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Recent progress in organic polymer photovoltaics (OPVs) has
been realized mainly through the development of low band gap
semiconductic donors, morphology control of donor—acceptor
nanophase selparation, charge mobility increment, and device
optimization.  In most of these efforts, PCBM ([6,6]-phenyl C61
butyric acid methyl ester) was used as the electron accepting
material.>* On the contrary, the development of efficient polymer
electron acceptors has not yet attracted the analogous attention.
Working in this direction we have synthesized a new electron
accepting polymeric perfluorophenylquinoline (PSFQ). In order
to create materials of increased electron affinity, the hybrid
SWCNTs-graft-P5SFQ has also been developed. The modification
of polyquinolines* toward lower LUMO values will increase their
electron accepting properties, and moreover their attachment
onto SWCNTSs’ should highly benefit the system’s electron
transport characteristics.

A perfluorophenylvinylphenylquinoline monomer was synthe-
sized via the Friedlander procedure followed by a typical Suzuki
reaction leading to the final vinylic monomer 5FQ (Scheme S1,
Figure S2). Homopolymers PSFQ of this perfluorophenylvinyl-
phenylquinoline were prepared through free radical polymeri-
zation (FRP), presenting excellent solubilities in most common
organic solvents (Scheme 1, Table S1, Figure S3). The same
monomer SFQ was used in atom transfer radical polymerization
(ATRP) employing an initiator based on properly modified
SWCNTs (Scheme S2.° Scheme 1).

In this case, SWCNTs were hydroxy functionalized via the
diazonioum chemistry, reported from Tour et al.,” using 4-ami-
nophenol and isopentyl nitrite (Scheme S2). Based on thermo-
gravimetric analysis, efficient hydroxyl functionalization of the
single wall carbon nanotubes (SWCNT-OH) was obtained
(Figure S4) with a 21% weight of the functionalized nanotubes
corresponding to the attached phenol groups; thus, one func-
tional group was attached onto every 32 carbon atoms. Raman
spectroscopy was used to clarify the covalent attachment of the
phenol groups (Figure S5). The ratio Ip/Ig" of the pristine
SWCNTs and SWCNT-OH sample (Table S2) shows that the
intensity of the D-band increases considerably upon functiona-
lization (Figure S5a). In the second step, the SWCNT-OH was
esterified with 2-chloropropionyl chloride in order to create
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ATRP initiator sites on the nanotubes surface (SWCNT-Init)
(Scheme S2). TG analysis showed an additional weight loss of
10% corresponding to the 2-chloropropionyl group attached
with an ester bond on the SWCNT-OH phenols (Figure S4).
Employing ATRP conditions,® we successfully polymerized
monomer 5FQ onto the SWCNT surface affording SWCNT-g-
PSFQ polymer—nanotube hybrid materials (Scheme 1). The
degree of the polymerization was estimated from TG analysis
of the polymer functionalized carbon nanotubes (Figure S4)
showing an 18% additional weight loss compared to the SW-
CNT-Init. For better qualification of the polymerization the
Raman spectrum collected for the SWCNT-g-P5SFQ sample is
included in Figure S5. The hydroxyl functionalized and polymer
modified tubes exhibit almost similar intensity ratio Ip/Ig"
(Table S1). This indicates that the polymerization of the SFQ
monomer takes place solely from the surface-derived initiators on
SWCNTs. In other words, it seems that the number of grafted
sites on the nanotubes remains constant during polymerization,
justifying the “grafting from” strategy employed in the present
study. The UV —vis characterization of the homopolymer PSFQ
(Figure S7) revealed upon protonation with formic acid a red
shift and quenching of the PL intensity due to excimer formation
of the quinoline units. In addition to our previous reported
work,® the immobilization of the quinoline oligomers onto the
carbon nanotube surface makes them unable to create excimers
even though they are protonated, and thus there is no quenching
of their photoluminescence. The photoluminescence examination
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Figure 1. Differential pulse voltammograms (reduction runs) obtained
in TBAPFg 0.1 M in DMF of (a) quinoline polymer PSFQ and (b)
hybrid material SWCNT-g-P5FQ. (¢) UPS spectra.

