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Novel 5-(Benzo[b]thiophen-3-yl)pyridine-3-carbaldehyde
(BTPA) Functionalization Framework For Modulating

Fullerene Electronics

Suru V. John, Christian C. De Filippo,”’ Simone Silvestrini,” Michele Maggini,” and Emmanuel Iwuoha*®

Through a cycloaddition reaction, fullerene (Cq) was derivat-
ized with a novel organic compound 5-(benzo[b]thiophen-3-
yl)pyridine-3-carbaldehyde to form the processable and stable
3-(benzo[b]thiophene-3yl)-5-fullero-1-methylpyrrolidinepyridine
(BTFP) compound. BTFP exhibits close similarities to phenyl-
C61-butyric-acid-methyl-ester (PCBM) in terms of first reduction
potential values (—0.62 and —0.61 V vs. Ag/AgCl, for BTFP and
PCBM, respectively) and lowest occupied molecular orbital
(LUMO) energy level values (3.93 eV in both cases). In chloro-
form, BTFP exhibits a bathochromic shift in the A, of BTFP
(AmaxBTFP=290 nm and A, PCBM =260 nm), owing to the
grafted benzo[b]thiophene-3-yl)pyridine moiety. Despite the
similarity in LUMO (3.93 eV) energy values, BTFP and PCBM
differ in their luminescence-quenching ability. The bathochro-
mic shift in the A, of BTFP (relative to PCMB) is likely to con-
tribute to improved light absorption of a suitable donor for
photovoltaic applications.

The uniqueness of closed-cage, nearly spherical C¢, and related
fullerene molecules has attracted considerable attention. The
icosahedral symmetry" and numerous possibilities of function-
alization allow the modulation of their optoelectronic proper-
ties,”” leading to unabated interest in these intriguing carbon
allotropes. The chemistry of fullerenes is that of electron-poor
olefins, with sp? carbon atoms constrained into a pyramidalized
geometry. Multiple double bonds are available on the carbon
backbone, making multiple functionalization®™ an interesting
route towards new functional materials. This has led to a variety
of novel compounds with finely tunable features that have
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found applications as catalysts™ and antioxidants,” as well as
in sensors®™ and solar cells.”*” The functionalization of ful-
lerenes does not only modify their properties, but converts
them into more processable forms, as pristine Cg is only
sparsely soluble in most solvents, making it intractable. Indeed,
the quest for soluble fullerenes was (and still is) one of the
main driving forces in the field of covalent modification of
carbon nanostructures. Phenyl-C61-butyric-acid-methyl-ester
(PCBM), a fullerene derivative, is a solution-processable n-type
organic semiconductor, which is commonly blended with p-
type conjugated polymers to make photovoltaic (PV) cells.
However, owing to the dependence of PV properties on fron-
tier orbital energy levels of donor and acceptors, the applica-
tion of PCBM to all donor polymers irrespective of their opto-
electronic properties leads to untrue PV properties. For in-
stance, reports by Susarova et al.® and Kistner et al.” com-
pared the PV responses of a set of polymers with PCBM and
other functionalized fullerenes and observed that PCBM gave
just moderate efficiencies in combination with the polymers,
whereas the best PV performances were obtained with a blend
of each polymer with specific fullerene derivatives possessing
better-suiting molecular structures. Herein, we describe a fuller-
opyrrolidine,"®"  3-(benzo[blthiophene-3yl)-5-fullero-1-methyl-
pyrrolidinepyridine (BTFP), which is obtained from Cg, through
1,3-dipolar cycloaddition of the azomethine ylide formed when
5-(benzo[b]thiophen-3-yl)pyridine-3-carbaldehyde (BTPA) reacts
with sarcosine. Besides the structural characterization of BTFP,
we report its electrochemical and spectroscopic properties to
assess its potential as an electron-acceptor material for organic
PV cells. The PV cell performances of blends of BTFP with two
electron-donating polymers, poly(9,9-dioctylfluorene-2,7-diyl-
alt-benzol[2,1,3]thiadiazole-4,7-diyl) (F8BT) and poly(9,9-dioctyl-
fluorene-2,7-diyl-alt-2,2"-bithiophene-5,5'-diyl) ~ (F8T2), were
evaluated and compared with PCBM.

