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ABSTRACT: Two novel polynorbornendsl and12 functionalized with electronically active conjugated oligomer

units in the side chain were synthesized by the ring-opening metathesis polymerization (ROMP) method. Both
polymers showed good optical characteristics, thermal stability, film-forming properties, and interesting
electrochemical properties. The photophysical and redox behavidrs afid 12 are markedly different due to
variation in the structure of the pendant oligomers. PolymEtmwith phenyl end-capped oligothiophene co-
oligomer in the side chain showed much higher stability toward electrochemical oxidationlzhaith a
sexithiophene in the side chain. This was demonstrated by in-situ study of the changes in absorption spectra of
the polymer films while varying the potential in electrochemical experiments. During the p-doping process, polymer
11 exhibited highly reversible changes in its absorption peaks when monitored at 430 and 650 nm, and the
p-doping/dedoping processes can be repeated many cycles. In sharp contrast, d@ymaer shown to be
electrochemically unstable under the same conditions. Single-layer photovoltaic cells have been fabricated with
11 or 12 as the active organic layer, and their relative performances were compared. These single-layer devices
showed relatively large open-circuit voltage and moderate short-circuit current. In addition, the solar cell fabricated
from 11 showed better device stability under ambient conditions than thatI&nvhich can be attributed to the

higher stability of phenyl end-capped oligothiophene co-oligomer compared to that of the sexithiophene.

Introduction properties of the specific oligomer with the desirable properties
of polymer such as mechanical strength and film-forming
roperties, and this approach is desirable for practical device
application. A few reporfs10 have showed that oligothiophenes
gean be attached to polymers as side chains, and the resulting
materials exhibited electrical conductivity in the range of
semiconductors and have potential applications in electrochromic
devices. Polymers containimgconjugated oligomers in the side
chain are therefore of particular interest because of the wide
variety of oligomers available, processability, supramolecular
self-assembly properties attainable by the appropriate choice
of side group, and potential applications in electronic deiées.
We have recently reported a new polynorbornene system with

photochemically and/or thermally induced oxidation processes, phe_n%l end-capped oligothiophene Co-oligor_ner unit in thg s_ide
resulting in fast degradation, decreased device efficiency, andCha'n' The polymer showed good photophysical characteristics,

shortened lifetime for these organic devices. One way to avoid thermal stability, and film-fprming properties. More importantly,
these undesirable effects is to lower the HOMO level of the 2 smgle-layer photovoltaic cell _fab_ncated from this polymer
semiconducting materials in order to prevent them from sho(;/vedt relﬁltnr/tely Ia_rtge opsn-clr%u;t \g)/lta%voe j 0.7 I\I/),t
undergoing photoinduced or thermally induced oxidation reac- moderate short-circuit current¢ = 0.7 A/CnT), and excellen

tions, thereby improving their environmental stability. A number ?heVI(;:et S.ﬁaz'“ty ltjr?de.r a;nt\l?\;enttcor:dltlﬁns. ?Nte dherelln report.ttar(]d
of materials designs have been explored to test this hypothesis € detailed synthesis ot two structurally retated polymers wi

including reduction of effective conjugation length ofcon- their structures optimized by elongating the spacer length
jugated polymers in order to inhibit electronic delocalization between the po[ymer bac_kbone and the co-oligomer unit. These
along backbong,incorporation of electron-withdrawing sub- two polymers differ only in the structure of the corresponding

stituents to poly’/meré and more recently end-capping the oligothiophene units in the side chains (one with while the other
terminala,w-positions of oligothiophenes with chemically and without phenyl end-capping groups). The optical, electrochemi-

electrochemically stable substituePit. A more recent approach cal, and photovoltaic properties of these polymer systems have

involves using polymers with stable backbone by incorporation bee_n investigated, and _the|r differences In perfor_rr_lance are
of environmentally stable conjugated oligomers in the side mainly caused by the higher electrochemical stability of the

chain® The incorporation of electronically active conjugated polymer with end-capping phenyl substituent.
oligomers into polymer structures essentially combines the

Thiophene-based-conjugated oligomers and polymers have
been the subject of intense study in the past two decades du
to their potential applications in many fields such as field effect
transistors, photovoltaic cells, charge-transporting materials, an
nonlinear optical materiafs? High-performance electron- or
hole-transporting materials that exhibit relatively high charge
carrier mobilities have been identified. One current challenge
facing organic semiconducting materials in practical applications
is their stability issues under ambient conditions. Since most
of the p-channel organic semiconductors have relatively high-
lying highest-occupied molecular orbital (HOMO) level and
small band gaps, they tend to be particularly labile toward

