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ABSTRACT: Thieno[3,4b]pyrazine-based poly(heteroarylenevinylene)s (PHAsL{-P-6) by Horner poly-
condensation and cyano-PHAWR-{—P-9) by Knoevenagel polycondensation have been synthesized in quantitative
yields. The copolymers are characterized by NMR, IR, UV, GPC, and elemental analysis. High molecular weight
(My up to 279 000 g/mol), thermostable, soluble, and film-forming materials were obtained. The absorption spectra
of the polymers show two peaks located in the UV and visible region fx@84 to 650 nm and are promising

for the application in polymer solar cells. The absorption and emission in solution and in solid state of the polymers
revealed that the polymers generate-stacked structure in the solid state, and the polymer molecules in the film
were ordered. Thin films of the polymeR-1—P-9 exhibit an optical band gap of1.56-2.08 eV. Cyclic
voltammograms display that the p-doping/dedoping and n-doping/dedoping processes of the p&lymer (

P-3, P-5 and P-6) are reversible. The HOMO and LUMO levels of the polymers were determined from
electrochemical measurements. From the absorption spectra of the polyayieB-@, andP-8) in chloroform/
methanol mixtures, all the three polymers have revealed solvatochromic effects, which have been related to the
formation of aggregates.

Introduction designed, symbolized assA—Q—A—],, where A is aromatic

In the past two decades;conjugated polymers have received donor unit and Q ig)-quinoid acceptor unip The properties of
considerable attention due to their excellent electronic and POIYMers are con§|dered o correlate straightforwardly to those
optoelectronic properti€sPresently, conjugated polymers are of struqturally defined mOEO"?efS [ﬁQ_A]' . ¢ . f
used for a variety of optoelectronic applications such as light- _Herem, we report synthesis and properties of a series o
emitting diodes;® photovoltaic device$? and field-effect thienopyrazine-based poly(heteroarylenevinylene)s (PHAY¥s) (
transistor$:? 1—P-6) by Horner polycondensation rodtend cyano-PHAVs

Low-band-gap conjugated polymers are promising materials (P-7-P-9) by Knoevenagel polycondensatiiguitable for the

for the development of organic solar cells due to the improved synthesis of well-defined strictly alternating cop_olymers. The
harvest of the solar emissi§nThe synthetic principles for molecular structures of the PHAVs are shown in Schemes 1

lowering the band gap have been reviewedreduction of the and 2. With these synthetic routes, we obtained the PHAVs and

band gap of conjugated polymers can be accomplished, amongCN-PHAVs polymers with high purity and good solubility. The

other ways, by minimizing the bond length alternation (BLA) optical and electrochemical properties of the PHAVs and CN-

and by reducing the energy difference between aromatic andPHAVS are systemapcally_ descnb(_ad. To the best of our
quinoid canonical structures such as in the case of poly- knoyvledge, these are first thienopyrazine-based poly(heteroaryle-
isothianaphthenes and soluble derivati®©ne successful nevinylene)s.

strategy to achieve narrow-band-gagronjugated systems is
based on the pioneering work by Havinga and co-wofkéfs _ .
and involves the alternation of electron-rich (donor, D) and  SYnthesis of Monomers and PolymersSynthetic routes of

electron-deficient (acceptor, A) units along the same conjugated (& monomers and polymers are shown in Schemes 1 and 2.
chain. Monomers {-1—M-4) of the PHAVs were synthesized in a

Thieno[3,4b]pyrazines have been shown to be excellent multis_tep syr_lthesis. Starting from comr_nercially available hy-
precursors for the production of low-band-gap conjugated droguinone, in four steps 4-formyl-2,5-bis(hexyloxy)phenyibo-
polymersd13-16 However, for these compounds to be fully 'OM¢ acid §) was obtained. Similarly, 5,7-dibromo-2,3-
utilized in optoelectronic applications, a general synthetic route g|sub5|tutc(sj(_;:c_tfgeno[&bgpyraz_lnes_ 1hz—1_4)|dwere syntSheS|zeo_I
must be developed that allows access to a large number of y a modilied procedure in nign yields (_see upporting
different functionalities in the 2-, 3-, 5-, and 7-positions. Such Informatlon). By Syzuk|_couplln§of 5 and15w|th respective
functionalities are necessary to tune and modulate the physical,5’7'd'bromo'z’3"d'SUbS'tunad thlenp[a)}pyrazmgs 1.2_1.4)‘
electronic, and optical properties of the polyms! final products 1-1—M-4) were obtained in quantitative yields.

The goal of this research work was to synthesize thieno[3,4- Similarly, the8 phosphon?:]e (_estedrkbll-(sk—MJ) and ginitriIeTh
b]pyrazine-based polymers, belonging to the quinoid family of monomer 1-8) were synthesized by known procedures. The

g ) ) ) chemical structure of the polymerB{—P-9) was confirmed
low-band-gap polymers. A new narrow-band-gap system was by FTIR, *H NMR, 13C NMR, and elemental analysis. 1H NMR

R ) o data were consistent with the proposed structure of the polymers.
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Scheme 1. Synthesis of Monomers M-1M-4 and Polymers P-1-P-&*
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a Reagents and conditions: (a) 1-bromohexane, DMSO, KOH, room temperature; ¢hp@@line, room temperature; (c) diethyl ether, BulLi,
DMF, 10—-15°C; (d) toluene, 1,3-propandiol, BfOEL, 6 h reflux; (e) (i) THF, BuLi, trimethylborate;-78 °C to room temperature, Jill M HCI,
room temperature, 24 h; (f) toluene, THF, aqueou€® (2 M), Pd(PPB)4, 80 °C, 12 h; (g) toluenet-BuOK, 110°C, 4 h; (h) THF,t-BuOK,
t-BuOH, 50°C, 4 h.

