controlled Keithley 236 source measure
unit. Device characterization was done in a glovebox under simulated
AM 1.5G irradiation (100 mW/cm?) using a Newport xenon-lamp-
based solar simulator. The external quantum efficiency (EQE)
measurements of the OPVs were performed using a Stanford Research
Systems model SR830 DSP lock-in amplifier coupled with a WDG3
monochromator and a 500 W xenon lamp. The light intensity at each
wavelength was calibrated with a standard single-crystal silicon
photovoltaic cell. We tried various weight ratios of the polymer and
fullerene, film thicknesses, additives (1-bromothiophene), temper-
atures, and time of thermal annealing to optimize the devices to their
best performance.

3. RESULTS AND DISCUSSION

UV—Vis. Absorption, especially in the visible region, is a very
important property for the photovoltaic materials.'>***"** The
visible spectra of the fullerene derivatives in a ca. 107° M
toluene solution are shown in Figure 3 in calibration to
concentration, and the peak data are listed in Table 1. All of
these fullerene derivatives have weak absorption in ca. 700 nm,
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Figure 3. UV—vis absorption spectra of fullerene solution, calibrated
by concentration.

Table 1. UV—Vis Absorbance Peak Data

fullerene 400—450 (nm) 450—600 (nm) >600 (nm)
PCBM 433 496 697
+BCB-M 431 495 697
+BCB-B 486 704
+BCB-T 498

confirming that the three fullerenes were [6,6]-
methanofullerene as opposed to [5,6] and [6,6] mixtures.*”
The absorption of monoadduct t-BCB-M was weaker than that
of PCBM, but the band structures were similar, while the
triadduct and diadduct’s absorptions were much stronger than
those of -BCB-M and PCBM, indicating that the multiadduct
has changed the electron structures of the Cg, cage enormously,
with the absorption relation of +BCB-T > t-BCB-B > PCBM >
t-BCB-M.

Thermal Analysis. Samples were kept at 100 °C in vacuo
for 24 h before thermal analysis. TGA/DTA was measured to
understand the thermal stability of the fullerene derivatives, as
shown in Figure 4 and Table 2, which indicate that all fullerene
derivatives have a thermal decomposition temperature higher
than 200 °C (onset temperature), i.e., 223, 228, and 209 °C
respectively for +BCB-M, t-BCB-B, and #BCB-T, which
ensured the OPV devices to be safe for thermal annealing
treatment. DSC showed no crystallization (T.) or glass
transitions (T,) between 20 and 200 °C, which suggested
that the t-BCB series was amorphous materials.”

Electrochemistry. The electrochemical property is one of
the most important properties of fullerenes.**”*® The value of
the difference between the LUMO of the acceptor and the
HOMO of the donor is related to Vo > therefore, the
LUMO energy levels of the fullerene derivatives are crucial for
their application in OPVs as acceptors, which can be measured
by CV and differential pulse voltammetry (DPV). We measured
all of the reduction potentials of the three fullerene derivatives,
shown in Table 3 and Figure S. The LUMO energy levels were
estimated from the onset value of their first reduction potential
(Elg) according to eq 3.

LUMO = —e(E.,; + 4.80) 3)

The further addition of the three organofullerenes, the
smaller E}4, and the higher LUMO of the fullerene derivatives,
due to saturation of the double bonds of the fullerene cage,*
are consistent with the recent multiadduct fullerene
rep01'tecl.2’20’22 Thus, the E}; values of the t-BCB series
decreased successively from +-BCB-M to t-BCB-T, and their
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Figure 4. TGA/DTA of a t-BCB series of fullerenes

: (a) +BCB-M; (b) +-BCB-B; (c) t-BCB-T.

Table 2. Decomposition Temperatures of the t-BCB Series

fullerene T3 (°C) weight loss (%)
t-BCB-M 223 6.2
t-BCB-B 228 16.2
t-BCB-T 209 122

Table 3. Electrochemistry Properties of Fullerene
Derivatives®

fullerene ELq (V) LUMO (eV) A (eV)
Cer ~1.02 —3.78 —0.07
PCBM —1.09 -3.71 0.00
t-BCB-M —1.06 —-3.74 —0.03
t-BCB-B —-1.15 —3.65 0.06
t-BCB-T —1.18 -3.62 0.09

“Elq are onset values in V vs Fc/Fc* (internal standard) by CV with
107*=107* M 0-DCB solution; tetrabutylammonium hexafluorophos-
phate (TBAPF,; 0.1 M) was used as the supporting electrolyte,
platinum wire as the counter electrode, silver wire as the reference
electrode, glassy carbon as the working electrode, and ferrocene as the
internal standard; the scan rate was 50 mV/s; the room temperature
was ca. 25 °C. A was compared to PCBM’s LUMO level.