Results and Discussion

: 4 Synthesis of Monomers and PolymersThe synthesis of
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Scheme 1. Synthesis of Bithiophene 4
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Scheme 2. Synthesis of Monomers 7 and 10
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Scheme 3. Ring-Opening Metathesis Polymerization of
Monomers 7 and 10
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starting from 3-(5-bromopentyl)thiophene by known methods
including displacement of bromide with anion of oxazoline,

regioselective brominatioH, and a palladium-catalyzed Stille
cross-coupling? The intermediatel was subject to additional

Stille coupling with 2-(tributylstannyl)-5-phenylthiophene or

Homopolymers Functionalized with Oligothiophene$817

5-(tributylstannyl)-2,2bithiophene to afforcb and 8 in 76%
and 82% vyield, respectively. Treatment of a suspensidnaf

8 in THF with 3 M hydrochloric acid gave the corresponding
acid 6 or 9. The reaction of acid or 9 with 5-norbornene-
endae2,3-dimethanol in the presence NfN-diisopropylcarbo-
diimide (DIPC) andp-(dimethylamino)pyridiniump-toluene-
sulfonate (DPTS) afforded the monomeétsand 10 in good
yields.

The two monomers7(or 10) were separately polymerized
by using the ring-opening metathesis polymerization (ROMP)
method, as shown in Scheme 3. The polymerization was
performed with commercially available bis(tricyclohexylphos-
phine)benzylidine ruthenium(lV) dichloride (first generation
Grubbs’ catalyst) as initiator in dry G&l, under nitrogert?

The polymerization was allowed to run for 22 h under reflux,
during which time the precipitate appeared, and then terminated
by quenching with excess ethyl vinyl ether. The polymers were
readily obtained in pure form by filtration of the precipitate
followed by washing with CHCI, for the removal of catalyst
and any unreacted monomers. The molecular weights of the
polymers were determined by gel permeation chromatography
(GPC), using THF as the eluent and polystyrene as the standard.
The molecular weight\,,) was determined to be 14 900, and
polydispersity was 1.21 for polyméil. The correspondiniyl,,

and PDI values for polymerl2 were 32700 and 1.23,
respectively.

Thermal Properties. The thermal properties of polymet&
and12were evaluated by means of thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) under a
nitrogen atmosphere, and the results are summarized in Table
1. It is apparent that both polymers exhibited excellent thermal
stability as the decomposition temperature for 5% weight loss
were found to be 386 and 38& for 11 and 12, respectively.

The glass transition temperaturélg)(were determined to be
83.1 and 71.7C for 11 and 12, respectively.

Optical Properties. The UV—vis absorption and emission
spectra of various monomers and polymers-glichlorobenzene
and as thin films were recorded at room temperature and are
shown in Figures land 2. In the present polymer systems, a
flexible alkyl spacer has been introduced to separate each of
the side-chain oligothiophene unit from the polynorbornene
backbone. In good agreement with what we have observed
previously for the absorption behavior of a structurally related
systent the absorption maximumigay) of polymer11l (421
nm) is only slightly blue-shifted in comparison with that of
monomer7 (426 nm), while thelmax for polymer12 (432 nm)
remains virtually unchanged when compared to monoh@er
(432 nm). On the other hand, the emission maxima for both
polymers are significantly red-shifted compared with their
respective monomers. The emission maxima of polyhi¢b58,

592 nm) are bathochromically shifted by51 nm, and its
emission bands retain part of the structured features when
compared to those of monomeér517, 541 nm). Thé max for

the emission of polymef2 is centered at 586 nm, and the
emission band has become somewhat broadened and structure-
less, in contrast to those of monontd which are located at

525 and 559 nm together with a more well-defined structure.

Figure 2 compares the UWis absorption and emission
spectra of polymerd1 and12 in solutions and as thin films,
which were prepared by spin-coating onto glass slides from
o-dichlorobenzene. The absorption maximaldf and 12 in
solution are at around 421 and 432 nm, respectively, while their
thin films are bathochromically shifted to 432 and 441 nm,
respectively. It is noteworthy that the absorption spectra of these
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Table 1. Selected Properties of Polymers 11 and 12

