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ABSTRACT: We report the synthesis and characterization of
poly(3-decylselenylene vinylene) (P3DSV) homopolymers and
poly(3-decylselenylene vinylene)-co-poly(3-decylthienylene vinyl-
ene) (P3DSV-co-P3DTV) copolymers through acyclic diene meta-
thesis (ADMET) polymerization techniques. The obtained polymers
were fully characterized. P3DSV was found to possess reduced
crystallinity and a smaller bandgap of about 1.6 eV, compared with
those of poly(3-decylthienylene vinylene) (P3DTV) analogs.
P3DSV-co-P3DTV shows electronic properties between those of
the corresponding homopolymers and distinctly different from those
of simple blends of the two homopolymers. Our methodology
provides a new way to control the physical and electronic properties of low bandgap poly(arylene vinylene)s (PAVs).

Conjugated polymers (CPs) have found widespread
applications in solution processed thin film electronic

devices.1 CPs possessing low electronic bandgaps are especially
attractive in optoelectronic devices including organic photo-
voltaics (OPVs).2−4 Among a plethora of examples, low
bandgap poly(thienylene vinylene) (PTV) derivatives have
attracted increasing attention due to high charge mobilities,5

environmental and thermal stability,1 and recently discovered
singlet fission processes.6 Various synthetic methods have been
developed and refined over the years for PTV preparation,
including earlier examples involving Gilch-type reactions and
elimination from soluble polymeric precursors,7−9 McMurry
coupling, and Wittig-type reactions of aldehyde-containing
monomers,10−12 transition metal catalyzed cross-coupling
reactions,13−15 and, more recently, acylic diene metathesis
(ADMET) polymerization of thiophene monomers bearing
double bonds at 2,5-positions.16−21 Applications of these
soluble PTVs have been attempted in OPV devices, but only
low to moderate device efficiencies have been obtained.22−24

Despite morphology controllability issues,25 extremely short
exciton lifetimes in PTVs due to ultrafast nonradiative decay
rates have been ascribed as the main reasons for low OPV
performances.6,26 Thus, in order for PTVs to be more
applicable for OPV and other optoelectronic devices, structural
modifications and subsequent optimization in physical/
electronic properties are necessary.
One such structural modification is to replace the sulfur

atoms in PTVs with selenium, the next heavier element in
group 16, generating poly(selenylene vinylene)s (PSVs). The
larger sizes, enhanced polarizability, and stronger spin−orbit
coupling effects of selenium atoms are expected to result in

significantly different physical/electronic properties over their
su l fu r counte rpar t s . 2 7− 2 9 For ins tance , po ly(3 -
alkylselenophene)s (P3ASs) have been shown to possess
smaller bandgaps and lower ionization potentials than that of
the well-studied poly(3-alkylthiophene)s (P3ATs).30,31 Heeney
et al. and Zade et al. recently reported the preparation of alkyl-
and cycloalkyl-substituted PSV derivatives, respectively,
through palladium-catalyzed Stille coupling reactions.32,33

During their synthesis, an AA + BB type condensation reaction
was applied, which requires strict stoichiometry in order to
achieve high molecular weights. ADMET, on the other hand,
uses a single type of monomer, is compatible with a variety of
functional groups, and provides versatile end-group controll-
ability.34−36 Preparation of PSV derivatives through ADMET
has not been demonstrated.
Furthermore, by partially substituting the sulfur atoms in

PTVs with selenium, copolymers of PTV and PSV are obtained,
which provides additional pathways to further fine-tune the
polymer properties. Such a strategy has been applied in the
synthesis of copolymers of P3AS and P3AT, which displayed
tunable physical and electronic properties.37 To the best of our
knowledge, there have been no examples of such copolymers
involving both PTV and PSV structures.
Herein, we report the synthesis of poly(3-decylselenylene

vinylene) (P3DSV) and its random copolymer with thienylene
vinylene units, poly(3-decylselenylene vinylene)-co-poly(3-
decylthienylene vinylene) (P3DSV-co-P3DTV), through
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ADMET polymerization techniques. P3DSV displays distinctly
different properties from those of P3DTV, which can be further
tuned through copolymerization.
The synthetic methods are summarized in Scheme 1 and

detailed procedures are described in the Supporting Informa-
tion (SI). Preparation of P3DTV (Mn = 21.3 kDa, Đ = 2.1,
SEC) has been reported previously.21