Scheme 2. Synthesis of Monomer M-7 and Model Compounds = 4.29-4.15 ppm, and other alkoxy side chain protons signals
MD-1-MD-3 were present ab = 2.06-0.93 ppm. Similarly, théH NMR
Br Coftig_ Cofhia  Cobhg_ Cotho Cothia _ CeHhis spectrum ofP-3in CDCl; showed peaks indicating protons of
Z—§ L—g BrHZC/L—S\CHzBr KU\\ the thienopyrazine unit ab = 8.57 ppm and phenyl rings
CszO l? OC,Hs adjacent to thienopyrazine at= 8.42 ppm, while other protons
0C; HM-T OCHs of phenyl rings adjacent to the thienopyrazine moiety at

7.59 ppm, vinylene and phenyl protons betweer 7.34—
6.87 ppm; that oF-OCH, protons alkoxy side chain of phenyl
units appeared betweén— 4.20-4.12 ppm, and other alkoxy
side chain protons signals were present at 1.93—-0.88 ppm.
The 'H NMR spectrum ofP-6 in CDCl; showed peaks
indicating protons of the thienopyrazine unitéat= 8.57 ppm,
phenyl rings adjacent to thienopyrazinedat 8.45 ppm, and
MDA R; = OCeHy, Ry, Ro, Ry = H vinylene protons ab = 7.56-7.52 andd = 7.25-7.21 ppm,
MD-2 R; = OCgHy3, Ry = OCgH,7, Ry = CHs, Ry = H while other protons of phenyl rings adjacent to thienopyrazine
MD-3 Ry = OCeHis, Rz Rs = H, Ra= CN moiety atd = 7.17 ppm; that of~OCH, protons alkoxy side

@ Reagents and conditions: (a) (i) diethyl ether, Mg, 1-bromohexane, ; ; —
reflux, 2 h, (ii) Ni(dppp)Ch, 0 °C to reflux. 24 h: (b) formaldehyde,  Chain Of phenyl units appeared at= 4.20 ppm, the=CH,

aqueous HBr, glacial C|£OOH, room temperature, 24 h; (c) triethyl ~ Protons of alkyl side chain of thiophene appeared at 2.69

phosphite, 160C, 4 h; (d) diethyl benzylphosphonate, THFBUOK, ppm, and other alkyl and alkoxy side chain protons signals were
toer:wc é(r)a;mr)emstﬁmferﬁte%relas’c;i)Sﬁxr)"leT%'ft’FEBgiKt’ g °g|_|t°4ré’oocm present ad = 2.00-0.83 ppm. (For detailed NMR data of other
4 h.p Y : () pheny e, DR, EBUOH, ' polymers, see experimentél NMR, and*C NMR spectra in

the Supporting Information.)

M-1

adjacent to thienopyrazine (5,7-positionpat 9.00 ppm, while _ )

protons of phenyl rings of the thienopyrazine unit along two ~ T0 get further information about structure and property
protons of phenyl rings adjacent to the thienopyrazine moiety, relationship of polymers, model compoun(dD-1—MD-3)
vinylene and phenyl protons betweén= 7.63-7.26 ppm and have been synthesized, and the chemical structures were
phenyl protons ad = 6.89 ppm, respectively; that 6fOCH;, confirmed by NMR, mass, and elemental analysis (for NMR
protons alkoxy side chain of phenyl units appeared between spectra see the Supporting Information). CDV
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Table 1. Substitution of Monomers M-1-M-4 and Polymers of model compound¢MD-1—MD-3) are red-shifted relative
P-1-P-9 to monomers (see Figures 3 and 4). Obviously, increase in

monomer/ conjugation length is the reason for this red shift. In comparison
polymer R R R® to monomers and model compounds, the respective polymers

M-1 phenyl OGH13 (P-1—P-9) show a red-shift in the UV absorption maxima (see

M-2 H OCeH13 Figures 5 and 7). The differences in absorption can be probably

m:i ethr']h?Xy'OXybenze”e HH due to higher number of repeating units of polymeré—P-9

P-1 Bhenzl OGH1s OCsHis and hence an increase in effective conjugation leAgirhe

pP-2 pheny! OGH13 ethylhexyloxy copolymersP-5 and P-6, show the lowest energy absorption

P-3 H OCeH13 OCgH17 peak at a longer wavelength than the polymé&<4{P-4, P-7+—

E:g eahgghfxy'oxybenze”e OHQH Q817 P-9) presumably owing to the presence of the strong electron-

PG E Y OceHiz donating alkylthiophene units to give an enhanced intermolecular

P-7 phenyl OGH13 OCsH17 CT (charge transfer) interaction in these copolymers. However,

P-8 H OCsH13 OGCgH17 in the case of polymer®-4 and P-9 due to the presence of

P-9 ethylhexyloxybenzene ~ H Q817 phenyl instead of alkoxyphenyl or alkylthiophene adjacent to

thienopyrazine, a blue shift was observed relative to other

Table 2. GPC Data of Polymer3 )
e ala of Foymer polymers. The polymer®-1—P-9 show a strong red shift of

polymer Mn(g/mol) Mw(g/mol) PDI  Pn yield (%) Amax (~29—61 nm) when spin-cast into thin films on quartz
P-1 32100 65 100 2.0 26 72 substrate from a chlorobenzene solution (see Figure 7). This
p-2 33500 53100 5 27 70 indicates enhanced interchain interactions due to stacking of
P-3 29200 64600 2.2 27 & the polymers in the solid state, possibly assisted by planarization
P-4 15 600 34 200 21 14 54 A , " > >
P-5 10 000 13 300 15 09 54 and with it an increase of conjugation leng#As anticipated,
P-6 13 300 19 200 1.4 13 50 the alternation of electron-rich alkoxyphenylene/alkylthiophene
P-7 50 200 279 000 5.0 39 71 and electron-deficient thienopyrazine units along conjugated
E:g ‘11(2) ggg 1‘1‘2 888 ig S’; g; backbone results in a low optical band gapl(56—2.08 eV).

The emission maxima of-1, P-2, and P-6 in dilute
chloroform solution are amaxem~ 705 Nm, while the emission
curves ofP-3, P-4, andP-5, showing their maxima atmax.em
= 690, 665, and 726 nm, respectively. The fluorescence
guantum yields were found to be around-&3% for P-1—P-

%. The emission maxima of polymelrs1—P-9 (except forP-6,

no emission was observed) in solid film are red-shifted than in
solution, and a lower fluorescence quantum yield around 01
10% is observed (Figures 6 and 8). We assumed that the reason
for the low photoluminescence (PL) efficiency iza stacking

aM,, GPC (polystyrene standards).

The average molecular weights of polymers were determined
by gel permeation chromatography (GPC) with polystyrene as
standards. THF served as eluting solvent. The number-averag
molecular weightM, values of polymers K-1-P-9) were
between 50200 and 10000 g/mol, leading to degree of
polymerization between 39 and 9 (see Table 2).