Tdb Tg E;° (V VS E° (V Vs solutiorf! film
polymer M2 PDI (°C) (°C) Fc/Fch) Fc/Fch) Amax(nm) Aem(Nm) Amax(nm) Aem(nm)
11 1.5x 10 121 386 83.1 0.87 0.49 421 558, 592 432 560, 595
12 3.3x 10* 1.23 388 71.7 432 586 441 587

aWeight-averaged molecular weightDecomposition temperature based on 5% weight lob&easured in acetonitrile containing 0.01 M BIPFs. A
Pt electrode coated with a thin polymer film was used as the working electdtasured ino-dichlorobenzene.
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Figure 2. (a) Normalized UV-vis absorption of polymers irmo-
dichlorobenzene and as thin films. (b) Normalized emission spectra of
polymers ino-dichlorobenzene and as thin films.

was used as the counter electrode, and Ag/AgiN@s used as
the reference electrode. All reported potentials are calibrated
against the ferrocene/ferrocenium (FcfFcouple, which was

thin films have been well extended into the neighborhood of \,5eq a5 the internal standard. The resulting cyclic voltammo-
700 nm (Figure 2a), suggesting an enhanced absorption ef-ga0¢ showing four consecutive scan cycles are outlined in

ficiency of these solid films in the long-wavelength region. On

the other hand, the emission maxima of polymer thin films are
not much different from those in solutions (Table 1), except
that the emission bands in the solid state tend to be extensivel
broadened (Figure 2b). The red-shifting and band-broadening

effect are presumably the result of slightly increasedsx

stacking interactions in the solid state, a phenomenon commonly

observed in conjugated polymers.

Electrochemical Properties.The redox properties of poly-
merslland12were investigated by cyclic voltammetric (CV)

Figure 3 for each polymer. In both cases, the electrochemical
responses of the oligothiophene-functionalized polymers became
stabilized immediately after the initial cycle. Beginning from

ythe second scan cycle, the voltammograms remained more or

less unchanged for both polymers. The redox behaviofslof
and12 are vastly different due to different end-group substitution
on the pendant oligomer unit. PolymEt clearly displayed two
guasi-reversible oxidation processes with half-wave potentials
at about 0.49 and 0.87 V (Figure 3a). In contrast, polyffer

experiments, which were performed in acetonitrile containing showed one significant anodic pedk4) at 0.83 V during the
Bu,NPF; as supporting electrolyte at a scan rate of 100 mV/s initial anodic scan (Figure 3b), suggesting that a major oxidative
at room temperature. A platinum electrode coated with a thin process may be responsible. Upon reversal to cathodic direction,
polymer film was used as the working electrode. A gold disk a reduction peakHo) could be observed at ca. 0.32 V, which
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Figure 3. Cyclic voltammograms of polymer films of (d)1 and (b)
12 coated on platinum plate working electrodes performed in acetonitrile
containing BuNPFs (0.01 M) as supporting electrolyte at room 0.0+
temperature, with a scan rate 100 mV/s. Potentials are versus the
i T T T T T T T T T 1
ferrocene/ferrocenium (Fc/FEcouple. 300 400 500 600 700 800
can be attributed to the reduction of cross-linked polymer Wavelength (nm)
resulting from electrochemical polymerization of the sexithiophene 05 |
side chain present ih2.1415 Upon a second scan cycle, a new polymer 12
oxidation process occurred at0.55 V (Epy), Which can be 0.4

attributed to the oxidation of a newly in-situ formed cross-linked
conjugated polythiophene backbone within polyri@r Scan-
ning in the reverse direction led to a cathodic process with a = 03 a
response identical to that observed in the initial scan. Upon
repeated cycling up to the fourth cycle, no further change in :
electrochemical response could be observed. These observation
strongly indicate that oxidative coupling among the electron-
rich oligothiophene units ih2 has taken place, and this process 0.1
was essentially completed after the initial oxidative cycle.
Tentatively, we believe the various cyclic voltammograms

ption (a

0.2 1

SO

Ab

obtained upon repeated cycling as shown in Figure 3b all 07

correspond to the same cross-linked polymeric structure derived

from 12. It is apparent that polymérl end-capped with phenyl 01 T T T T T T T T T 1
susbstituents at the terminal positions of the oligothiophene has 300 400 500 600 700 800
prevented such an undesirable oxidative polymerization from Wavelength (nm)

taking place and is therefore electrochemically more stable thanFigure 5. Spectroelectrochemical spectra for polyniérand12 as a
polymer 12 without such phenyl protecting groups in the function of applied voltage in C}N: (a) 0, (b) 0.7, (c) 0.8, and (d)
terminal positions of the oligothiophene unit. 09 V.