For the synthesis of the Se containing monomer, 3DSV, we
started with selenophene. Tribromination using Br2/HBr led
smoothly to monomer 1 that has been fully characterized by 1H
and 13C NMR spectroscopy as well as GC-MS analysis (Figure
S1). Cross-coupling reaction of 1 with exactly two equivalents
of tri-n-butyl(1-propenyl)tin (mixture of trans and cis isomers)
led to monomer 2. The substitution took place only at the 2
and 5 positions of monomer 1 due to the enhanced reactivity,
which was further proved after the next reaction step−
alkylation at the 3 position through Grignard cross-coupling
reaction leading to monomer 3DSV. GC-MS analysis of 3DSV
proves the presence of several stereoisomers and possible regio-
isomers having exactly the same molecular weight for the
expected structures (Figure S2).38 The 1H NMR spectrum of
3DSV is very similar to those of related 2,5-dipropenylth-
iophene analogs17,21 prepared from 3-alkylthiophene derivatives
(Figure 1). Signals from the CH2 group attached to the
selenophene ring appear at about 2.5 ppm that is typical of alkyl
chains substituted at the 3-position, while chemical shifts from
2- or 5-substituted alkyl chains have been well-documented to
appear at about 2.8−2.9 ppm.39 The absence of any signals in
the 2.8−2.9 ppm region confirms the substitution pattern in
3DSV and selectivity of the cross-coupling reaction leading to
monomer 2. Due to the unsymmetrical nature of 3DSV, there
are four stereoisomers originated from combinations of trans
and cis configurations of the 2- and 5-propenyl groups,
respectively. From NMR integration, these isomers exist in
roughly equal amount, which is not surprising since we started

with a trans/cis mixture of tri-n-butyl(1-propenyl)tin and the
Stille coupling reaction applied has no stereoselectivity. It is
worth noting that the thiophene monomer used for P3DTV
synthesis, cis-3DTV, is a single stereoisomer having exclusively
cis double bonds (Figure 1) and has displayed faster ADMET
polymerization rates over corresponding stereoisomer mixtures.
However, during the synthesis of cis-3DTV, excess of Grignard
reagents were applied, which is less amenable for the synthesis
of 3DSV. We are currently optimizing the reaction conditions
and seeking alternative routes for the preparation of 3DSV
containing exclusively cis double bonds.
ADMET polymerization of 3DSV was conducted in 1,2,4-

trichlorobenzene (TCB) under dynamic vacuum at 90 °C using
Grubbs second generation catalyst (G2, Scheme 1). Under such
conditions, TCB was continuously refluxing, which could
efficiently remove the 2-butene byproducts and drive the
polymerization to high monomer conversions. The reaction
mixture gradually turned from slightly yellow to red, then
purple and eventually blue, indicating evolution of the
conjugation lengths in P3DSV. The polymer was isolated by
precipitation into methanol and purified by Soxhlet extraction
as a black solid (Mn = 14.3 kDa, Đ = 1.8, SEC). The molecular
weight is relatively smaller than that of P3DTV, presumably
due to the presence of trans double bonds that have sluggish
polymerization rates. The NMR spectra of P3DSV are very
similar to those of P3DTV (Figure 1), in which signals are
broad and no splitting patterns can be observed in the 1H
spectrum. These observations are consistent with previous
reports on PTVs obtained through ADMET and indicate
regiorandom nature of the P3DSV structure, different from the
regioregular polymers synthesized from Horner-Emmons and
Stille coupling reactions.12,32 In order to prepare the copolymer
and to avoid large difference in monomer polymerization rates,