We investigated the thermal properties of these copolymers

by thermogravimetric analysis (TGA) and differential scanning of the conjugated backbone cofacial to each other due to the

calorimetry (DSC) at a heating rate of 10 K/min. .A” the favorable interchaint—s interactions, which lead to a self-
polymersare thermally stable, and thermal decomposition starts uenching process of the excitds26

at >300 °C. We did not detect any possible phase transition q gp o ’ .
signals during repeated heating/cooling DSC cycles for polymers Adgregate Formation in Solvent/Nonsolvent SolutionTo
(P-1—P-9). Obviously, the thermal stability of the PHAVs and ~ ©btain further information on the assumed self-assembly of these

CN-PHAVs is adequate for their applications in polymer solar Polymers and aggregation, the absorption and emission spectra
cells and other optoelectronic devices. of polymersP-1, P-2 andP-8in chloroform/methanol mixtures

Optical Properties. The photophysical characteristics of the vv_ith different volume concentr_ations of methanol are shown in
new monomers, model compounds, and polymers were inves_F|gures 9,10, and 11, respectlve_ly. If[ should be not_ed he_re that
tigated by UV-vis absorption and photoluminescence in dilute 1" @ll cases the bulk solution maintains homogeneity. With an
chloroform solution as well as in the solid state. The optical increase of methanol concentration, the second absorption band
data are summarized in Table 3, namely the absorption peak°f these polyme_rs is red-shifted. Addition of methanql to the
maxima, 1., the absorption coefficients at the peak maxima, Cchloroform solution oP-1, P-2 andP-8led to a change in the -
log e, the optical band gap enerdg,°™ (calculated fromgsmax Amaxand above 50 vol % of methanol; a decrease in the intensity
wavelength at which the absorption coefficient has dropped to ©f the first band and a shift in second band at higher wavelength
10% of the peak valué} the emission maximde, and the were observed. Clearly, the presence of a significant amount
fluorescence quantum yield®;. All emission data given here ~ Of nonsolvent (methanol) in solution makes soteselvent
were obtained after exciting at the wavelength of the main interaction energetically less favorable, thereby forcing polymer

absorption band. Figures-2 show the absorption and emission  chain segments to approach each other for aggregate formation.
spectra of monomers and model compounds. The aggregate band in solution occurred at nearly the same

wavelength as that in the spin-cast film of these polymers,
clearly showing that the aggregation retained in the film state
~ 525 nm.The absorption maxima of monomitsl andM-2 once formed in solution. _Similar phenomt_ena were found in
are red-shifted relative t&-3 and M-4 due to presence of chloroform/methanol solutions of many conjugated polyniérs.
electron donor alkoxyphenylene adjacent to thienopyrazine Electrochemical Studies.The cyclic and square-wave vol-
moiety (see Figure 1). This indicates the substituent effect is tammetry were carried out using thin films of polymers prepared
more pronounced at the 5- and 7-positions of thienof$;4-  from dichloromethane (5 mg/mL) in acetonitrile at a potential
pyrazine. The presence of strong donor groups at these positionscan rate of 15 mV/s. Ag/AgCl served as the reference electrode;
lead to a red shift in absorption spectra. The absorption maximait was calibrated with ferrocenes}’ = 0.52 V vs Ag/CDV

The absorption spectra of the monomévsl—M-4) show
two peaks located in the UV and visible region fren358 to

rrocene
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Table 3. Optical Data of P-1-P-9 in Dilute CHCI3 Solution (~10~7 M) and in Solid State”

UV —vis (Aa, nm) EoPtC (eV) PLY (Ae, nm) %
polymer CHC4 (log €)2 20.1max film® o.1max CHCl, film CHCls film CHCl3 film

P-1 446, 589 690 462, 650 750 1.80 1.65 706 772 07 1
(4.5) (4.2)

P-2 446, 592 689 450, 624 735 1.80 1.69 705 738 09 1
(4.6) (4.5)

P-3 437, 552 659 448, 608 721 1.88 1.72 690 742 07 1
(4.5) (4.4)

P-4 422, 553 659 428, 582 685 1.88 1.81 665 713 17 1
(4.7) (4.3)

P-5 465, 615 718 468, 650 790 1.72 1.57 726 785 03 0
(4.5) (4.5)

P-6 458, 585 689 467, 645 795 1.80 1.56 703 000 03 0
(4.5) (4.5)

P-7 434,573 662 449, 614 721 1.87 1.72 677 722 07 5
(4.3) (4.3)

P-8 432, 550 638 435, 596 713 1.94 1.74 658 682 20 5
(4.4) (4.5)

P-9 387,511 592 384,518 596 2.09 2.08 619 627 33 10
(4.4) (3.9)

2 Molar absorption coefficient. Molarity is based on the repeating 8i8pin-coated from chlorobenzene soluti®iEg®"' = hd/Ag 1max ¢ Photoluminescence
data.

T I 1 l l U 1 1 1
90 85 80 75 70 65 60 55 58 45 40 35 30 25 20 15 10

OCgHy7

90 85 80 75 0 65 60 55 50 45 40 35 30 25 20 15 19 05
Figure 1. 'H NMR spectra ofMD-2 andP-1.
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Figure 2. UV —vis spectra oM-1—M-4 and emission spectra M-1

andM-2 in solution (CHC4 1077 mol). intersection of the two tangents drawn at the rising current and
AgCl). The supporting electrolyte was tetrabutylammonium the baseline charging current of the CV curves. Several ways
hexafluorophosphate{Bus;NPF;) in anhydrous acetonitrile (0.1  to evaluate HOMO and LUMO energy levels from the onset
M). The onset potentials are the values obtained from the potentials, E?¥/onset and Eredionset have been proposed in tP&?DV
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Figure 4. Normalized UV-vis of MD-1—MD-3 and emission spectra
of MD-2 andMD-3 in solid state (film from chlorobenzene).
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Figure 5. Normalized U\*~vis spectra oP-1—-P-9in solution (CHC}
107 mol).
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Figure 6. Normalized emission spectraBf1—P-9in solution (CHC}
1077 mol).

literature?8-3% These were estimated here on the basis of the
reference energy level of ferrocene (4.8 eV below the vacuum
levely*132 according to the following equation:

HOMO/LUMO _ __ _
E - [ (Eonset (vs Ag/AgCl)

Eonset (Fc/Fe vs Ag/AgCI))] —4.8eV
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Figure 7. Normalized UV~vis spectra oP-1—P-9in solid state (film
from chlorobenzene).
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Figure 8. Normalized emission spectra Bf1—P-9 (exceptP-6) in
solid state (film from chlorobenzene).

valence band (HOMO) and of the lower edge of conduction
band (LUMO) are listed in Table 4.