LUMO energy levels increased successively. The LUMO
energy level of t-BCB-M was 0.03 eV lower than that of
PCBM because of the electron-withdrawing effect of the
carbonyl group on the phenyl ring. +BCB-M was electro-
reversible as testified by the symmetric peaks, equal i,, and i,
small AE, value of the redox couples in the CV and also sharp
and clean DPV peaks, while +BCB-B and ¢t-BCB-T were
electro-quasi-reversible because the peak-to-peak separation,
AE, (AE, = E,° — E,%, where E," is the anodic peak potential
and E,° is the catholic peak potential), was much bigger than 60
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mV, as shown in Table 4, indicating that their ability to accept
an electron and then transfer the electron was weaker than that
of their monoadduct analogue, resulting in lower Jsc.>'
Photovoltaics. The solubility of fullerene +BCB-M was
approximately 10 mg/mL lower than others in an 0-DCB
solution, while the devices based on it by a solution of 15 mg/
mL led to an incontinuous “film” with islands of 50 pm
diameter observed by an OM (Figure 6), whose performance
was short circuit. When we reduced the concentration to 10
and 5 mg/mL, the films were continuous with the thickness
about 50 nm with PCE of 2.43%. Its series resistance (Rg) was
really low, about 0.7 Q-cm? compared to that of common
devices, which might be a result of the high conductivity of ¢-
BCB-M (Figures 7 and 8 and Table S). Notably, there were
three abnormal and interesting phenomena in the performance.
(i) Usually, the LUMO energy levels of fullerene materials as
the acceptor and shunt resistance (Rgy) of devices are both
directly positively correlated with Voe;™ ie, Voc would
increase with an increase of the LUMO energy level or an
increase of Rgyy. Although the LUMO energy level of t-BCB-M
is 0.03 eV lower than that of PCBM and Rgy of +-BCB-M was 3
times smaller than that of PCBM, which should perform a
much lower Vi than that of PCBM with both negative factors;
oppositely, the Vo of +-BCB-M is 0.03—0.05 V higher than
that of PCBM, which was confirmed in hundreds of devices.
(i) The LUMO energy levels of the three materials are
stepwise increased with the number of additions. The V¢ value
of +-BCB-T is 0.05 V higher than that of +-BCB-M, which is
consistent with the relation of their LUMO energy levels, albeit
the V¢ value of t-BPC-B was oppositely lower than that of the
others; meanwhile the Js- and FF values of t-BCB-B was the
lowest among the three, which suggested that +BCB-T had
more terrible contact with the electrode than the others,

dx.doi.org/10.1021/am3028475 | ACS Appl. Mater. Interfaces 2013, 5, 1061—1069
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Figure 5. CV and DPV figures of -BCB-M (a), +-BCB-B (b), and -BCB-T (c). The CV figures were compared to a silver wire electrode, and DPV

figures were calibrated to the first reduction potential of the CV.

Table 4. AEP of Each Reduction Potential of Three
Fullerenes

fullerene reduction potential  ES°y*t (V vs Fc/Fc*) AE, (mV)
t-BCB-M E! —1.06 75
t-BCB-M E? —1.40 75
t-BCB-M E? —1.83 138
t-BCB-B E! —-1.15 121
t-BCB-B E? —1.48 127
t-BCB-B E —1.94 178
t-BCB-T E! -1.19 160
t-BCB-T E? —1.56 120
t-BCB-T E -2.08 281

Figure 6. OM pictures of incontinuous films of -BCB-M based on
OPVs fabricated by a solution of 15 mg/mL.

confirmed by the highest Rg. The bigger isomer number and
lower mobility might contribute to the lowest Jic value, as
suggested by the literature®™ and the mobility experiment
below. (iii) Generally, higher addition fullerene derivatives
contribute to more isomers; however, there are also exceptions
caused by steric hindrance or special reaction procedures; e.g,