Scheme 1. Synthetic Methods

Figure 1. 1H NMR spectra overlay of 3DSV, 3DTV, cis-3DTV,
P3DSV, P3DTV, and P3DSV-co-P3DTV.
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we prepared another 3DTV monomer having similar trans/cis
ratios as those in 3DSV through Stille coupling reaction of 2,5-
dibromo-3-decylthiophene with tri-n-butyl(1-propenyl)tin.21

Kinetics studies of the initial polymerization periods show
comparable polymerization rates for both 3DSV and 3DTV,
which are significantly lower than that of cis-3DTV, as shown in
Figure S3. We thus expect the copolymer to be more likely
random in nature. P3DSV-co-P3DTV was thus synthesized
starting with a mixture of these two monomers in equal molar
ratio (3DSV/3DTV ∼ 10/9 by wt.) leading to a black solid (Mn
= 8.1 kDa, Đ = 1.8, SEC). NMR spectra of the resulting
P3DSV-co-P3DTV show broad overlapping signals with
contributions from 3DSV and 3DTV units, confirming
incorporation of both monomers (Figure 1).
The newly prepared polymers were first characterized by

Raman and infrared (IR) spectroscopy (Figure S4). For better
comparison, data for P3DTV and an equal weight blend of
P3DSV and P3DTV are also included. All polymers and blends
show very similar Raman scattering profiles (Figure S4A). The
three major peaks between 1200 and 1600 cm−1 have been
previously assigned to vinyl C−H bend, ring CC stretch and
vinyl CC stretch (from low to high Raman shifts).25

Noticeably, the three peaks for P3DSV at 1277, 1394, and
1568 cm−1 are red-shifted from the values for P3DTV at 1289,
1402, and 1582 cm−1, indicating more enhanced conjugation
and thus reduced bandgap in P3DSV (vide infra). Expectedly,
P3DSV-co-P3DTV shows peaks at 1284, 1400, and 1576 cm−1,
between those of corresponding homopolymers, respectively.
On the other hand, the blend displays Raman profiles as an
overlap of those of the homopolymers, which is most clearly
seen as the vinyl CC stretch appears as two peaks at 1572
and 1582 cm−1. In the IR spectra (Figure S4B), several modes,
at 792, 1011, 1086, and 1258 cm−1 that most likely originate
from C−H deformations of the selenophene ring,40,41 are
strongly enhanced in P3DSV while depressed in P3DTV.
Similarly, the blend shows a spectrum as superposition from
those of the homopolymers. P3DSV-co-P3DTV, however,
displays a spectrum more resembling that of P3DSV with
depression of peaks at about 550 and 1460 cm−1 that are both
present for the homopolymers.
Differential scanning calorimetry (DSC) experiments were

performed on these polymers and blends, and the results are
summarized in Figure S5. P3DSV and P3DTV show similar
melting points at about 140 °C but different crystallization
temperature at about 120 and 100 °C, respectively, indicating
crystalline nature of these two polymers. The equal weight
blend of P3DSV and P3DTV expectedly shows DSC traces that
are superposition of those of corresponding homopolymers.
However, both melting and crystallization events are sup-
pressed for P3DSV-co-P3DTV, suggesting amorphous nature of
the copolymer.
The impact on polymer electronic properties through Se

substitution is first studied by UV−vis absorption spectroscopy.
In dilute solutions (Figure 2A), both P3DTV and P3DSV
display very similar structured absorption profiles, indicating
collapsed conformation. Compared with P3DTV that has λmax
of 584 nm and absorption onset at 670 nm, λmax and onset of
P3DSV are red-shifted to 617 and 721 nm, respectively,
confirming the bandgap reducing effect of Se incorporation (ca.
1.85 eV for P3DTV and 1.72 eV for P3DSV). On the other
hand, P3DSV-co-P3DTV has an only slightly structured
absorption profile with λmax of 597 nm and onset at 700 nm,
corresponding to a bandgap of about 1.77 eV. Both numbers

are in between those of the P3DTV and P3DSV homopol-
ymers, suggesting an averaging effect on electronic properties
through copolymerization. Such effect is further confirmed by
the absorption profile of the simple blend solution of the two
homopolymers, which display two identical λmaxs with those of
P3DSV and P3DTV. Cyclic voltammetry (CV) was also
performed on solutions of the polymers to estimate the energy
levels as shown in Figure S6 and summarized in Table 1. Quasi-
to nonreversible redox behaviors are observed for all three
polymers tested, from the onsets of which the highest occupied