All the electrochemical data for the polymeRs-1{—P-3, P-5
andP-6) obtained from the films are listed in Table 3. As shown
by the cyclic voltammograms in Figure 12, the electrochemical
oxidation (or p-doping) oP-1 starts at about 0.81 V AgAg
and gives p-doping peak at 1.04 VV vs Agg. In a range from
0.0 to 2.0 V vs Ag/Ag, the film revealed stable in repeated
scanning of CV, giving the same CV curves. Similarly, the
oxidation of P-2 and P-3 starts at about 0.89 and 0.86 V vs
Ag*/Ag and gives p-doping peaks at 1.15 and 1.25 V v§/Ag
Ag, respectively. However, oxidation of polymé?s5 andP-6
starts at 0.64 and 0.70 V vs AtAg and gives peaks at 0.83
and 0.93 V, respectively. Similarly, the reduction®®2, P-3,

P-5, andP-6 starts at about-1.17,—0.91,—1.19, and—1.26

V vs Ag™/Ag and gives n-doping peaks-afl.36,—1.09,—1.39,
and—1.42 V vs Agl/Ag, respectively. In a range from 0.0 to
—2.2 V vs Adf/Ag, the films revealed stable in repeated
scanning of CV, giving the same CV curves. However, we were
not able to determine reduction in the caseRsfl. These
moderately negative reduction potentials have been attributed
to the electron-withdrawing effects of the thieno[®}pyrazine
moiety3® The band-gap energy directly measured from CV
(Eg,ecronseetween 1.61 and 2.06 eV) and the optical band-gap
energy are close to each other. The discrepand) of both

The onset and the peak potentials, the electrochemical band gawalues lies within the range of error. From the onset potentials,
energy, and the estimated position of the upper edge of theHOMO and LUMO energy levels were estimated. These va&ls%
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Table 4.. Electrochemical Potentials and Energy Levels of the Polymers P-1P-5, P-7 and Model Compounds (MD-+MD-3)

oxidation potential reduction potential energy levels band gap
Eo><a Ecnset,Ox Ereda Eonset.Red
polymer (V vs Ag/Ag™h) (V vs Ag/Agh) (V vs Ag/Agh) (V vs Ag/Agh) HOMO (eV) LUMO (eV) Egc EgoPt
P-1 1.04 0.81 -5.10 -3.49 1.61 1.65
P-2 1.15 0.89 —1.36 -1.17 —-5.17 —-3.11 2.06 1.68
P-3 1.25 0.86 —1.09 —-0.91 —5.15 —3.38 1.77 1.72
P-5 0.83 0.64 —1.39 -1.19 —4.93 —3.10 1.83 1.55
P-6 0.93 0.70 —1.42 —1.26 —4.99 —3.03 1.96 1.56
MD-1 0.92 0.82 —1.07 —0.90 —-5.11 —-3.39 1.72 1.83
MD-2 0.85 0.78 —-0.81 —-0.73 —5.07 —3.56 1.51 1.72
MD-3 1.19 1.05 —0.91 —0.78 —5.34 —3.51 1.83 1.79

aReduction and oxidation potential measured by cyclic voltamme®@Balculated from the reduction and oxidation potentials assuming the absolute
energy level of ferrocene/ferrocenium to be 4.8 eV below vacuum.
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Figure 9. UV —vis spectra oP-1in CHCI; with different concentration Wavelength (nm)
of methanol (M). Figure 11. UV —vis spectra oP-8in CHCI; with different concentra-
tion of methanol (M).
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Figure 10. UV —vis spectra oP-2in CHCI; with different concentra-
tion of methanol (M).

N )

. . . . -2 -2, -1. -1. . X 0
indicate these polymers can be good hole-transporting materials, ST T MR agThge

making them suitable candidate for hole injection and transport Figure 12. Cyclic voltammetry curves of polymer®{1—P-5) in 0.1
(Figure 13). M TBAPFs/CH3CN at 25°C.

Figure 13 shows the HOMO and LUMO energy levels of
these polymers in comparison to that of well-known electron-  We have also measured the electrochemical data for model
transporting material PCBM. From this figure we can assume compounds in dichloromethane solution. All the three model
that these polymers can be good hole-transporting materials incompoundsNID-1, MD-2, andMD-3) show reversible oxida-
photovoltaic devices. Moreover, their broad UV absorption tion and reduction peaks (see Supporting Information, Figure
spectra between 400 and 700 nm make them suitable candidate§ 27). The data are comparable to that of polymers. In Figure
to harvest more photons. Recently, we have reported photovol-12 and S 27 there are reversible p-doping/dedoping (oxidation/
taic devices of low-band-gap thieno[3)pyrazine-based con-  rereduction) processes at positive potential range and n-doping/
jugated polymers showing efficiencies up to 2.3¥%hich is dedoping (reduction/reoxidation) processes at negative potential
the best among low-band-gap materials. Compared to thoserange for all the polymers. After repeated cycles of the potential
polymers reported before, in these polymers the valley betweenscan, the reproducibility of the cyclic voltammograms is very
400 and 500 nm is reduced and shows better absorption is thisgood, which definitely verifies the reversibility of the p-doping/
range as well. Studies relating photovoltaic devices based ondedoping and n-doping/dedoping processes. For the application
these novel materials are underway and will be reported soonof conjugated polymers and oligomers to electrochemical
somewhere else. capacitors (ECCs), the reversible p-doping and n-dO%IE%/
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Figure 13. Energy levels of the polymer#¢1—P-3, P-5 andP-6) and PCBM.

processes are both needed. The reversible p-doping and n-dopingerved for the thermogravimetric measurements. Gel permeation
properties of the polymers studied here indicate that thesechromatography (GPC) was performed on a set of Knauer using
polymers and model compounds could also be promising THF as eluent and polystyrene as a standard. The absorption spectra

materials for ECCs. were recorded in dilute chloroform solution (¥8-10-¢ M) on a
Perkin-Elmer UV/vis-NIR spectrometer Lambda 19. Quantum-
Conclusions corrected emission spectra were measured in dilute chloroform