This interesting contrast in redox behavior has been further swept linearly betweer-0.2 and 1.5 V (measured half-wave
investigated by in-situ monitoring of UVvis absorption spectral  potential for Fc/F¢ = 0.112 V) at a scan rate of 100 mV/s, the
changes while controlling the electrochemical potential applied absorption intensity monitored at 430 nm (black line, top graph
to the polymer film cast on indiumtin oxide (ITO)-coated glass  in Figure 4) for polymerll was observed to decrease as the
(Figure 4). As the potential applied to the polymer films was applied potential became more anodic (frend.2 to 1.5 V)
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. . _ Figure 7. Current densityvoltage characteristics of solar cells
Figure 6. Current densityvoltage characteristics of solar cells o pu-2iad from polymers (a)1 and (b)12 in the dark and under
fabricated from polymers (a}1 and (b)12 in the dark and under iy mination (50 mwWi/crd) measured at 5 min intervals.

illumination (50 mw/cnd).

During the oxidative process, the coated film on the ITO glass
until it reached a minimum value before returning to the Original electrode also Changed from ye”ow to deep green, indicating
level as the potential became more cathodic (from 1.5@@2 the formation of a p-doped state in the electroactive oligo-
V). When the absorbance at 430 nm has reached a localthjophene backbone.
minimum, the corresponding intensity monitored at 650 nm has  photovoltaic Properties. Single-layer photovoltaic devices
registered a local maximum peak (red line, top graph in Figure with a thin layer of polymerl1 or 12 sandwiched between
4). The rise of the absorption peak at 650 nm may be attributed jndium—tin oxide and thermally evaporated aluminum film (50
to absorption by the p-doped state of the oligothiophene side nm) have been fabricated. Figure 6 shows the current density
chain, and this process was more or less reversible. Thisyoltage characteristics of the Al/polymer/PEDOT:PSS/ITO
reversible doping/dedoping process was accompanied by agdevices in the dark and under illumination (50 mwW#Am
change in the color of coated film on the ITO glass electrode pevices constructed from both polymers clearly show a rectify-
between yellow (undoped state) and deep green (doped state)ing behavior and exhibit significant photovoltaic effects under
Further electrochemical cycling betwee0.2 and 1.5 Vresulted jjlumination. Our measurements indicate that these photovoltaic
in essentially the same spectral behavior for absorption moni- devices have relatively large open-circuit voltayg.(= 0.46
tored at these two wavelengths for up to eight cycles, which v for 11 and 0.43 V forl2) and moderate short-circuit current
suggests that the p-doping/dedoping process is fairly reversible(j,. = 0.80 uA/cm? for 11 and 0.78uAlcm? for 12). It is
for film of polymer 11 In sharp contrast, the absorption intensity recognized that these single-layer polymeric solar cells still
for polymer 12 monitored at 430 and 650 nm (bottom graph, suffer from poor power conversion efficiency due to inefficient
Figure 4) decreased quickly just after one swept cycle, and thereexciton dissociation, charge separation, and collection. Never-
were little changes in intensity thereafter, indicating there was theless, we observed that solar cells fabricated from polymer
a loss in redox activity from the sexithiophene unit as a result 11 consistently exhibited better device stability than that from
of the initial anodic scan. This observation corroborates the 12 under ambient conditions (Figure 7). This point is best
redox behavior for this polymer, as depicted in Figure 3b. jllustrated by repeated measurements of their device performance

The spectroelectrochemical spectra of thin films of polymers at 5 min intervals under operating conditions, and one notices
11and12in CH3CN are also given in Figure 5. The polymer- that the currentvoltage behavior of polymerdl quickly
coated ITO glass electrode was used as the working electrode stabilized { = 5, 10, 15 min) after the initial illuminatiort &

Pt as the counter electrode, and Ag/AgiNés the reference 0 min). In sharp contrast, a device fabricated from polydfer
electrode. As has been observed in other electrochromicshowed a much faster and continuous decay in performance
polymers!® as the voltage applied to the thin films of the upon repeated measurements, and the lifetime is comparatively
polymers increased, the absorption band at8ID nm region shorter compared to polyméd. The rather drastic difference
decreased gradually.fax 432 nm forlland 441 nm forl2) in photovoltaic device stability together with redox behaviors
while a broad absorption band in the visible region increased suggests that it is highly desirable to prepare oligothiophene-
continuously (556-800 nm for11 and 606-800 nm for12). based materials with stable end-capping units (such as phenyl
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films were conducted on a Shimadzu UV-2401 PC -Uks
spectrophotometer and on a Fluorolog-3 spectrofluorometer, re-
spectively.