The synthetic routes leading to the preparation of BTPA and
BTFP are shown in Scheme 1 and Scheme 2, respectively. The
products were characterized by NMR (see the Supporting Infor-
mation), UV/Vis, photoluminescence, TEM, and SEM/EDS. For
BTPA, '"H NMR in [D;]DMSO confirmed the presence of alde-
hyde at 10.2 ppm (Figures S1 and S2), whereas "C NMR
showed 14 signals, as expected for the proposed structure
(Figures S3 and S4). Mass spectrometry confirmed the product
at m/z=240.04, whereas m/z=258.05 corresponds to the hy-
drated product [M+H,0] (Figure S5). The product is bright
yellow, stable, and soluble in common organic solvents, for ex-
ample dichloromethane, chloroform, and toluene, as investi-
gated. The ®C NMR spectrum of BTFP shows the loss of an al-
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Scheme 1. Synthesis of BTPA and BTFP.

Scheme 2. Mechanism for the synthesis of BTFP.

dehyde (at 188 ppm) from BTPA, along with the splitting of
the Cq, signal (141 ppm) into 10 signals in the 140-145 region,
owing to the breaking of the spherical symmetry of the start-
ing material (Figure S7). The results show a shift and slight dis-
tortion of the BTFP geometry in relation to C4, and BTPA. DEPT
data (Figure S8) show the signals for the N-methyl glycine ana-
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logue, demonstrating that we have an N-CH; (at 37.9 ppm),
a —CH, (at 68.3 ppm), and a —CH signal (at 79.3 ppm), owing
to the linkage between the glycine and the BTPA (where the
BTPA contributed the C). The 'H data also show the loss of the
aldehyde signal when forming the conjugate (Figure S9).
'H NMR spectra show the —CH, protons of the pyrrolidine ring
as two doublets (J=9.6 Hz) at 4.37 and 5.05 ppm, and a —CH
proton singlet at 5.14 ppm (Figure S10). Protons of the methyl
group (—CH,) attached to the nitrogen atom of the pyrrolidine
ring appear as a singlet around 2.86 ppm.

FTIR of BTPA (Figure 1) confirms the presence of the pyridine
ring and the carbonyl group with stretching frequencies at
1650 and 1696 cm™', respectively. BTFP, on the other hand, did

T b T T
3000 7/ cm™ 2000 1000

Figure 1. FTIR spectrum of BTPA.

not yield any signal for the carbonyl group, whereas pyridine
signals are still present, albeit weak (Figure S12), thereby hint-
ing at the success of the cycloaddition reaction. Prominent full-
erene C,, IR-active peaks at 527 and 577 cm™', associated with
the primary radial motion of the carbon atoms, as well as at
1184 and 1426 cm™', associated with the tangential motion of
the carbon atoms,>'? were also observed in BTFP.

Figure 2 shows the morphology of BTPA crystals, as ob-
served by using SEM. The product shows a needlelike mor-

| y
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M4 =26.00(Kx 200nm

Figure 2. High-resolution SEM images of BTPA: a) thin film at 20000 x mag-
nification, b) thin film at 1000 x magpnification, and c) powder sample.

phology and its EDS spectrum analysis (Figure 3) is compatible
with the structure of the compound. EDS analysis of BTFP
(Figure 4) also corresponds to the structure with 93.72% C,
5.18% N, and 1.1% S. Furthermore, a comparison between the
morphologies of molecular crystals of [60]fullerene, BTPA, and
BTFP is made by using SEM and TEM in Figure 5 and Figure 6,

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. High-resolution SEM images of a) fullerene Cg, b) BTPA, and
c) BTFP at 50000 magnification.

Figure 6. High-resolution TEM images of a) fullerene Cg, b) BTPA, and
) BTFP.

respectively. The SEM and TEM images show the BTFP mor-
phology to be similar to the morphology of a combination of
Ceo and BTPA. These analyses, in a way, also confirm the suc-
cessful synthesis of BTFP.

The UV/Vis spectrum of BTPA (Figure 7) is dominated by the
t—Jt* transition. The spectra of BTFP in dichloromethane and
chloroform are shown in Figure 8 (a and b, respectively), and
are compared to PCBM. Similar to PCBM, the electronic spectra
of BTFP is dominated by the m—m* transitions with strong ab-
sorption in the UV region, which corresponds to the allowed
electronic transition in the fullerene core.