. . solution (10® M) with an LS 50 luminescence spectrometer
Novel low-band-gap thienopyrazine-based poly(heteroaryle- (perkin-Elmer). Photoluminescence quantum yields were calculated
nevinylene)s (PHAVs)R-1-P-6) by Horner polycondensation  according to Demas and Crogbwgainst quinine sulfate in 0.1 N
route and cyano-PHAVE-7—P-9) by Knoevenagel polycon-  sulfuric acid as a standarg = 55%). The solid-state absorption
densation were prepared and characterized by NMR, FTIR, andand emission were measured with a Hitachi F-4500. The films were
elemental analysis. Absorption and fluorescence spectra incast from chlorobenzene. The quantum yield in the solid state was
solution and solid state revealed the optical properties of thesedetermined against a @FPPV (poly1,4-phenylene-[1-(4-
polymers. Their UV-vis is different in the solid state of that ~ trifluoromethylphenylethenylenel-2,5-dimethoxy-1,4-phenylene-{2-
in solution; the red shift indicates thestacking in the solid  (4-tiifluoromethylphenyl)ethenylenigjcopolymer reference that has
state. Furthermore, the addition of methanol to chloroform been measured by integrating sphere as 0.43. The cyclic voltam-
; - . mogram was recorded on a computer-controlled EG&G potentiostat/
SOM!O" of these polymers caused the formation of a colloidal galvanostat model 283. The lowest unoccupied molecular orbital
solution of z-stacked PHAVsR-1, P-2, andP-8) due to self- (LUMO) and the highest occupied molecular orbital (HOMO)
cyclic voltammetry display that the p-doping/dedoping and reduction and oxidation potentials, respectively, with the assumption
n-doping/dedoping processes of polyme&d—P-3, P-5 and that the energy level of ferrocene/ferrocenium (Fc) is 4.8 eV below
P-6 and model compoundslD-1—MD-3 are reversible. The  vacuum.

HOMO and LUMO energy levels and energy gap of the  2-(4-Bromo-2,5-bis(hexyloxy)phenyl)-[1,3]dioxane (4)To a
polymers were calculated from the electrochemical measure-solution of 4-bromo-2,5-bis(dialkoxy)benzaldehy@(10 g, 25.95

ments. mmol) and propane-1,3-diol (2.2 g, 28.8 mmol) in toluene (30 mL)
was added BFOEL (3—4 drops). This mixture was refluxed for
Experimental Section 6—7 h in a Dean Stark apparatus to remove the theoretical amount

of water. The solution was washed il M aqueous NaHC®

General Considerations. Materials All starting materials were h . -
g and then with water, dried over MgQQand concentrated in a

purchased from commercial suppliers (Fluka, Merck, and Aldrich). ) ; . ;
Toluene, tetrahydrofuran, and diethyl ether were dried and distilled Y2Suum to give5 (10.8 g, 94%) as a white solid, which was
over sodium and benzophenone. Diisopropylamine was dried over SUfficiently pure to be employed in the next step.

KOH and distilled. If not otherwise specified, the solvents were  4-Formyl-2,5-bis(hexyloxy)phenylboronic Acid (5).A 2.5 M
degassed by sparkling with argon or nitrageh prior to use. 1,4- solution ofn-butyllithium (11.3 mL, 28.4 mmol) was added to an

DialkoxybenzeneX),%81,4-dialkoxy-2,5-dibromobenzen(#),%° 4- argon-purged solution of 2-(4-bromo-2,5-bis(hexyloxy)phenyl)-[1,3]-
bromo-2,5-bis(dialkoxy)benzaldehy(®),*° 2,5-dibromothiophene  dioxane(4) (10.5 g, 23.7 mmol) in anhydrous THF (50 mL) at
(6),1 2,5-dibromo-3,4-dinitrothiophen&)*? 3,4-diaminothiophene —78 °C using a syringe. The solution was then stirred for 2 h.

hydrochloride 8),? 4-formylphenylboronic acig15)*® 3,4-dihexy- Trimethyl borate (3 g, 28.4 mmol) was added with a syringe. The
Ithiophene 16),27 [4-(diethoxyphosphorylmethyl)-2,5-bis(octyloxy)-  resulting mixture was allowed to come to room temperature and
benzyllphosphonic acid diethyl este<{5),38 [4-(diethoxyphos- stir for 24 h. Then it was cooled to @, 2 N HCI (43 mL) was
phorylmethyl)-2,5-bis(2-ethylhexyloxy)benzyl]phosphonic acid diethyl added, and the mixture was at room temperature for an additional
ester M-6),%8 and (4-cyanomethyl-2,5-bis(octyloxy)phenyl)aceto- 20 h. The organic layer was separated and the aqueous layer was
nitrile (M-8)* were prepared according to known literature extracted with (3x 50 mL) diethyl ether. The combined ether layers
procedures. were washed twice with 50 mL of water and brine and dried over
Methods. IH NMR and 3C NMR spectra were obtained in  magnesium sulfate. After filtration, solvent was then removed under
deuterated chloroform using a Bruker DRX 400 and a Bruker AC reduced pressure. The crude product was purified by recrystalli-
250. Chemical shiftsq(values) are given in parts per million with ~ zation from hexane to give a light yellow powder. Yield: 6.3 g
tetramethylsilane as an internal standard. Elemental analysis waq76%).*H NMR (250 MHz, CDC}): 6 = 10.50 (s, 1H), 7.50 (s,
measured on a CHNS-932 Automat Leco. Infrared spectroscopy 1H), 7.32 (s, 1H), 6.46 (bs, 2H), 4.09 (t, 2H), 3.95 (t, 2H), 2:16
was recorded on a Nicolet Impact 400. A NETZSCH instrument 0.88 (m, 22H)3C NMR (62 MHz, CDC}): ¢ = 190.33, 157'74CDV
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155.88, 127.23, 121.27, 108.89, 69.29, 31.65, 31.57, 29.32, 29.27,0il was obtained (75% yield), which was sufficiently pure for next
25.86, 25.77, 22.70, 22.64, 14.13, 14.08. Elemental analysis step reaction.

