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Article history: A new series of functional 2-benzyl-1,2-dihydro[60]fullerenes, BnHCs, were synthesized
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conditions.
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1. Introduction (poly(3-hexylthiophene)) than that of PCBMLo date, PCEs of
) o 7-8% have already been reached for the PSCs based on the

Functional fullerenes are one of the most promising acceptorg,ovative low band-gap polymers as electron donors and
for the low band-gap polymer solar cells (PSCs) due to their higpcelBM or PG4BM as an electron acceptor by optimization of
electrp_n affinity and high elec_tron mobility, and tunable o nanostructured morphologyThe design and efficient
solubility, energy level and packing structafeAmong them,  gynthesis of new fullerene acceptors to replace PCBM are still
PG:,BM ([6,6]-phenyl-G;-butyric acid methyl ester) and itsdC  heeded to be compatible with the rapidly developed polymer
analogue P&BM are the most representative acceptor materialgqnors for application in PSCs.
which offer good solubility and high electron '_“Ob"ﬁyl” On the other hand, monofunctional fullerene derivatives have
addition, most recently some new fullerene derivatives have begpap, paid less attention for PSCs application, while recently
synthesized for PSC applications. For instance, bisfunctionalizeghme advanced monofunctionalizations of fullerenes have been
5_6 n-electron fuIIeren_es such as_bisPCBM, indegghisadduct, reporteoﬁ. Recently, Lu and Taet al synthesized new mono-
dihydronaphthyl-G, bisadduct, di(4-methylphenyl)-methane,C  fiyorene-substituted hydrofullerene E) via Rh-catalyzed
bisadduct, 1,2-dihydromethano (@Hnodified PGBM, and  5rviation” However, even GF showed similar LUMO energy

thienoo-quinodimethane-g; bisadduct showed higher power |avel to that of PGBM, it gave much lower PCE than that of
conversion efficiencies (PCEs) for the PSCs based on P3HT
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PGi:BM when blended with PCDTBT (poly-(2,7-carbazole) The functional BnHCs possess high solubility in chloroform,
derivative). Most recently, we reported an efficient Co-catalyzedoluene, and ODCB comparable with that of;/BM.
monofunctionalization of g with active alkyl bromide& X ) S
Various hydrofullerenes substituted with benzyl, allyl, and e sy %H‘T\CR
propargy! groups were obtained in good to high yields with high H20 (10 equiv), 0DCB @"” "R
monoselectivity.  Interestingly, during our study on 257, 24480 el
electrochemical properties of these fullerene derivatives, we _
found that the LUMO level of 2-benzyl-1,2-dihydro[60]fullerene [
(BnHC) is almost similar to that of RBM. This result led us to
further design and synthesis of new BnHC derivatives for
application in PSCs. Herein, we report the facile synthesis of a o ~, o-
novel series of functional BnHCs, characterization of their %q\\ OMe \QO“//}O
photophysical and electrochemical properties, and evaluation of r@CCOZMe g,,\/oo\
their PSC performances (Scheme 1). Functional BnHCs were z W4 e
synthesized efficiently through the Co-catalyzed 3€0:Me-BnHC (56%)  2-Me0-4-COMe-BnHC (60%) G2-BnHc (39%)
moanunctionaliz_ation ofggwith_commer_cially avai_lable benzyl Scheme 1. Co-catalyzed mono-functionalization ofs(Cfor
bromide derivatives under mild reaction conditions. Amongsynthesis of BnHCs.
them, the PSC based on 2-MeO-4-81@-BnHC as acceptor
showed a comparable PCE with the reference acceptQBMC The UV-vis absorption spectra of the BnHCs and the
under the same device conditions blending with P3HT as donor.reference P&BM were measured in chloroform (Fig. 1). The

