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High Efficiency Organic Photovoltaics Scheme 1. Synthesis of a Family of Soluble Fullerene
Incorporating a New Family of Soluble Fullerene Derivatives®
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Buckminsterfullerene (§) has proven to be an invaluable OMe
electron conducting (n-type) semiconductor for organic [31, e
electronics. However, its minimal solubility in organic
solvents necessitates derivatization to take advantage of |A”= OMe
inexpensive solution-based processing techniques. There are MeO  sDMe
several reaction pathways commonly used to functionalize
Cso With solublizing moietie$;* however, research efforts - ~ F
in solution-processed organic electronics are dominated by FQF
the use of one derivative in particular: [6,6]-pheny:C
butyric acid methyl ester (PCBM) eF  FMF
PCBM is most commonly used when blended with a light-

absorbing and hole-conducting conjugated polymer to afford N
the bulk-heterojunction active layer in a photovoltaic deice. zct?]gﬂ't;?gsh(%f/‘: %g’%&,fﬁ “4%?@&1,.0 e i%é%a]??é}lz [?1]? "
Several research groups have reported that such solutionand (d) DMAP, DCC, DCM, rt 8 h, 93%5], 81% [6], and 96% T[]
processed organic photovoltaics (OPVs) can achieve power
conversion efficiencies (PCEs) under standard illumination development of & derivatives including PCBM analogues
conditions (AM 1.5 G, 86-100 mW/cnd) in the 2-3% range with altered substitution patterns on the solubilizing phenyl
with poly(phenylene vinylene) (PPV) based matefialsd ring®® or replacement of the phenyl ring altogether with a
4—5% range with poly(3-hexylthiophene) (P3HT}? rep- thiophenyl ringt* Other structures have been based on
resenting the most efficient OPVs reported to date. As such,diphenyl G; and dicarboxy & groupst® 1’ Replacement
strong inquiry has arisen into the structural basis for the high of the methano bridge present in both PCBM and many other
performance of polymer/PCBM photovoltaics. derivatives with an alternate attachment allows for the study
While PCBM remains the best performing soluble fullerene of new classes of fullerenoids. Reported here is the synthesis
derivative, it is not necessarily the optimum structure for and evaluation of a new highly soluble family of dihy-
solution processed OPVs. Attempts have been made todronaphthyl bridged ester derivatives which, given their high
develop new fullerenoids for OPVs by attaching solublizing device performance, identifies a new effective solublization
groups to (o using varying strategies. This has led to the strategy for fullerenes in OPVs.

The route to the family of dihydronaphthyl derivatives is
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Figure 1. J-V curves representing best device performance for P3HT/  Figure 2. Average PCEs (eight devices) with(®), 4 (a), 5 (#), 6 (V),

and P3HT/PCBM bulk heterojunction solar cells. Inset is a schematic of 7 (SOlId |eft_p0inting triang|e)’ or PCB'\/‘) as a function of We|ght percent

device architecture with approximate layer thicknesses. in P3HT. The performance of devices made with comp@m@s consistant
and reproducable with an averaged/= 650 mV, ¥c = 11.3 mA cn1?,

formed in situ by reaction of methyl-(3,4-dibromomethyl)- and a fill factor of 57%, for an average PCE of 4.2% at 45 wt % fullerene.
benzoate with potassium iodide. The benzyl alcoBolyas The error bars represent the 95% confidence interval.

synthesaed frqm the gster via rgductpq with d”SObUt,yl' dihydronaphthyl fullerene benzyl alcohol 4-fluorobenzoic
aluminum hydrlde. This alcohol is suff|C|enFIy soluble in acid ester6 also performed impressively with moderate
common organic solvents (tetrahydrofur_an, dmhloromethanedecreases in PCE as compare@,tavhich are due primarily
(DCM), and chloroform) to represent a highly useful_synthon to a marked decrease in the fill factor, as the voltages and
for the development (.)f fullerene based _matena_d;; t.he currents are comparable. The significantly lower performance
func_tlonal handle is easn_y elaborated upon via estenﬂcatlc_)_n of the remaining derivatives, dihydronaphthyl fullerene
to give soluble fullerenoids as seen in Scheme 1. Esterifi- benzyl alcohal 2,3,4-trimethoxybenzoic acid esfeand

cati.o.n O.f compound with penzoyl chloride and subsequent dihydronaphthyl fullerene benzyl alcohol pentafluorobenzoic
purification following published procedurésafforded com- acid ester7, is due to lower values for botBsc and Voc

pound3, a dihydronaphthyl fullerene benzyl alcohol benzoic Devices made with’ also showed a lower fill factor than

aC|d'ester. To more fully explorg this solubilizing group - the other compounds at each of the compositions tested.
architecture, a range of electron rich and poor benzoic acid 5 a1 the derivatives containing phenyl rings with sig-

ester derivatives of were synthesized to give compounds  igeanty altered electron density demonstrated the lowest
4—7, which, along with3, are all sufficiently soluble in performance

organic solvents{SO mg/ mL)_ to make_lncorporatlon Into To probe the basis for this substituent effect, the electro-
solution cast device formulations possible. : . S
.. chemical properties of each derivative were analyzed by
To evaluate the performance of these new fullerenoids, . .
cyclic voltammetry. The reduction onsets for the new

spin-cast bulk heterojuction active layer OPVs were fabri- . : : . .
. : . . fullerenoids were all found to be essentially identical with a
cated with P3HT (Rieke Metals, Inc.). Photovoltaic devices - . o
small variation €0.1 V), suggesting that there is little

consisted of a standard ITO/PEDOT-PSS/PSHT:fullerene/ it o co in the LUMO levels of the fullerenes. In addition,