calculated for GgH3;BOs (350.26 g/mol): C, 65.15; H, 8.92. 3,4-Dihexyl-2,5-bis(methylenediethyl phosphate)thiophene (M
Found: C, 65.28; H, 9.09. — 7). Compoundl17 (8.76 g, 20 mmol) reacted with triethyl
General Procedure for Synthesis of Monomers M-+M-4. phosphite (10 g, 60 mmol) at 12@€ for 4 h. The crude product

Under an argon atmosphere, 5,7-dibromo-2,3-disubsituted thieno-was purified by column chromatography on silica gel using
[3,4-b]pyrazines 12—14) (5 mmol) and 4-formyl-2,5-bis(substi-  acetone-hexane (25:75) as an eluent to give 8.8 g of light yellow
tuted)phenylboronic acid¢5, 15) (12.5 mmol) were added to  oil (80% yield).!H NMR (250 MHz, CDC}): 6 = 4.14-4.01 (m,
degassed aqueous solution of potassium carbonate 16 mL (2.0 M),8 H), 3.26-3.21 (m, 4 H), 2.46 (t, 4 H), 1.420.86 (m, 34 H)1C
toluene, and THF 40 mL (1:1, volume ratio). After 30 min degassing NMR (62 MHz, CDC}): 6 = 139.98, 124.53, 62.26, 31.64, 30.58,
3 mol % (173 mg, 0.15 mmol) of Pd(PRhwas added. The mixture = 29.53, 27.25, 25.86, 22.59, 16.37, 16.05, 14.01.
was stirred vigorously at 8890 °C for 24 h under an argon Model Compounds Synthesis. MD-1DialdehydeM-1 (0.5 g,
atmosphere. The reaction mixture was cooled to room temperature,0.56 mmol) and diethyl benzylphosphonate (0.28 g, 1.2 mmol) were
followed by the addition toluene and water. The organic layer was dissolved in dried THF (7 mL) while stirring vigorously under argon
separated and washed with water and brine and dried over MgSO at 0 °C. Potassiuntert-butoxide (1 M in THF, 1 mL, 1.8 mmol)
After evaporation of solvent, the product was further purified by was added dropwise, and the solution was stirred for a further 2 h
chromatography (solvent, toluene). Finally, pure product can be at room temperature. The reaction was quenched by addition of
obtained by recrystallization from hexane. water, and the aqueous layer was extracted with diethyl ether (25
4,4-2,3-Diphenylthieno[3,4b]pyrazine-5,7-diylbis(2,5-dihexyl- mL) three times. The ether layer was washed with water and brine
oxybenzaldehyde) (M— 1).5,7-Dibromo-2,3-diphenylthieno[3,4-  and dried over anhydrous MggAfter the solvent was removed
blpyrazine(13) (2.24 g, 5 mmol) and 4-formyl-2,5-bis(hexyloxy)-  under reduced pressure, the product was purified by chromatography
phenylboronic acid5) (4.38 g, 12.5 mmol). Yield: 2.5 g (57%). (solvent, dicholomethane:hexane, 2:1). Yield: 0.42 g (73%) dark
IH NMR (250 MHz, CBCly): 6 = 10.54 (s, 2H), 9.23 (s, 2H),  violet solid.’H NMR (400 MHz, CDC}): 6 = 8.97 (s, 2H), 7.6%
7.58-7.31 (m, 12H), 4.274.13 (m, 8H), 2.020.87 (m, 44H)13C 7.20 (m, 26H), 4.274.15 (m, 8H), 2.040.87 (m, 44H)*C NMR
NMR (62 MHz, CDCE): 6 = 190.64, 157.95, 153.51, 151.23, (400 MHz, CDC}): ¢ = 150.98, 150.56, 149.48, 139.87, 139.01,
142.21, 141.64, 139.99, 131.99, 131.47, 131.03, 130.47, 130.14,138.09, 129.88, 128.84, 128.62, 128.52, 127.89, 127.53, 127.33,
125.28, 117.34, 113.16, 111.66, 72.06, 71.32, 33.76, 33.64, 31.49,126.52, 125.68, 123.69, 123.45, 114.91, 110.48, 70.11, 69.20, 31.65,
31.08, 27.97, 27.34, 24.77, 24.51, 15.95, 15.88. FAB Mz 896 29.57, 29.46, 25.98, 25.86, 22.67, 22.60, 14.03. FAB M%z
(MT). Elemental analysis calculated forsgHssN.OsS (897.22 1044.6 (M"). UV—vis (CHCk): Ama/nm (e/(L mol~t cm™1)) 370
g/mol): C, 74.97; H, 7.64; N, 3.12; S, 3.57. Found: C, 74.96; H, (45 800), 398 (45 300), 564 (16 000). Elemental analysis calculated

7.52; N, 3.08; S, 3.46. for C7oHgdN204S (1045.46 g/mol): C, 80.42; H, 7.71; N, 2.68; S,
4,4-Thieno[3,4-b]pyrazine-5,7-diyl-bis(2,5-dihexyloxybenzal- 3.07. Found: C, 80.64; H, 8.03; N, 2.29; S, 2.84.
dehyde) (M — 2). 5,7-Dibromo-thieno[3,4]pyrazine (12) (1.47 MD-2. DialdehydeM-1 (0.5 g, 0.56 mmol) an@0 (0.61 g, 1.2

g, 5 mmol) and 4-formyl-2,5-bis(hexyloxy)phenylboronic atil mmol). Yield: 0.42 g (71%) dark green solitH NMR (400 MHz,

(4.38 g, 12.5 mmol). Yield: 1.7 g (68%}H NMR (250 MHz, CDCly): 6 =8.94 (s, 2H), 7.637.32 (m, 16H), 7.14 (s, 2H), 6.76

CDCly): 6 =10.44 (s, 2H), 8.57 (s, 4H), 7.40 (s, 2H), 41596 (s, 2H), 4.26-3.97 (m, 16H), 2.27 (s, 6H), 2.64.86 (m, 104H).