3-(6-(4,4-Dimethyloxazolin-2-yl)hexyl)thiophene (1).To a

. solution of 2,4,4-trimethyl-2-oxazoline (3.12 g, 27.6 mmol) in 100
Two structurally related new polymedsl and 12 function- mL of THF at —78 °C was added 11.1 mL ai-BuLi (2.5 M in

alized with conjugated oligomers in the side chain were hexanes, 27.75 mmol) under,NAfter 1 h at —78 °C, a THF
synthesized by the ROMP method. These polymers showedsojution of 3-(5-bromopentyl)thiophene (6.3 g, 27 mmol) was added
interesting optical and electrochemical properties derived from over 30 min. The reaction mixture was warmed to room temperature
the side-chain-appended oligomers as well as excellent thermaklowly and stirred overnight. The reaction was quenched with water
stability and film forming properties afforded by the polynor- and was concentrated to 1/3 of the original volume. Ether was
bornene backbone. The photophysical and redox behaviors ofadded, and the organic phase was washed with water and dried

group) at the terminal positions (as in polymd) for achieving
good environmental stability and improved device lifetime.

Conclusion

11 and12 are markedly different due to the different nature of

the end-group substituent on the pendant oligomers. Polymer

11 with phenyl end-capped oligothiophene co-oligomer in the
side chain is significantly more stable toward electrochemical
oxidation compared t@2 with sexithiophene in the side chain.
In-situ monitoring of the characteristic Uwis absorption

over NaSO,. The crude product was purified by flash chromatog-
raphy (silica gel) to afford 5.40 g (75%) &f 'H NMR (400 MHz,
CDCly): 6 7.23-7.21 (m, 1H), 6.926.90 (m, 2H), 3.89 (s, 2H),
2.62 (t, 2H), 2.24 (t, 2H), 1.641.60 (m, 4H), 1.38-1.35 (m, 4H),

1.26 (s, 6H).13C NMR (100 MHz, CDC}): 6 165.91, 142.91,
128.14, 124.98, 119.73, 78.77, 66.74, 30.29, 30.08, 28.84, 28.79,
28.37, 28.03, 25.89. HRMS (ESI) calcd forsH,3NOS: 265.1500.

spectral changes as a function of applied electrochemical Found: 266.1577 [Mt+ H]*.

potential on polymer film unequivocally demonstrated the
advantage of incorporating chemically and environmentally
stable end groups on the oligothiophene unit. Polyrh&r

showed a fairly reversible p-doping/dedoping process as moni-

tored at 430 and 650 nm, while polym#&2 hardly exhibited
any reversible behavior. Single-layer photovoltaic devices with
11 or 12 as the active organic layer have been fabricated and
investigated. Although both devices provided relatively large
open-circuit voltage and moderate short-circuit current perfor-
mance, the one fabricated froiri showed definitively better
device stability than that from2. Tentatively, we attributed
this difference in performance to the robust nature of phenyl
end-capped oligothiophene co-oligomer relative to that of
sexithiophene in the side chain of each polymer. Future work
will focus on the improvement of power conversion efficiency
and device stability for these polymers through introduction of
a new electron acceptor to form a heterojunction with larger
surface area and to provide continuous conduction channels fo
more efficient charge separation and transport.

Experimental Section

General. All chemicals were purchased from Aldrich Chemical
Co. unless otherwise specified. AnhydrduigN-dimethylformamide
(DMF), chloroform, and acetic acid were used as received without
further purification. Tetrahydrofuran (THF), dichloromethane, and
diethyl ether were dried and distillated immediately prior to use.
2-(Tributylstannyl)thiophen#, 3-(tributylstannyl)thiophen&, 3-(5-
bromopentyl)thiophent,and 4-(dimethylamino)pyridinium-4-tolu-
enesulfonate (DPTS) were prepared according to literature
procedures. 2-(Tributylstannyl)-5-phenylthiophene and 5-(tributyl-
stannyl)-2,2-bithiophene were prepared by following essentially
the same procedure as that for 2-(tributylstannyl)thiophene.