) ) absorption pattern of BnHCs in the 250-280 nm is not influenced

2. Results and discussion by the varied functional groups on phenyl ring, and similar
|>cfharacteristic absorption as £BM are observed. BnHCs exhibit
ﬁlightly enhanced absorption in the 280-330 nm region than that
of PG:BM, especially for 2-MeO-4-CfMe-BnHC. In the
visible region from 400-500 nm, BnHCs show the same

sorption spectra regardless of the varied functional groups,
&inile they are stronger than that of ff8M (Fig. 1, inset).

o

/ N { ’ ) D
1 HK;LOMe ! \/H\EV\COZMe /4\6\ /—<:>/O 8-
N\ L \ HO \/Q =
4-MeO-BnHC (54%) 4-COzMe-BnHC (52%) N2 2 ﬂ
z /

BnHCs were prepared in one-step with good yields throug
our previously reported Co-catalyzed selective mono-benzylatio
of pristine G, with functional benzyl bromides (Scheme®1The
reaction proceeds in the presence of Gadgde (dppe:
diphenylphosphinoethane) catalyst and Mn reductant under arg
atmosphere and neutral conditions at room temperature. The po\g
solubility BnHC prepared from benzyl bromide limits its Table 1. Electrochemical reduction potentiand LUMO
application in solution-process solar cells. Several BnHGenergy levelsof BnHCs and PGBM.
derivatives with various functional groups on phenyl ring werecompound Ev2N  EZN  EV  LUMO/eV
synthesized to improve their solubility as well as to investigate
the influence of substituents on the energy levels and PS%‘IMeO'BnCH
performances. As shown in Scheme 1, a series of BnHCs such 4§0:Me-BnHC -0.59 -0.98 -1.48 -3.57
4-MeO-BnHC, 4-Cg\/|e-BnHC, 3-CQME-BHHC, and 2-MeO- 3-COMe-BnHC -0.61 -0.98 -1.46 -3.55
4-COMe-BnHC, were synthesized using 200-500 mg scale of
Ceo in 52-60% yields. In order to investigate the influence of?MeO-4-CQMe-BnHC 062  -101  -1.56  -3.54
solubility on morphology and performance in PSC device, the&-3-BnHC -0.60 -1.49 -1.49 -3.56
G3-dendrimer-substituted _G_3-Br_1HC was also pre_pared WhiCBCMBM 058 098 -1.48 358
has an excellent solubility in various organic solvents
(>90mg/mL in o-dichlorobenzene (ODCB)). It is also worth 2 Potential values are versus Ag/AgCl reference electrode; reduction potential
noting that all the chemicals includingsCfunctional benzyl ~ ©f ferrocene (0.64 V) is versus Ag/AGCI
bromides, and catalyst are commercially available. Although &The LUMO energy levels were estimated using the following equation:
very small amount of inseparable multiadducts was producetl!MO = -(4.804E1,-0.64) eV.

together with the recoveredq(C(20-30%) in this large scale The LUMO energy levels of BnHCs and RBM were
synthesis, the products were simply purified by silica gelyaluated by the first reduction potentials measured by cyclic
chromatography using toluene and hexane as the eluentgitammetry (CV) (Fig. 1b and Table 1). BnHCs exhibit three

especially for 4-CeMe-BnHC, 3-CQMe-BnHC, and 2-MeO-4-  pseudo-reversible reduction waves in the same manner as that of
CO,Me-BnHC due to the good polarity of methyl ester group,

indicating its easy handling and low cost synthetic procedure.

-0.61 -1.01 -1.56 -3.55
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Figure2. (a) Current density-voltage curves and (b) incident photon-to-current conversion efficiency.