(m, 8H), 1.85-0.72 (m, 44H)13C NMR (62 MHz, CDC}): 6 = 13C NMR (400 MHz, CDCY}): 6 = 151.60, 150.77, 150.53, 150.44,

188.40, 155.15, 148.49, 142.52, 140.65, 128.63, 127.97, 122.97,149.93, 138.91, 129.89, 128.47, 127.86, 127.58, 127.54, 126.70,

115.15, 109.20, 69.09, 68.46, 30.83, 30.75, 28.42, 28.38, 25.06,125.36, 123.90, 122.97, 122.51, 116.22, 114.90, 110.29, 109.34,

24.99, 21.85, 21.75, 13.27, 13.17. FAB M®vz 744.4 (M"). 70.03, 69.78, 69.17, 68.84, 31.88, 31.83, 31.68, 31.65, 29.58, 29.47,

Elemental analysis calculated for£goN.OsS (745.025 g/mol): 29.42, 29.33, 29.30, 26.20, 25.97, 25.89, 22.70, 22.66, 22.60, 16.43,

C, 70.94; H, 8.12; N, 3.76; S, 4.30. Found: C, 71.20; H, 8.26; N, 14.07, 14.01FAB MS: m/z 1586 (M"). UV —vis (CHCk): Ama’

3.54; S, 4.28. nm (e/(L mol~t cm™1)) 411 (68 900), 574 (23 500). Elemental
4,4-2,3-Bis[4-(2-ethylhexyloxy)phenyl]thieno[3.45]pyrazine- analysis calculated for {g4H14dN20gS (1586.36 g/mol): C, 78.74;

5,7-diylbis(2,5-dihexyloxybenzaldehyde) (M- 3). 5,7-Dibromo- H, 9.40; N, 1.77; S, 2.02. Found: C, 78.68; H, 9.34; N, 1.72; S,

2,3-bis[4-(2-ethylhexyloxy)phenyl]thieno[3ldpyrazine(14) (1.4 1.93.

g, 2 mmol) and 4-formylphenylboronic adf5) (1.16 g, 5 mmol). MD-3. DialdehydeM-1 (0.5 g, 0.56 mmol) and phenylacetoni-

Yield: 0.8 g (56%).1H NMR (250 MHz, CDC}): 6 = 10.04 (s, trile (0.14 g, 1.2 mmol). Yield: 0.48 g (79%) dark green sohd.

2H), 8.51 (d, 4H), 7.98 (d, 4H), 7.55 (d, 4H), 6.92 (d, 4H),3.92 (d, NMR (400 MHz, CDC}): 6 = 9.17 (s, 2H), 8.097.31 (m, 20H),

4H), 1.78-0.86 (m, 30H).13C NMR (62 MHz, CDC}): 6 = 4.36-4.11 (m, 16H), 2.36 (s, 6H), 2.670.86 (m, 104H)*3C NMR

191.41, 160.61, 153.30, 150.78, 140.26, 138.96, 135.11, 131.37,(400 MHz, CDC}): ¢ = 150.06, 148.95, 147.07, 137.87, 137.76,

130.23, 129.46, 127.91, 114.33, 70.72, 39.39, 31.92, 30.55, 29.68,134.31, 133.29, 128.01, 127.13, 127.08, 126.84, 126.32, 126.07,

29.11, 23.88, 23.03, 23.01, 22.67, 14.06, 14.04, 11.12. FAB MS: 124.68, 124.02, 119.79, 117.01, 112.13, 109.28, 107.62, 68.15,

m/z 752 (M'*). Elemental analysis calculated for,gBls,N,04S 67.29, 29.75, 29.72, 27.53, 27.40, 24.03, 23.93, 23.91, 20.73, 12.11,

(753.0 g/mol): C, 76.56; H, 6.96; N, 3.72; S, 4.26. Found: C, 76.25; 12.06. FAB MS: mVz 1094 (M"). UV—vis (CHCEk): Amadnm (e/

H, 7.26; N, 3.77; S, 4.18. (L mol~* cm™1)) 329 (31300), 431 (44 700), 564 (28 900).
4,4-2,3-Diphenylthieno[3,4b]pyrazine-5,7-diylbis(benzalde- Elemental analysis calculated for48,gN404S (1095.48 g/mol):

hyde) (M — 4). 5,7-Dibromo-2,3-diphenylthieno[3 Hlpyrazine C, 78.94; H, 7.18; N, 5.11; S, 2.93. Found: C, 78.70; H, 7.20; N,

(13) (1.34 g, 3 mmol) and 4-formylphenylboronic adith) (1.12 5.02; S, 2.76.

g, 7.5 mmol). Yield: 0.94 g (63%}H NMR (250 MHz, CDC}): Polymer Synthesis. General Procedure for Horner-Wads-

0 =10.06 (s, 2H), 8.52 (d, 2H), 8.00 (d, 2H), 7-58.34 (m, 10H). worth —Emmons PolycondensationDialdehyde (0.56 mmol) and

FAB MS: mVz 496.1 (M'); mp 324-325 °C. Elemental analysis  the corresponding phosphonate derivative (0.56 mmol) were

calculated for GH20N20,S (496.12 g/mol): C, 77.40; H, 4.06; N,  dissolved in dried toluene (10 mL) while stirring vigorously under

5.64; S, 6.46. Found: C, 77.21; H, 4.09; N, 5.49; S, 6.38. argon and heating under reflux. The polycondensations was started
2,5-Bis(bromomethyl)-3,4-dihexylthiophene (17)Compound by adding potassiurtert-butoxide (2.23 mmol), and the solution

16 (10.0 g, 39.6 mmol) and paraformaldehyde (2.84 g, 94.6 mmol) was refluxed for a further 3.5 h. After cooling to room temperature

were dissolved in 5 mL of acetic acid and HBr solution (30% in toluene (15 mL) and an excess of dilute HC| were added. The

acetic acid, 95 mmol, 20 mL). The reaction was stirred at room organic layer was separated and extracted several times with

temperature under argon overnight. The reaction was diluted with distilled water until the water phase became neutral {pB—7).

200 mL of ethyl ether and washed with water, saturated Naf{CO A Dean-Stark apparatus was used to dry the organic layer. The hot

solution, and brine. After the solvent removal, 13 g of light brown (50—60 °C) toluene solution was filtered; the filtrate was concgbv



7852 Shahid et al.

trated to the minimum by using a rotary evaporator and then
precipitated in vigorously stirred methanol (300 mL). The polymer
was extracted (Soxhlet extractor) 12 h with methanol, acetone, and
finally diethyl ether to remove oligomers and dried under vacuum.
The polymer yields are mentioned after purification.