IH NMR and 3C NMR spectra were recorded on a Beu
Avance 400 FT-NMR spectrometer operating at 400 and 100 MHz,
respectively. Deuterated chloroform agigo-dichlorobenzene were
used as the solvents. Weight-averaged molecular welghx énd
number-averaged molecular weigv) were determined by gel

r

2-Bromo-3-(6-(4,4-dimethyloxazolin-2-yl)hexyl)thiophene (2).
To a solution ofl (2.5 g, 9.43 mmol) in 45 mL of a mixture of
CHCIy/AcOH was added\-bromosuccinimide (NBS) (1.93 g, 10.8
mmol) in small portions at room temperature, and the resulting
mixture was stirred for 12 h. The reaction mixture was poured into
water and extracted with ether. The combined organic layers were
washed with saturated NaHGMNaS,03, and water and dried over
anhydrous Ng50O,. The solvent was removed in vacuo to afford
3.00 g (93%) of2, which was pure enough for the next stéH.
NMR (400 MHz, CDC}): 6 7.17 (d, 1H), 6.77 (d, 1H), 3.89 (s,
2H), 2.55 (t, 2H), 2.24 (t, 2H), 1.621.57 (m, 4H), 1.371.34 (m,
4H), 1.26 (s, 6H). LRMS (APCI) calcd for GsH,BrNOS: 345.06.
Found: 346.0 [M+ H]*.

3-(6-(4,4-Dimethyloxazolin-2-yl)hexyl)-2,2bithiophene (3).
2-(Tributylstannyl)thiophene (5.06 g, 13.5 mmol) was added to a
solution of 2 (3.28 g, 9.50 mmol) in anhydrous DMF, and the
resulting mixture was purged with,Nor 30 min. A mixture of
Pd(PPB).Cl, (200 mg, 0.28 mmol) and PR(149 mg, 0.56 mmol)
was then added, and the reaction mixture was heated t@00
overnight. Excess DMF was removed under high vacuum, and to
the residue in ethyl acetate was added 10% aqueous KF. The
mixture was filtered through a pad of Celite. The filtrate was dried
over NaSQ, and filtered, and the solvent was removed in vacuo.
The crude product was purified by flash chromatography (silica
gel) to afford 2.35 g (71%) 08. *H NMR (400 MHz, CDC}): ¢
7.30 (dd, 1H), 7.16 (d, 1H), 7.10 (dd, 1H), 7.05 (dd, 1H), 6.91 (d,
1H), 3.89 (s, 2H), 2.73 (t, 2H), 2.23 (t, 2H), 162.59 (m, 4H),
1.37-1.34 (m, 4H), 1.26 (s, 6H}3C NMR (100 MHz, CDC}): 6
165.95, 139.41, 136.10, 130.49, 129.79, 127.27, 125.95, 125.25,
123.70, 78.82, 66.79, 30.49, 29.02, 28.94, 28.89, 28.40, 28.07,
25.91. HRMS (ESI) calcd for gH.sNOS,: 347.1378. Found:
348.1446 [M+ H]*.

3-(6-(4,4-Dimethyloxazolin-2-yl)hexyl)-5,5dibromo-2,2'-
bithiophene (4). NBS (1.118 g, 6.28 mmol) was added, in small
portions, to a solution 08 (1.019 g, 2.94 mmol) in DMF at €C.
The mixture was stirred atT for 4 h and then at room temperature
for 12 h. The mixture was poured into water and extracted with
CH.Cl,. The combined organic layers were washed with saturated
NaHCQ; and water and dried over anhydrous,8@. The solvent

permeation chromatography (GPC) using Waters Styragel HM3 andwas removed in vacuo, and the crude product was purified by flash
HR4 GPC columns connected in series using polystyrene as thechromatography (silica gel) to afford 1.02 g (68%)4ofH NMR
standard and THF as the eluent. Thermogravimetric analysis (TGA) (400 MHz, CDC}): 6 7.00 (d, 1H), 6.87 (s, 1H), 6.78 (d, 1H),

was performed on a TA Instruments (TGA 2050 thermogravimetric
analyzer) module at a heating rate ofXDmin~! under a nitrogen

3.88 (s, 2H), 2.62 (t, 2H), 2.22 (t, 2H), 1.63.56 (m, 4H), 1.36-
1.32 (m, 4H), 1.26 (s, 6H). LRMS (APC) calcd for GgH23Bro-

atmosphere. Differential scanning calorimetry (DSC) was conducted NOS,: 504.96. Found: 505.9 [M- H]*.

on a DSC 2920 modulated instrument at a heating rate GiCLO

3-(6-(4,4-Dimethyloxazolin-2-yl)hexyl)-5,5"" -diphenyl-

min~1 under a nitrogen atmosphere. The temperature regime was2,2;5,2";5',2"'-quaterthiophene (5).A solution of4 (1.00 g, 1.98

from room temperature to 50@. Polymer solution was prepared
in o-dichlorobenzene, and polymer thin film was deposited onto

mmol) and 2-(tributylstannyl)-5-phenylthiophene (2.22 g, 4.95
mmol) in anhydrous DMF was purged with,Nor 30 min. A

glass plates by the spin-coating method. The absorption andmixture of Pd(PP§).Cl, (70 mg, 0.10 mmol) and PRI{52 mg,
fluorescence spectral measurements of polymer solutions and thin0.20 mmol) was then added. The resulting mixture was heated to
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100 °C overnight, cooled to room temperature, and filtered. The 2.37 (t, 2H), 1.79-1.65 (m, 4H), 1.43-1.42 (m, 4H). LRMS (APCI)

solvent was removed under high vacuum, and ether was added tocalcd for GiH260,Ss: 622.0. Found: 623.0 [M+ H] .