1065

Nakamura et al. found that a single isomer pentaadduct can be
generated by an organic copper reagent.”*>* The disorder of
verified isomers directly lead to the lower mobility and lower
Jso,”*° and a possible explanation for this decrease was that the
macroscopic mobility was an average of all orientations, and
isomers increased the disorder strongly also destroyed
crystallization of the polymer, resulting in lower absorption
and lower mobility of the active layer film,*>*® although higher
adducts may have higher Vyc. To our surprise, The
performance of +BCB-T was much better than that of t
BCB-B, with both Jsc and FF higher than those of the diadduct.
We speculated that the abnormal more excellent performance
of +-BPB-T than ¢-BCB-B was related to a fewer isomers of the
triadduct rather than the diadduct. HPLC, 'H NMR, SCLC,
and UV—vis confirmed our theory.

HPLC figures (Figure 9a) of the three organofullerenes did
not give the information of the exact isomer number by a
Buckyprep HPLC column, even tested by the mixed-solvent
eluents of toluene and isopropyl alcohol with different ratios;*
however, the information of the minimal isomer number can be
shown, which clearly indicated that the isomer number of t-
BCB-B was much bigger than that of t-BCB-T. In light of the
spin—spin-coupling splitting, the "H NMR peaks of the isomers
were not exact for the isomer numbers, and also the signal-to-
noise ratios were low in the case of -BCB-B and -BCB-T, no
matter how many samples were tested in the NMR tubes.
Therefore, the featured proton signal of ArC(Cy)H (Figure
9b) around 5.43 ppm of 'H NMR was not sufficient evidence
to confirm the relation between t+-BCB-B and +BCB-T, which
only showed that there were at least 10 isomers in both the
diadduct and triadduct.

dx.doi.org/10.1021/am3028475 | ACS Appl. Mater. Interfaces 2013, 5, 1061—1069
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Figure 7. J-V curves of P3HT/t-BCB devices: (a) photocurrent; (b) dark current.

Figure 8. EQEs of devices based on +-BCB materials.
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Table S. Photovoltaic Performance Indices of P3HT/t-BCB

Devices
PCE Voc  Jsc (mA/  FE R Ry
fullerene (%) V) cm?) (%)  (Qm?) (Qcm?)
PCBM 3.8 0.63 8.9 64 4.5 2566
t-BCB-M 243 0.68 5.9 61 0.7 783
t-BCB-B 0.41 0.59 2.3 44 6.1 616
t-BCB-T 1.68 0.73 4.4 56 S.5 551

Table 6. Mobility of +-BCB and P3HT: -BCB Film Tested

by SCLC
active layer so (cm®/V-s) wy, (cm?/Vs) Ui/ He
t-BCB-B 3.7 %1078 32 % 107° 8.7 X 107
t-BCB-T 83 x 107° 72 % 1075 8.6
P3HT:t-BCB-B 5.0 %1078 42 x 107 8.4 x 10°
P3HT:t-BCB-T 12 x 107 7.6 X 1074 6.5
P3HT:PCBM®’ 23 x 1074 3.1 x107* 14

Now that it was known that the mobility of fullerenes was
directly related to the isomer number and photovoltaic
performance, we measured the mobility of +BCB-B and t-
BCB-T. Their film was mixed with P3HT by the SCLC method
(Table 6) and prepared using optimized conditions, fabricating
the photovoltaic devices. The results showed that the electron

mobilities (y,) of the two were remarkably different; i.e., yt, of t-
BCB-T was 100 times higher than that of +-BCB-B, and y, of
its BH]J film was 10000 times higher than that of t-BCB-B. The
difference of the hole mobility (u,) was not as obvious as that
of u.; ie, py, of t-BCB-T was 2.2 times higher than that of ¢-
BCB-B, and yy, of its BHJ film was 1.8 times higher than that of
t-BCB-B. The mobility test directly proved the abnormal
photovoltaic performances of #BCB-B and #BCB-T. In
summary, attributed to the strong steric hindrance of the fert-
butyl group of the adduct, the isomer number of the triadduct
was smaller than that of the diadduct, which was reasonable and
gave new insight on how to design higher adduct fullerene
materials with higher LUMO and V.