Figure 2. UV−vis absorption spectra of P3DSV (black), P3DTV
(red), P3DSV-co-P3DTV (blue) and P3DSV/P3DTV blends (50/50,
wt/wt, green): (A) in chlorobenzene solutions (ca. 10−5 M r.p. units)
and (B) as thin films spin-cast from chlorobenzene solutions onto
glass substrates.

Table 1. Electronic Properties of Polymersa

HOMOb LUMOc BGCV
d BGopt

e

P3DSV −4.62 −3.05 1.57 1.72
P3DTV −4.73 −2.92 1.81 1.85
P3DSV-co-P3DTV −4.75 −3.03 1.72 1.77

aAll units in electronvolt (eV). bHighest occupied molecular orbital.
cLowest unoccupied molecular orbital. dBandgap by cyclic voltamme-
try. eOptical bandgap in solution.
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molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels are calculated. Interestingly,
P3DSV-co-P3DTV has a HOMO level similar to that of
P3DTV and a LUMO level close to that of P3DSV. Bandgap of
the copolymer is in between those of the homopolymers,
consistent with optical observations.
Very different trends are observed for the thin films of these

polymers, as shown in Figure 2B. The absorption profiles of
P3DTV and P3DSV are very similar to those reported
earlier,21,32 giving bandgaps of about 1.70 and 1.60 eV,
respectively. The vibronic structures of P3DSV are less
pronounced than those of P3DTV, indicating less efficient
packing of P3DSV chains, presumably caused by the larger sizes
of Se atoms. Surprisingly, the blend no longer shows
superposition from the two homopolymers, and instead, only
a weakly structured absorption profile with a λmax at 607 nm is
observed. P3DSV-co-P3DTV, on the other hand, shows an even
more blue-shifted λmax at 585 nm and an almost structureless
profile. Both the blend and the copolymer have similar
absorption onset at about 760 nm, corresponding to bandgaps
of about 1.63 eV. These observations suggest that both the
blend and the copolymer are disordered in the thin-film state.
In order to study the polymer packing structures in detail,

powder X-ray diffraction (XRD) experiments were performed
and the results are shown in Figure S7. All three polymers
displayed three lamellar (X00) scattering peaks at 2θ values of
about 5.4° for the (100) peak, corresponding to a d-spacing of
about 16.3 Å that is consistent with previous reports and
expected since these polymers all have similar structures and
the same n-decyl side chains.21 The peaks of P3DSV and
P3DSV-co-P3DTV are apparently weaker and broader than
those of P3DTV, proving the less crystalline nature of the Se
containing polymers. Furthermore, weak scattering peaks are
observed at 2θ values of 21.3° for P3DTV and 20.7° for P3DSV
and P3DSV-co-P3DTV, corresponding to d-spacings of 4.16
and 4.29 Å, respectively. Based on previous reports,23,25 we
tentatively assign these peaks from π−π stacking of the polymer
main-chains. The slightly larger π−π stacking distance observed
in Se containing polymers is possibly caused by the larger sizes
of Se atoms than those of S atoms, which induces less efficient
packing of polymer chains and likely explains the reduced
crystallinity in P3DSV and P3DSV-co-P3DTV.
In summary, we have successfully prepared two Se analogs of

PTV through ADMET techniques. Physical and electronic
properties of the resulting polymers can be tuned by the extents
of replacement of S atoms with Se. We are currently studying
the excited state dynamics in these P3DSV and copolymers, as
well as their applications in optoelectronic applications.
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