the residue. The slurry was stirred for 30 min and filtered, and the 5-Norbornene-endo2,3-bis(methylene(2,25,2";5',2";5"", 2"

solid was washed with ether. The solid was subsequently purified 5 2"""_sexithiophene)-3-heptanoate) (10 mixture of 9 (647

by flash chromatography (silica gel) to afford 1.00 g (76%pof ~ mg, 1.04 mmol), 5-norbornerendoe2,3-dimethanol (80 mg, 0.52

'H NMR (400 MHz, CDC}): ¢ 7.63-7.60 (m, 4H), 7.4%+-7.38 mmol), DPTS (810 mg, 2.6 mmol), and DIPC (327 mg, 2.6 mmol)

(m, 4H), 7.3%7.27 (m, 2H), 7.257.23 (m, 2H), 7.1#7.14 (m, in CH,Cl, were refluxed overnight. The solvent was removed in

3H), 7.06 (d, 1H), 7.04 (s, 1H), 3.89 (s, 2H), 2.78 (t, 2H), 2.26 vacuo, and the residual solid was purified by flash chromatography

(t, 2H), 1.72-1.64 (m, 4H), 1.44-1.41 (m, 4H), 1.26 (s, 6H)C (silica gel) to afford 600 mg (85%) of0. *H NMR (400 MHz,

NMR (100 MHz, CDC}): 6 165.91, 143.25, 143.17, 140.30, CDCh): ¢ 7.22-7.20 (m, 4H), 7.177.16 (m, 4H), 7.10 (d, 2H),

137.07, 136.34, 136.29, 135.20, 134.75, 133.97, 129.40, 128.90,7.07—7.03 (m, 8H), 7.02-7.00 (m, 6H), 6.89 (s, 2H), 6.13 (s, 2H),

127.58, 126.46, 126.37, 125.56, 124.52, 123.87, 123.78, 78.82,3.90-3.85 (m, 2H), 3.78-3.73 (M, 2H), 2.87 (s, 2H), 2.75 (t, 4H),

66.80, 30.26, 29.37, 29.10, 28.93, 28.41, 28.10, 25.94. HRMS (ESI) 2.50 (m, 2H), 2.30 (t, 4H), 1.691.60 (m, 8H), 1.42-1.28 (m, 10H).

calcd for GoH3/NOS;: 663.1758. Found: 664.1831 [M- H]™ . 13C NMR (100 MHz, CDC}): ¢ 173.49, 140.23, 137.05, 137.01,
5" 5""-Diphenyl-2,2;5,2";5' 2"-quaterthiophene-3-heptano- 136.74, 136.31, 136.23, 135.75, 135.71, 135.34, 134.89, 134.78,

ic Acid (6). A mixture of 5 (520 mg, 0.783 mmol) in a mixture of 129.48, 127.85, 126.45, 126.36, 124.48, 124.33, 124.21, 123.91,

3 N HCI (60 mL) and THF (20 mL) was refluxed overnight. The ~123.69, 123.65, 64.32, 48.93, 45.47, 40.59, 34.28,. 30.19, 29.36,
heterogeneous mixture was filtered, and the solid was rinsed with 29-11, 28.91, 24.88. L+RM5 (ESI) calcd fop €6:04S,5: 1362.1.
water and dried to afford 473 mg (99%) @f*H NMR (400 MHz, ~ Found: 1385 [M+ NaJ*. Elemental Anal. Calcd for £H5204S,2:
CDCL): o 7.63-7.59 (m, 4H), 7.4+7.36 (m, 4H), 7.327.28  C» 62.52; H, 4.58. Found: C, 62.66; H, 4.31.
(m, 2H), 7.25 (d, 1H), 7.23 (d, 1H), 7.39.13 (m, 3H), 7.07# Polymerization of Monomer 7. To a solution of7 (195 mg,
7.03 (m, 2H), 2.79 (t,2H), 2.37 (t, 2H), 1.8Q.62 (m, 4H), 1.49 0.146 mmol) in dry and deoxygenated &3, (25 mL) was added
1.43 (m, 4H). LRMS (APCI) calcd for §H300,Ss: 610.1. Found: a solution of bis(tricyclohexylphosphine)benzylideneruthenium
611.0 [M+ H]. (IV) dichloride (8 mg, 0.009 72 mmol) in Ci&l, (2 mL) through

i i S 5. a cannula. After refluxing for 22 h, during which time a precipitate
5 25"g'oéggaEZ?eerJtehqgSﬁéiel))l-séf-nt:ggtzfonaig’(57) Adlmzz)r/vle zo’fzé had formed, excess ethyl vinyl ether was added, and the mixture

