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Abstract
In this study, photoflow synthesis was investigated to develop a more efficient synthesis of [6,6]-phenyl-C61-butyric acid methyl ester. High 
chemical yields were achieved via photoirradiation during heating. In addition, continuous production was confirmed using large-volume flow 
units, and high chemical yields and productivity were achieved.
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Fullerene derivatives are used as acceptor materials in organic 
photovoltaics (OPVs) as acceptor materials, serving as n-type 
semiconductors.1 PCXXBM ([6,6]-phenyl-C61/71-butyric acid 
methyl ester) is the most commonly used acceptor material be
cause of its outstanding solubility in organic solvents, compati
bility with donor materials, and impressive electron mobility 
(Fig. 1).2 For the evaluation of new donor polymers in OPVs, 
PCXXBM is often used as the standard acceptor material.

PC61BM (henceforth, referred to as PCBM) was first reported 
by Hummelen and coworkers in 1995.2a The synthetic process 
involves combining a fullerene with the corresponding tosylhy
drazone under basic conditions, followed by the transformation 
of the resulting fulleroid into methanofullerene (PCBM). First, 
tosylhydrazone and a base react to form a diazo compound. 
Subsequently, the resulting diazo and fullerene react to afford 
a mixture of fulleroid and methanofullerene. This isomerization 
of fulleroid to methanofullerene has been achieved not only by 
thermal reactions, but also by photochemical reactions. 
However, there are problems with this two-step reaction, in
cluding low yields (Scheme 1A-a).

Our research group has developed new fullerene derivatives, 
including PCBM analogs.3 In addition, we studied PCBM syn
thesis methods for efficient research and characterization. 
Consequently, we succeeded in developing a bilayer organic 
solvent-water hydrazone method using tetrabutylammonium 
hydroxide (TBAOH) as the base.4 In another strategy, we suc
ceeded in developing a sulfur ylide method using sulfonium salts 
and bases as starting materials.5 In the sulfur ylide method, the 
[1 + 2] cycloaddition reaction proceeds with the elimination of 
sulfide, and methanofullerene is obtained directly without the 
formation of a fulleroid (Scheme 1A-b).

Yamamoto and coworkers group reported synthetic methods 
for fullerene derivatives such as PCBM using geminal dibro
mide compounds 1 as starting materials and excess manganese 
metal (Scheme 1A-c).6 This is a uniquely high yield method for 
the reaction of fullerenes, with yields exceeding 90%. However, 
it is necessary to conduct the reaction under highly controlled 
inert gas conditions to avoid manganese metal oxidation.

Recently, we reported a photosynthetic method for PCBM us
ing the same geminal dibromide compound 1 (Scheme 1A-d).7
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We proposed that this reaction involves photoelectron transfer 
between triethylamine, fullerene, and 1 present in the system.

As described above, there are only four synthetic methods 
for PCBM used as an acceptor material in OPVs, and the prod
uctivity of PCBM must be expanded to meet the expected 
future increase in demand. However, there are significant chal
lenges in the mass production of PCBM. One reason for this is 
the poor solubility of fullerenes in organic solvents.8 Fullerene 
derivatization reactions require larger amounts of solvents 
than general organic synthesis reactions, making efficient pro
duction impossible using existing facilities. Controlling the ex
cess reactions is also a problem because of the unique 
structures of fullerenes. Furthermore, if photochemical reac
tions are used for the isomerization of fulleroids, it is necessary 
to prepare a light source of a suitable size for large-scale 
production.

Therefore, we focused on the flow synthesis method, which 
differs from the conventional batch synthesis method involv
ing the use of a flask and other equipment, in that the reaction 

is performed continuously while pumping liquid into a flow 
channel.9 Compared to the batch method, flow synthesis has 
a large surface area per unit volume, which enables high-speed 
and precise temperature control, high mixing efficiency, and 
easy control of the reaction time by controlling the flow rate. 
Furthermore, by continuously pumping the liquid, we anticipate 
the capability of removing products from the reaction field and 
effectively governing sequential reactions during the synthesis of 
fullerene derivatives. Moreover, the photoflow synthesis method 
enables exceedingly efficient photoirradiation compared to 
batch-type photoreactions.10 This is because the light passage 
distance is significantly shorter, leading to reduced light attenu
ation and a greater surface area per unit volume. Furthermore, 
light attenuation is directly proportional to the concentration 
of the solution. It is therefore reasonable to conclude that the 
photoflow synthesis method is an appropriate technique for 
the synthesis of fullerene derivatives, given that the use of highly 
concentrated fullerene solutions is impractical.

PCBM synthesis using the flow synthesis method has also 
been reported. Although both are hydrazone methods, 
Wong and coworkers group reported a method that included 
thermal isomerization by multistep heating (Scheme 1B-a),11

whereas Yasuda and coworkers group reported a method 
that included fulleroid formation by heating and photoisome
rization in one continuous flow (Scheme 1B-b).12 Muccini and 
coworkers group reported the investigation of flow synthesis 
in PCBM derivatives; however, the isomerization from the 
fulleroid form took a long time when a low-power lamp was 
used.13,14 Despite the expectation of PCBM productivity per 
unit time, the chemical yields remained unsatisfactory when 
the hydrazone method, a two-step synthesis method, was 
employed.