In dichloromethane, the two spectra show analogous ab-
sorptions, except for the rise of a peak (“peak a”) at approxi-
mately 310 nm for BTFP. The situation changes in chloroform,
where BTFP displays a positive solvatochromism with two
structured peaks located at 290 and 307 nm, and a shoulder at
329 nm. The absorptions of BTFP in dichloromethane located
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Figure 7. UV/Vis spectrum of BTPA in dichloromethane. Inset is the visible-
region absorption.

at 256, 310, and 430 nm show typical features characteristic of
a mono-fulleropyrrolidine derivative.!'"

The absorption responses of BTFP and PCBM (as acceptors)
were investigated in thin-film blends with donor materials.
Donors and donor-acceptor blends were investigated in thin
films prepared from chloroform solution. For donors, we em-
ployed F8BT and F8T2. Materials were dissolved in chloroform,
cast onto pre-cleaned glass slides and dried under argon prior
to measurements. For donor-acceptor blends, films were cast
from a 1:1 blend ratio. Film thicknesses ranged from 90 to
130 nm. Figure 8c shows the spectra of the investigated
donors and donor-acceptor blends. The maximum wave-
lengths of absorption of the donor (F8BT and F8T2) and
donor-acceptor blends (F8BT:BTFP, F8BT:PCBM, F8T2:BTFP, and
F8T2:PCBM) are observed in the visible region of the electro-
magnetic spectrum. However, a bathochromic shift is observed
for donor-acceptor blends with BTFP as the acceptor and with
an interesting emerging peak at around 550 nm for both
donors. This peak is not present in the absorption spectra of
F8BT and F8T2, and it is also absent in the blends of
F8BT:PCBM and F8T2:PCBM. This property displayed by BTFP is
capable of enhancing the photophysical properties when
blended with a suitable donor, thereby enhancing PV device
performance.

To investigate the electron-accepting properties of BTFP, the
photoluminescence spectra of donor-acceptor blends were as-
sayed. For donors, we also employed F8BT and F8T2. BTFP was
used as the acceptor and was compared to PCBM. Samples
were prepared as described for the sample preparation for
thin-film absorption measurement.

The photoluminescence responses of F8BT and F8T2 samples
blended with PCBM and BTFP were measured at excitation
wavelengths of 450 and 458 nm for blends based on F8BT and
F8T2, respectively. To compare the degree of photolumines-
cence quenching, the fluorescence spectra of pristine F8BT and
F8T2 films were measured as controls. Photoluminescence
quenching is described by the ratio of the emission intensity

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. a) UV/Vis spectra of BTFP and PCBM in dichloromethane. b) UV/Vis spectra of BTFP and PCBM in chloroform. c) UV/Vis spectra of F8BT, F8T2,
F8BT:BTFP (1:1), F8T2:BTFP (1:1), F8BT:PCBM (1:1), and F8T2:PCBM (1:1) in thin films prepared from chloroform. d) Photoluminescence quenching spectra of
F8BT [donor-acceptor blend ratio (1:1)]. e) Photoluminescence quenching spectra of F8T2 [donor-acceptor blend ratio (1:1)].

of the polymer/fullerene blend normalized over the emission
intensity of the pristine polymer. The photoluminescence
quenching of both acceptors differs, as can be seen in Fig-
ures 8d and 8e (inset). The quenching of donor F8BT and F8T2
blended with PCBM and BTFP acceptors in separate experi-
ments decreased in the order PCBM > BTFP. The reduced
quenching observed for BTFP relative to PCBM can be attribut-
ed to the inability of BTFP to properly mix with the investigat-
ed donors as a result of the solubility challenge of BTFP. In this
situation, the distance between the donor and acceptor inter-
facial layer is likely to increase, thereby increasing the distance
the electrons will have to travel. The ability of the acceptor to
accept released electrons from the donor is, therefore, hin-
dered and, as a result, its quenching potential is not optimum.

The redox behavior of BTFP with that of the parent Cg, and
PCBM was determined by using cyclic voltammetry (CV) under
identical conditions [e.g. V vs. Ag/AgCl, TBAF¢P (0.1 m) as sup-
porting electrolyte, 1,2-DCB/MeCN (4:1) as the solvent,
100 mVs™', and a glassy carbon electrode (GCE) as the working
electrode]. The cyclic voltammograms (Figure 9) show four re-
versible reduction waves (a-d in the range —2.2 to 0V vs. Ag/
AgCl), corresponding to the reduction of the fullerene cage. As
shown in the Table 1, the voltammograms of PCBM and BTFP
show a cathodic shift in all well-defined reduction waves in
comparison to Cg,. Both systems show identical cathodic shifts
for reduction potentials a and b, whereas ¢ showed a slight
difference. The voltammogram showed a comparable first re-
duction wave for PCBM and BTFP with a distinctive difference
in comparison to Cg,. The first reduction wave is indicative of