) was stirred for an additional 30 min. The resulting solid was filtered,
(440 mg, 0.72 mmol), 5-norbomeremdo2,3-dimethanol (55 mg, washed with CHCl,, and dried to afford polymet1in 87% yield.
0.36 mmol), DPTS (562 mg, 1.8 mmol), and DIPC (227 mg, 1.8 1H NMR (400 MHz, 0-DCB-ds): & 7.56 (br, 10H), 7.467.23

mmol) in CH.Cl, was refluxed overnight. The solvent was removed (m, 10H), 7.12-7.09 (m, 14H), 5.48 (br, 2H), 4.29 (br, 4H), 2.80

in vacuo, and the residual solid was purified by flash chromatog-
raphy (silica gel) to afford 400 mg (83%) @f 'H NMR (400 MHz, (br, 6H), 240 (br, €H), 1.72 (br, 10H), 1.44 (br, 8H).

. Polymerization of Monomer 10.To a solution of10 (258 mg,
CDCl): 6 7.60-7.58 (m, 8H), 7.46-7.36 (m, 8H), 7.36-7.28 (m, .
4H), 7.23 (d, 2H), 7.22 (d, 2H), 7.157.11 (m, 6H), 7.03 (d, 2H), 0.189 mmol) in dry and deoxygenated &, (20 mL) was added

702 (s. 2H). 6.13 (s. 2H). 3.90 (m. 2H). 3.75 (m. 2H) 2.87 & sol_ution_ of bis(tricyclohexylphosphi_ne)benzylideneruthenium

(s, 2|_(|): 2.7)6 @, 4|_$),‘ 2_52)’ (m, 2$_|)" 2_3)6 @, 4H(), ‘1.458).’63 (IV) dichloride (7.8 mg, 0.009 47 mmol_) in CZIE_CIZ (2_ mL) throu'gh

(m, 8H), 1.43-1.36 (M, 10H).13C NMR (100 MHz, CDCJ): & a cannula. After refluxing for' 22 h, during which time a precipitate

173.49, 143.20, 143.12, 140.18, 137.03, 136.30, 135.35, 135.18,12d formed, excess ethyl vinyl ether was added, and the mixture
134_74’ 133.93’ 129.45’ 128.90, 127.56, 126.401 126.341 125.52’Was stlrreq for an addltlona! 30 min. The resulting $oI|d was filtered,
124,50, 123.86, 123.78, 64.32, 48.94. 45.47, 40.60, 34.29, 30,21 Vashed with CkCl,, and dried to afford polymet2in 89% yield.

1] _ . .
20.38, 29.13, 28.94, 24.89. LRMS (ESI) calcd fofdd;q0sSs: (E'r NZ'\H/')R 4%%0(b'\r/ljzﬁ)02D7CsB(S?)'6Hé) 72'1:’1_ (65?66$'12762H()5r5'1500m
1338.3. Found: 1361 [M+ Nal*. Elemental Anal. Calcd for y A ' T ' T ' T ' ’

CroHiOsSe C, 70.81; H, 5.27. Found: C, 70.67; H, 5.07. 144 (br, 8H).
3-(6-(4,4-Dimethyloxazolin-2-yl)hexyl)-2,25,2";5',2"";5",2"";
5", 2" -sexithiophene (8).A solution of4 (1.00 g, 1.98 mmol)
and 5-(tributylstannyl)-2,2bithiophene (2.25 g, 4.95 mmol) in
anhydrous DMF was purged with,Nor 30 min. A mixture of
Pd(PPB).Cl, (70 mg, 0.10 mmol) and PRIf52 mg, 0.20 mmol)
was then added. The resulting mixture was heated to 0  References and Notes
overnight, cooled to room temperature, and filtered. The solvent
was removed under high vacuum, and ether was added to the
residue. The slurry was stirred for 30 min and filtered, and the
solid was washed with ether. The solid was subsequently purified

by flash chromatography (silica gel) to afford 1.10 g (82%Bof
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