Al architecture (see inset of Figure 4 ompleted devices no trend in averagd/oc values for devices at 45 wt %

were annealed at 15 for 30 min and tested under argon : .

using a solar spectrum simulator at AM 1.5 G and a spectrall fullerene (ranging from 0.43 V'to 0.65 V) with respect to
9 P ' P y electronegativity of the solubilizing group is observed. This

matched intensity of 100 mW/cin ;
Because bulk heteroiunction OPV performance is known suggests that the electron density of the phenyl group of
o be austronu ¢ nct'onjuof dlonor/accg tor 14t a sler'esW compounds3—7 has no direct effect on the electronic
g functi P ' ! characteristics of the fullerenoid and is in contrast to trends

:i)flde\f;egBVK:r: faﬁr'ﬁ?te?huséggﬁ%cm nrevr\: furII(:'E'iren_I(_ahd(—::[rlva— seen for PCBM derivatives with similar substitution patterns
€0 y altering the ufierene ratio. e top -, ihe phenyl ring4 It is likely that the relative placement

performing fullerene derivative was found to be the fullerene of the ring decreases any intramolecular effect between the

o ; . " 0
derivative 3 with an optimal composition of 45 wt % solublizing ring and the fullerene. However, the changes in

fu!ﬁfn?ihﬁgmi 1;2;"'\\/"5(:22?%\/ ;:li;vzsn;or‘lgewtciz/s phenyl ring electron density may affect the intermolecular
m wi ither wl % WL interactions in the solid staté1®

fullerene, respectively. The curves represent PCEs of 4.5% Pol full .. d the f i f int
for 3 and 4.4% for PCBM. The performance ®fmatches olymer/iufierene mixing and the formation of an inter-
penetrating bulk heterojunction have an effect on OPV

or slightly exceeds that of PCBM in our experiments and is . L
comparable with reports for the top P3HT/fullerene OPVA, performance and are dependent on material properties; the
structure of the fullerenoid and its interaction with the

in ?S&;hggfgﬂiﬁgi:eg;gige; i‘;ggiggrf\?ef:;?r&?%% conjugated polymer are important factéts?* The PCEs for
mance of devices fabricated with each derivative is plotted

against the fullerene weight %. The dihydronaphthy! fullerene gg; éﬁﬂﬁ’éycg";"Ehg'coergggege[{f}nhﬁmbscohrfng.Scofgﬁet’l%% 200
benzyl alcohol 4-methoxybenzoic acid estérand the Am. Chem. So@006 128 13988.
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Figure 3. Transmission electron micrographs of annealed films (30 min,
150 °C) composed of blends of P3HT and 45 wt % (a) PCBM, 3bjc)
4, (d) 6, (e) 5, and (f) 7. Scale bars are 500 nm.

the three top performing fullerene derivatives all show
optimum P3HT/fullerene ratios of 45 or 50 wt % in contrast
to PCBM, where the optimum was 40 wt %. In addition,

the PCEs of devices made with PCBM demonstrate a weaker
dependence on wt % of fullerene, especially at lower wt %.
This indicates a possible difference in polymer/fullerene

miscibility in a bulk heterojunction thin film. To evaluate

such morphological differences, studies were performed on

thin film blends of P3HT and each of the fullerenoids using
previously reported methods.Transmission electron mi-
croscopy (TEM) micrographs (Figure 3) of the thin films
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degree of phase segregation increases with the addition of
electron-rich solublizing groups. Where films containing the
fluorinated benzoate$ @nd7) are relatively homogeneous

by TEM, the methoxy4) and trimethoxy %) blends show
successive increases in the phase segregation as compared
to P3HTRB films. The degree of phase segregation is not
catastrophic, as large scale crystallization of the fullerene
does not occur. A possible origin of this decrease in
compatibility may be a lower degree of electronic attraction
between the electron-rich methoxy benzoates and the thio-
phenyl rings of the P3HT polymer matrix. While no direct
correlation between the differences in electronic and mor-
phological properties and device performance is readily
apparent, further work in identifying such structam@operty
relationships is ongoing.

In conclusion, we have successfully synthesized both a
novel fullerenoid benzyl alcohol as well as a highly soluble
family of fullerene benzoates. The dihydronaphthyl fullerene
benzyl alcohol is a soluble, functional fullerene derivative
able to be used as a core for further elaboration via
esterification. Initial characterization and device testing
indicate that esters synthesized from the parent benzyl alcohol
are suitable for use in bulk heterojunction solar cells. Devices
fabricated with the new dihydronaphthyl fullerene benzyl
alcohol benzoic acid esteB)( exhibit PCEs of up to 4.5%
under standard illumination conditions. This represents the
highest reported PCE for a non-PCBM based polymer/
fullerene solar cell and suggests that excellent alternatives
to PCBM may yet be found.
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