In this paper, the authors describe an expansion of their pre
viously developed method of photo-PCBM synthesis to a pho
toflow synthesis method, which was found to yield PCBM 
with high productivity (Scheme 1C).

The flow system used in this study is illustrated in Fig. 2.15

We charged syringe A with a solution of C60 in 
o-dichlorobenzene (o-DCB) along with compound 1. Syringe 
B contained a dimethyl sulfoxide (DMSO)/o-DCB solution 
of triethylamine (Et3N).

The two solutions were each filled into a syringe and 
pumped at the same flow rate using a syringe pump and mixed 
with a T-union, and perfluoroalkoxy alkanes (PFA) tubing 
was used as part of the system where photoirradiation with 
white LEDs was performed. The PFA tubing was used under 
room temperature conditions when examining the equivalent 
number of reagents, and the temperature was controlled in a 
thermostatic bath (0 to 25 °C by a cold methanol bath and 
40 to 80 °C by a hot water bath) for the subsequent tempera
ture study (also see Supplementary SI and Fig. S3). For each re
action, the residence time was varied to determine the optimal 

Fig. 1. PC61/71BMs.

(a)

(b)

(c)

Scheme 1. Synthesis of PCBM.

Fig. 2. Photoflow system.
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reaction time. The yields of C60, PCBM, and bis-PCBM (over- 
reaction product) were determined using high-performance li
quid chromatography (HPLC).16

First, photoflow synthesis using the optimized reaction 
conditions for a batch reaction yielded PCBM in 58% yield 
when the residence time was 30 min (Table 1, entry 1). 
Therefore, it was determined that the PCBM synthesis pro
ceeded without any problems in the flow system. When 
compound 1 was increased to 3.0 equiv, the reaction yield 
was 71% in just 15 min (Table 1; Supplementary Fig. S5). 
Next, the number of equivalents of Et3N was examined, and 
a yield of 73% was obtained using 7.0 equiv (Table 1, entry 
7; Supplementary Fig. S6).

The reaction took significantly longer to achieve the max
imum yield at low temperatures, in contrast to the rapid pro
gress observed when the temperature was increased (Fig. 3). 
However, when the temperature was increased to 80 °C, the 
yield decreased. The temperature of 25 to 70 °C was the ap
propriate reaction temperature range, and PCBM was ob
tained in 75% yield at a maximum yield of 50 °C and 

residence time of 7.5 min. Comparing the results of this flow 
system to the batch system,7 the chemical yield was only slight
ly higher, but the reaction time was significantly shorter (70%, 
1.5 h). Continuous production for 100 min at a reaction tem
perature of 60 °C and residence time of 5 min resulted in 
HPLC yields of 67% to 70% during that time, with isolated 
yields of 65% and 83 mg/h in time units.

To achieve high productivity, we considered changing to a 
larger-volume residence-time unit and using stronger LEDs. 
When the system was operated continuously for 1 h with a 
residence time of 2.8 min at a reaction temperature of 70 °C, 
0.39 g of PCBM was obtained, yielding a chemical yield of 
67%. The chemical yield and yield per unit time were the high
est in the PCBM flow synthesis with reported examples 
(Scheme 2). In the case of the larger flow system, HPLC yields 
were measured at 10 min intervals and exhibited no significant 
fluctuations, with the yields of each fullerenes (C60, PCBM, 
and bis-PCBM) remaining stable throughout the observation 
period (Fig. 4).

In summary, we achieved higher chemical yields by expand
ing the photosynthetic method for PCBM to photoflow syn
thesis. By increasing the size of the flow apparatus, we 
achieved the high productivity of 0.39 g/h in the flow synthesis 
of PCBM. The reaction mechanism of this photosynthetic 
method is currently being studied in our laboratory.
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Fig. 3. Screening for the reaction temperature.

Table 1. Screening for the amounts of 1 and Et3N.a

Entry
1  

(equiv)
Et3N 

(equiv)
Time 
(min) PCBM Bis-PCBM

1 1.1 5.0 30 58% 4%
2 1.5 5.0 20 60% 4%
3 2.0 5.0 20 63% 4%
4 3.0 5.0 15 71% 7%
5 3.0 3.0 25 62% 5%
6 3.0 7.0 15 73% 6%
7 3.0 10.0 7.5 70% 3%

aConditions: C60 (7.5 mM), 1 (1.1 to 3.0 equiv) Et3N (3.0 to 10.0 equiv), 
DMSO/o-DCB (1/9).

Scheme 2. PCBM synthesis using large-volume photoflow system.

Fig. 4. The time variation of the yields in PCBM synthesis during 
continuous operation for 1 h operation using large-volume photoflow 
system.
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Supplementary material is available at Chemistry Letters 
online.
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