PG;:BM. As aforementioned, BnHC without functional groups obtained for 2-MeO-4-C@le-BnHC device than that of the
on phenyl ring shows a negative shift of the first reductionrPG;,BM device, theV,. value of 0.63 V is higher. The PCEs for
potential 5", -0.59 V) by 10 mV compared to BBM. The  other BnHCs with monofunctional group on phenyl ring such as
BnHCs having an electron-donating or/and an electron4-MeO-BnHC, 4-CGMe-BnHC, and 3-C@Me-BnHC are 2.39,
withdrawing group on phenyl ring, such as 4-MeO-BnHC, 4-2.80, and 2.84%, respectively, which are lower than that of 2-
CO,Me-BnHC, 3-CQMe-BnHC, 2-MeO-4-CGMe-BnHC, and MeO-4-CQMe-BnHC. Comparing with the R@BM device, the
G-3-BnHC show a similar or slightly negative shiftég,’ than  small increased LUMOs of BnHCs did not show significantly
PG;;BM. The relatively higher LUMO energy levels of BhnHCs improvedV,, and the lowerds, and FF result in the lower or
are attributed to the presence of twd sarbons between the aryl similar PCEs. In sharp contrast, although the PSC based on the
group and the £ cage that block the conjugation channelbulky dendrimer-incorporated acceptor G3-BnHC showed a
between both units. Since the open-circuit voltAgg) of PSCs  moderateV,. value of 0.56 V, thd,. and FF are much lower than
has an association with the energy difference between the LUM®at of other BnHCs devices, probably the bulky G3 dendrimer
of acceptor and the HOMO of doribit is expected that these functional group inhibits the stacking ofsgCcages and hence
soluble new BnHCs should be applicable as acceptors in PSCs.decreases the electron transfer. The higher IPCE values of both
PSCs based on new BnHCs as acceptors and t2MeO-4-CQMe-BnHC and PGBM devices in the region from
representative polymer P3HT as donor with thickness of abol850 to 650 nm than other BnHCs devices contribute to their
200 nm were fabricated and characterized. The photovoltaigigher J. values, suggesting their rather efficient photon-to-
parameters for ITO/PEDOT:PSS(40 nm)/P3HT:BnHCs(w/w =electron conversion processes.
1/1)/L|F (1 nm)/Al (80 nm) under illumination with 200 mW ctm
2 of AM 1.5 are summarized in Table 2. For comparison, t
reference PSC device based on P3HE/BM was also

he Table 2. PSC performances based on P3HT and BnHCs
acceptors (wiw = 1/3)

fabricated. Fig. 2a shows tieV curves and Fig. 2b shows the 2CCePtr Vee Jsc FF PCE
incident photon-to-current conversion efficiency (IPCE) spectra v [mAcm?  [%] [%0]

of the PSCs. Among_ the new BnHCs ba}sed devices, the 2-MeQ1:0BncH 0.60 824 184 239
4-COMe-BnHC device displays the highest PCE of 3.75%,

which is comparable to that of the reference,B®!, 3.78%. It ~ 4-CQ:Me-BnHC 0.60 8.38 55.7 2.80

can be seen that, although the slightly lowgrand FF were 3-COMe-BnHC 0.61 8.76 53.2 2.84
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2-Me0-4-CQMe-BnHC ~ 0.63 9.66 61.6 3.75 P3HT as donor showed the highest PCE of 3.75% which is

G-3-BnHC 056 0.66 36.6 0.13 comparable to that of the reference acceptaynBM. The high
PCE is attributed to the improved nanoscale morphology of blend

PCBM 0.60 9.86 64.0 378 film rather than the slightly increased LUMO level. Considering

aBlend film was prepared using P3HT (20 mg) and BnHCs (20 mg) in 1,2- the facile and low-cost synthetic method together with the high
dichlorobenzene (1 mL); annealing temperature is°C1{L0 min). PSC performance, the new 2-MeO-4-8@-BnHC should be a
promising candidate for employing as an electron acceptor in the
PSC devices. Further investigations on molecular engineering of
BnHC series, morphology optimization, and blending with other
polymers to increase the PSC performances are in progress.