The value of the ratio of the hole-to-electron mobilities (u;,/
u.) of the film is crucial to understanding the photovoltaic
process of BHJ OPVs. We calculated and compared puy/p,
values summed in Table 6. P3HT:PCBM (according to ref 57),
t-BCB-T, and P3HT:t-BCB-T showed relatively well-balanced
ratios, whereas -BCB-B and P3HT:t-BCB-B showed unbal-
anced ratios (8.7 X 10* and 8.4 X 10°, respectively) because of
their lower g, values. Balanced electron—hole transport is
detrimental to increases in FF.>**® As shown by the ratio of

(b)
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Figure 9. HPLC figures (a) and '"H NMR spectra (b) of +-BCB.
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P3HT:t-BCB-B, charge accumulation can occur in the active
layer, and the photocurrent is space-charge-limited, when the
charge transport in the device is strongly unbalanced. In this
case, the photocurrent is governed by a square-root depend-
ence on the bias, and a high FF cannot be reached.>”™>°
However, when the carrier transport is well-balanced, such as
for PZHT:PCBM and P3HT:t-BCB-T, the photocurrent is not
limited by space-charge effects and relatively high FF can be
achieved. Herein, the unbalanced p;,/p, value is another factor
contributing to the lower Jsc and FF of -BCB-B rather than ¢-
BCB-T.

Morphology. The morphology of the devices was studied
by AFM, which can reveal the surface nanostructures,®>®" parts
of the 3D nanostructure of the BHJ film.®*"®* OM results
(Figure 6) showed that there were lots of fullerene crystals
precipitating in t-BCB-M-based devices, around 3—10 um,
while B- and C-based devices seemed smooth with little
fullerene precipitated. AFM showed (Figures 10—12 and S10

Figure 10. Morphology images of tBCB-M-based devices: (a) and
(b), OM pictures; (c), AFM hight image; (d), AFM phase image, S00
nm X 500 nm.

and S11 in the Supporting Information) that the scale of the
phase separation of t-BCB-M-based devices was 50—100 nm,
which was bigger than that of PCBM at 10—30 nm, while for t-
BCB-B-based devices, the scale of phase separation was 30—
100 nm. The largest scale of phase separation was that of ¢-
BCB-T-based devices, about 1—2 pm, where the fullerene
seemed to be lying on the surface of the polymers, and the
larger scale of phase separation hindered charge transfer then
decreased the mobility and Joo,*>%® which directly confirmed
why t-BCB-T showed terrible OPV performance, i.e., because
of bad miscibility.

4. CONCLUSIONS

We have successfully synthesized three new fullerene
derivatives including mono-, di-, and triadduct compounds,
and the photophysical properties of these fullerene derivatives
were investigated. The monoadduct’s device exhibits a power
conversion efficiency of 1.67% near PCBM’s 2.43% in the
conditions of SA and pre-thermal annealing. Our results also

Figure 11. Morphology images of -BCB-B-based devices: (a) and (b),
OM pictures; (c), AFM hight image; (d), AFM phase image, 500 nm
X 500 nm.

Figure 12. Morphology images of +-BCB-T-based devices: (a) and
(b), OM pictures; (c), AFM hight image; (d), AFM phase image, 500
nm X 500 nm.

indicate that the semireversible redox electrochemistry proper-
ties and larger phase separation of multiadducts can lead to
lower mobility and result in the lower photovoltaic perform-
ance of multiadduct materials. While smaller number of isomers
of triadduct than that of diadduct because of the hindrance of
tert butyl group, contributed to higher mobility of triadduct
than that of diadduct, meanwhile the more balanced hole-to-
electron mobility ratio of triadduct than that of bisadduct led to
the previous higher FF. This work provides new evidence and a
route to design fullerene materials with high mobility, Vi, Jsc,
molar absorption, and device performance. The fundamental

dx.doi.org/10.1021/am3028475 | ACS Appl. Mater. Interfaces 2013, 5, 1061—1069
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studies operated here will definitely be helpful to understanding
the work mechanism of mono- and multiadduct solar cells and
imply that such organofullerene materials are promise building
blocks for the development of high-performance solar power
conversion systems.
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