Scheme 1. Synthetic Routes to Homopolymers PSFQ and Hybrid
SWCNT-g-P5FQ Materials
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Table 1. Electronic Properties of the Monomer, Polymer, and Hybrid Perfluorophenylquinolines

Eired (V) Esgea (V) Essea (V) Eg(opt-sol) eV)  E, (opt-film) (€V) HOMO (UPS) (£0.1¢V) LUMO (CV) (eV)
5FQ -1.52 -2.08 -2.32 3.3 32 62 327
P5FQ ~115 —2.08 -233 32 3.1 6 3.65
SWCNT-g-PSFQ  —0.68 ~1.34 53

of SWCNT-g-PSFQ in DMF and in formic acid (Figure S8)
produced spectra, with the same intensity and with no red shift
for the protonated sample.

Electrochemistry conducted on the newly synthesized materials
showed three redox processes for the monomer SFQ (Figure S9)
at E1/2 =—-1.52V, E1/2 = =208V, and El,"2 = —232Vyvs Ag/
AgNOs;. This data reveals an electron affinity for the monomer
SFQ around 3.27 eV, in good accordance with the data obtained
by the UPS experiments. It is also worth noting that it is one of the
lowest lying LUMO reported for a nonconjugated quinoline
molecule. In Figure 1a,b the DPV reduction runs of polymer
PSFQ and hybrid material SWCNT-g-P5SFQ are presented. In
Figure 1a the polymer PSFQ exhibits a main reduction process at
—1.15 V anodically shifted by ~350 mV compared to monomer
SFQ yielding a LUMO of 3.65 eV.

This LUMO value is considerably lower than the one at 2.5 eV
obtained for the unsubstituted polyquinolines reported previ-
ously.” Two weaker peaks are also present at —2.08 and —2.33 V.
Both of these peaks present a negligible anodic shift compared to
the monomers DPV in Figure S9. In Figure 1b material SWCNT-
g-P5FQ is examined where two main reduction peaks are easily
observable: one at —1.34 V attributed to the PSFQ polymer and a
broad weak signal, characteristic of SWCNTs, at —0.68 V. The
peak at —1.34 V is cathodically shifted compared to the pristine
PSFQ polymer by almost 200 mV, suggesting that electronic
interactions are taking place between the quinoline and the
SWCNT. Figure 1c shows the UPS-derived valence band spectra
from the four samples, i.e., the pristine SWCNTSs, the polymer
modified SWCNT-g-PSFQ, the homopolymer P5FQ, and the
monomer SFQ. The prominent features at the valence band
spectrum of the SWCNT originate from the 3-fold coordination
of the C atoms. These are the 2p—m band near 3 eV (sp’
hybridization), the 2p—o states near 5.5 and 8.0 eV, and the
mixed 2s—2p hybridized states at 12 eV.'” In the case of the
homopolymer PSFQ and the monomer SFQ the density of states
near the Fermi level is dramatically reduced while the main
feature in their spectra is the wide band at 8.3 eV (carbon 2p—o
states). Finally, at the hybrid material SWCNT-g-P5SFQ, the peak
originating from the carbon nanotubes 2p—o (originally at
5.5 ¢eV) has a 0.5 eV red shift while the intensity of the 27—p
band at 3 eV has been suppressed due to the interaction between
the nanotubes and the homopolymer. Summarized data of DPV
and UPS experiments are given in Table 1.

The obtained LUMO value for the PSFQ polymer is well
comparable to or even better than the best so far reported
polymeric or small molecule electron acceptors.' ! The presence
of the SWCNTs on the electron acceptor phase could signifi-
cantly contribute to the efficient transport of the separated
electrons to the respective electrode. Another key advantage of
this approach is that it is based on an electron accepting vinylic
monomer which can be incorporated in more complex polymeric
architectures like rod—coil block copolymers or polymeric
brushes having characteristics of both electron acceptor and
donor. It also can be combined with well-known electron acceptor

nanomaterials like [60]fullerene derivatives in a hybrid-polymeric
architecture. Work in this direction is currently in progress.
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