4. Experimental section
4.1.General information

'H NMR and **C NMR spectra were recorded on JEOL
JMTC-270/54/SS (JASTEC, 400 MHz) spectrometérsNMR
spectra are reported as follows: chemical shift in pprmelative
to the chemical shift of CDglat 7.26 ppm, integration,
multiplicities (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet and br = broadened), and coupling constants (f).
NMR spectra reported in ppnd)(relative to the central line of
triplet for CDCk at 77 ppm. High-resolution mass spectra were
obtained on a BRUKER APEXIIl spectrometer. Preparative
recycling HPLC was used a LC-2000 Plus instrument equipped
with a Buckyprep column (4.6 mm x 250 mm, nakarai Tesque).
HPLC analysis performed using toluene as an elution at 0.6
ml/min flow rate, detection at 320 nm in°@ or 18°C. Column
chromatography was carried out employing Silica gel 60 N
(spherical, neutral, 40~10Qum, KANTO Chemical Co.).
Analytical thin-layer chromatography (TLC) was performed on
0.2 mm precoated plate Kieselgel 60;,F (Merk). The
thicknesses of the blend films and PEDOT:PSS layers were
measured using an automatic micro figure measuring instrument
(Surfcorder ET200, Kosaka Laboratory Ltd.). The current
Figure 3. AFM images of P3HT donor with different BnHCs, (a) 4-MeO- density—voltage J-V) curves were measured using an ADCMT
BnHC, (b) 4-C@Ve-BnHC, (c) 3-C@Ve-BnHC, and (d) 2-MeO-4-C@e- 6244 DC Voltage Current Source/Monitor under AM 1.5 solar-
BnHC. simulated light irradiation of 100 mW/@n{OTENTO-SUN III,

. ; unkoh-Keiki Co.). IPCE was measured using a CEP-2000
The surface morphologies of the BnHCs/P3HT active layetEystem (Bunkoh-Keiki Co., Ltd.).

images observed by atomic force microscopy (AFM) show that,
the surfaces of the active layers are homogeneous and displéy. Materials

nanoscale phase separation (Figure 3). The root mean squares

(RMS) were 5.25 nm for 4-MeO-BnHC, 0.63 nm for 4-@- Anhydrous 1,2-dichlorobenzene (Aldrich), toluene, carbon
BNHC, 3.99 nm for 3-C@e-BnHC, and 0.54 nm for 2-Me0-4- disulfide, hexane, (WAKO), Cogl Mn (Aldrich), methyl 4-
CO,Me-BnHC, respectively, when blended with P3HT donor.(bromomethyl)-3-methoxybenzoate (TCL), single benzylic
Although the reason is not clear that PSCs based on, &0 bromide group at the focal point of the third-generation
BnHC and 3-CGMe-BnHC showed the similar performances dendrimer  [G-3]-Br  (Aldrich),  [60]fullerene  (Aldrich),
despite their large difference roughness, it should be noted that iegioregular  poly(3-hexylthiophene) (P3HT, Luminescence
CO,Me-BnHC has a lower solubility than 3-@@e-BnHC in  Technology ~ Corp.), PC61BM  (Solenne), PEDOT:PSS
ODCB and chloroform. The RMSs indicate that the changing of CLEVIOS P VP Al 4083, H. C. Starck) were purchased and
functional groups on benzyl moiety influences the roughness ¢iSed as received. The structures of BnHCs were determined by
blend films. Moreover, the smoother surface based on 2-MeO-4Sing"H NMR, “C NMR, high resolution mass (HRMS).
CO,Me-BnHC/P3HT blend shows the highest photovoltaicy 3 Faprication of PSC device and characterization

performance among the BnHCs films, implying that the better

interfacial contact of polymer donor and fullerene acceptor blend The PSC device was fabricated in the configuration
is a key on the improvement of the PSC performances. Th@O/PEDOT:PSS/active layer/LiF/Al. The patterned ITO
morphology comprising of the dendrimer-bound G3-BnHC(conductivity: 1@/square) glass was precleaned in an ultrasonic
displays the largest RMS of 21.7 nm (Figure S2e), resulting ibath of acetone and ethanol, and then treated in an ultraviolet-

the lowest PCE due to the much lowgr ozone chamber. A thin layer (40 nm) of PEDOT:PSS was spin
. coated on the ITO at 3000 rpm and subsequently dried at 110°C
3. Conclusion for 10 min on a hot plate under air. The substrate was transferred