ChemistryOpen 2017, 6, 354 -359 www.chemistryopen.org

357

C,+ne = C"
- 60 60

s —— TBAF6P
TBAF6PIC60
TBAF6P/PCBM
TBAF6P/BTFP

Bare Electrode [
TBAF6P/C60 L e

TBAF6P/PCBM A a -
-- TBAFBP/BTFP e T

T T T T

-2.0 -1.5 -1.0 -0.5
E 1V vs Ag/AgCI

0.0

Figure 9. CV of Cg, PCBM, and BTFP in TBAF¢P with a GCE at 50 mVs™". Inset
shows the SWV.

Table 1. Cathodic shifts of PCBM and BTFP in relation to reduction po-
tentials of Cg,.

Cathodic shift [V vs. Ag/AgCl] Ees™" LUMO

a b 4 [Vl [eV]
Ceo —0.29 41
PCBM 0.21 0.10 0.15 —0.47 3.93
BTFP 0.22 0.10 0.22 —0.47 3.93

Experimental conditions: TBAF,P (0.1 M) as supporting electrolyte; 1,2-
DCB/MeCN (4:1) as the solvent; 100 mVs™'; GCE as the working
electrode.

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the electron-acceptor strength of the compounds. Cg
(+0.50 V) appeared to be a better electron acceptor than
PCBM (£0.61 V) and BTFP (+£0.62 V), and there is the possibili-
ty of electron transfer with PCBM and BTFP, owing to the
cathodic shifts. The square wave voltammetry (SWV), on the
other hand, revealed five peak potentials for C,, PCBM, and
BTFP [Figure 9 (inset)]. These peak potentials and their relative
cathodic shifts are well defined in the SWV when using Pt as
the working electrode (Figure 10). The SWV better resolved

—— Bare Electrode
fffff TBAF6P/C60

-~ TBAF6P/PCBM
----TBAF6P/BTFP

-1.5 -1.0 -0.5 0.0
E /V vs Ag/AgCI

Figure 10. SWV of PtE, C4, PCBM, and BTFP.

peak d and revealed a new signal, peak i, for Cg,, PCBM, and
BTFP. The onset reduction potentials E,.,>" were estimated at
the potential at which the current response begins to deviate
from the baseline, recording —0.47 for both PCBM and BTFP.
From the E.°", the LUMO energy levels were calculated ac-
cording to the equation —(E,.>" + 4.4) eV."™ The result shows
both PCBM and BTFP to be energetically identical.

Several studies into the electrochemical properties and be-
havior of Cg, with 3- to 6-electron reduction, depending on the
solvent, supporting electrolyte, and temperature of reaction,
have been reported (Table S2). These studies show that the
choice of solvent, supporting electrolyte, temperature, and
other factors have a profound effect on the value of the reduc-
tion potential of fullerenes. Therefore, one should compare the
relative differences in those potentials, rather than evaluate
their absolute values.

In conclusion, a novel organic compound (BTPA) with a nano-
structured morphology was synthesized and applied for the
extremely rapid functionalization of Cg, to obtain a processable
fullerene derivative (BTFP). BTFP showed interesting photo-
physical absorptive properties in solution and thin films. When
blended with the investigated donors, F8BT and F8T2, a batho-
chromic shift coupled with a new peak at longer wavelengths
were observed for the blends compared to blends with PCBM
as the acceptor. This is likely to enhance the PV performance
of a suitable donor. The study, however, revealed PCBM and
BTFP to exhibit about the same first reduction potential in
(0.1 M) TBABF4 supporting electrolyte (—0.61 and —0.62 V vs.
Ag/AgCl, respectively) with a LUMO of 3.93 eV in both cases.
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This makes BTFP energetically PCBM-like. Nonetheless, they
differ in their luminescence properties. Although the solubility
of this material needs to be improved, it shows promise for
electronic applications and may contribute to the develop-
ment of new technologies. Efforts to improve the solubility are
underway and achieving this will make BTFP compete with
PCBM, with advantages of cost and ease of synthesis.

Experimental Section

All starting materials and solvents were purchased from Sigma Al-
drich and used as received. A detailed synthesis procedure is given
in the Supporting Information.
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