: - . . lovebox and then dried again at 110°C for 10 min on a
In conclusion, we have efficiently synthesized a series of° 2" Ng . . ’ . .
soluble electron acceptors BnHCs via Co-catalyzed highl)E)Ot plate. An ODCB solution of P3HT:PCBM (1:1, weight ratio,

: : ot - . 10-260 nm) blend was subsequently spin coated onto the
selective mono-functionalization of ¢ with commercially i . - :
available functional benzyl bromides in one-step. Among thé;EDbIOT'g%S surfa(;:elzj,éoDrg_lrr?ggg ?ctlve layer. The th|ckdnes_ses of
BnHCs, PSC based on 2-MeO-4-8@-BnHC as acceptor and the blend films an ’ ayers were measured using an



automatic micro figure measuring instrument (Surfcorder ET200References and notes
Kosaka Laboratory Ltd.). The substrate with the active layer was
dried at 110°C for 10 min in the,Ngjlovebox. Finally, LiF (1 nm)

and Al (80 nm) were deposited onto the active layer by means of
conventional thermal evaporation at a chamber pressure lower

than 5x10 Pa, which provided the devices with an active area of
2x2 mnf. The current density—voltageJ{V) curves were
measured using an ADCMT 6244 DC Voltage Current
Source/Monitor under AM 1.5 solar-simulated light irradiation of
100 mW/cm (OTENTO-SUN 11, Bunkoh-Keiki Co.). IPCE was
measured using a CEP-2000 system (Bunkoh-Keiki Co., Ltd.).

4.4.General procedure of Co-catalyzed hydroalkylation gf C
and benzyl bromides

A suspension of Co@lppe (36.7 mg, 0.069 mmol), Mn (114

mg,

2.07 mmol), & (500 mg,

0.69 mmol), methyl 4-

(bromomethyl)-3-methoxybenzoate (536 mg, 2.07 mmol), and
H,O (124 uL, 6.9 mmol) in ODCB (1,2-dichlorobenzene) (90
mL) was stirred for 48 h under Ar atmosphere at°@5 The
reaction mixture was monitored by TLC and HPLC analysis
(elution with toluene at 0.6 mL/min flow rate, detection at 320
nm). The mixture was filtered through a short florisil pad using
ODCB as an eluent. After concentration, the residue was purified
through silica gel chromatography using toluene as an eluent.
After evaporation of toluene, the residue was washed with
acetone and dried under vacuo, affording 2-MeO-4NG©O
BnHC in 60% yield (373 mg).

4.5. Analytic data of 2-MeO-4-CMe-BnHC

Dark brown solid"H NMR (400 MHz, CDCYCS, = 1/4)
3.94 (3H, s), 3.99 (3H, s),4.87 (2H, s), 6.69 (1H, s), 7.69 (1H, S),
7.76 (2H, s);°C NMR (100 MHz, CDGJCS, = 1/4) § 46.43,
51.66, 55.09, 59.26, 65.24, 111.75, 121.94, 129.44, 130.82,

132.53,
141.60,
144.96,
146.55,

135.06, 136.01, 139.46, 139.83, 141.16, 141.26, 141.48,
141.63, 141.78, 142.18, 142.87, 144.18, 144.28, 144.93,
145.07, 145.40, 145.68, 145.76, 145.80, 145.94, 146.00,

146.87, 147.04, 153.33, 154.92, 157.55, 165.46; HRMS

(ESI) caled for GH;;0:Na [M+Na]: 923.06787, found
923.06789.
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