P-1.DialdehydeM-1 (0.5 g, 0.56 mmol) an#1-5 (0.35 g, 0.56
mmol). Yield: 0.49 g (0.401 mmol, pertaining of the repeating unit)
of dark green polymer was obtained. Yield: 491 mg (72%)).
NMR (400 MHz, CDC}): ¢ =9.00 (bs, 2H), 7.637.26 (m, 16H),
6.89 (bs, 2H), 4.294.15 (m, 12H), 2.06:0.93 (m, 74H)13C NMR
(400 MHz, CDC}): 6 = 151.04, 150.56, 150.44, 149.67, 148.86,
140.03, 139.07, 129.92, 128.49, 127.89, 127.37, 127.22, 126.73,
126.09, 125.53, 125.19, 123.74, 123.53, 123.41, 116.39, 115.12,
114.41, 110.92, 110.56, 70.19, 69.94, 69.73, 69.32, 31.89, 31.69,
31.49, 29.63, 29.55, 29.48, 29.34, 26.29, 25.98, 25.72, 22.66, 14.02
GPC (THF): My, = 65 100 g/molM, = 32 100; PDI= 2.0; P, =
26. UV—vis (CHCE): Amanm (e/(L mol~t cm™1)): 446 (32 300),
589 (20 000). Elemental analysis calculated {@goH108N206S)n
(1223.8): C, 78.52; H, 8.71: N, 2.29; S, 2.62. Found: C, 77.35;
H, 8.74,: N, 2.13; S, 2.53.

P-2. Dialdehyde M-1 (0.5 g, 0.56 mmol) and 1,4-bis(2-
ethylhexyloxy)-2,5-di(methylenediethyl phosphate)benz@he-
6) (0.31 g, 0.56 mmol). Yield: 0.48 g (70%) of green polynigt.
NMR (400 MHz, CDC}): ¢ = 8.99 (bs, 2H), 7.637.26 (m, 16H),
6.88 (bs, 2H), 4.284.01 (m, 12H), 2.040.72 (m, 74H)13C NMR

Macromolecules, Vol. 39, No. 23, 2006

(THF): M,, = 13 300 g/mol,M, = 1000; PDI= 1.50; P, = 9.
UV —vis (CHCk): Ama/nm (e/(L mol~t cm™1)): 465 (31 100), 615
(30 300). Elemental analysis calculated fQC74HgsN204:)n
(1141.7): C, 77.85; H, 8.48: N, 2.45; S, 5.62. Found: C, 77.24;
H, 8.11,: N, 2.40; S, 5.29.

P-6. DialdehydeM-2 (0.5 g, 0.67 mmol) an#1-7 (0.37 g, 0.67
mmol) Yield: 0.33 g (50%) of blue polymetd NMR (400 MHz,
CDCl): 6 = 8.57 (bs, 2H), 8.45 (bs, 2H), 7.56.52 (d, 2H),
7.25-7.21 (d, 2H), 7.17 (bs, 2H), 4.2 (m, 8H), 2.69 (t, 4H), 2:00
0.83 (m, 66H)13C NMR (400 MHz, CDC}): 6 = 151.18, 149.73,
142.58, 141.53, 140.55, 136.40, 128.35, 126.88, 123.57, 122.45,
122.17, 115.72, 111.84, 70.16, 69.48, 31.68, 31.58, 31.35, 29.51,
27.30, 25.92, 25.84, 22.63, 22.53, 13.99, 13.88. GPC (TN):
= 19200 g/mol,M, = 13 300; PDI= 1.40; P, = 13. UV—vis
(CHCL): Ama/nm (¢/(L mol~t cm™1)): 458 (31 000), 585 (33 100).
Elemental analysis calculated f¢€s,HgsN204S;), (989.5): C,
75.26; H, 8.96: N, 2.83; S, 6.48. Found: C, 74.30; H, 8.41,: N,
2.50; S, 6.07.

General Procedure for Knoevenagel Polycondensatio.et-
rabutylammonium hydroxide (62, 1.0 M in methanol) was added
into the degassed mixture solution of the dinitrile (0.56 mmol), the
dialdehyde (0.56 mmol), THF (5 mL), art@rt-butyl alcohol (3
mL). The reaction mixture was heated to ®while stirring under
a nitrogen atmosphere. After stirring for 2 h, the dark mixture was

(400 MHz, CDCH): 6 = 150.56, 150.41, 149.70, 148.86, 140.03, poured into methanol (150 mL), and the precipitate was collected

139.05, 129.91, 128.48, 127.88, 127.63, 127.15, 126.78, 126.13 by filtration. The crude polymer was Soxhlet extracted 12 h with

125.58, 125.11, 123.34, 123.14, 122.91, 122.64, 116.40, 115.22,methanol, acetone, and finally diethyl ether to remove oligomers

114.37, 110.11, 110.02, 71.95, 71.83, 71.65, 70.06, 69.35, 69.15,and dried under vacuum. The polymer yields are mentioned after

68.79, 39.92, 39.78, 39.40, 31.66, 30.95, 30.76, 30.63, 29.57, 29.25purification.

28.92,25.94, 25.72, 24.38, 24.11, 23.11, 22.89, 22.66, 22.60, 14.02, P-7.DialdehydeM-1 (0.5 g, 0.56 mmol) ant1-8 (0.23 g, 0.56

13.95. GPC (THF)M,, = 53 100 g/molM, = 33 500; PDI= 1.50; mmol) Yield: 0.5 g (71%) of green polymetd NMR (400 MHz,

Py = 27. UV—vis (CHCE): Ama/nm (€/(L mol™ cm™)): 446 CDClL): 6 =9.17 (s, 2H), 8.19 (s, 2H), 7.67.18 (m, 14H), 4.4%

(47 000),592(29 100). Elemental analysis calculate(@aH10eN206S)n 4.15 (m, 12H), 2.080.87 (m, 74H).3C NMR (400 MHz,

(1223.8): C, 78.52; H, 8.73: N, 2.29; S, 2.62. Found: C, 78.15; CDCly): ¢ = 151.94, 151.43, 150.79, 149.27, 140.82, 140.19,

H, 8.83,: N, 2.26; S, 2.62. 139.80, 129.88, 129.44, 128.70, 128.33, 127.92, 126.93, 126.51,
P-3. DialdehydeM-2 (0.5 g, 0.67 mmol) ant-5 (0.43 g, 0.67 123.18, 122.25, 118.88, 115.30, 114.78, 114.25, 112.91, 111.72,

mmol). 0.43 g (0.440 mmol, pertaining of the repeating unit) of 110.09, 106.97, 71.25, 70.23, 70.02, 69.23, 31.79, 31.58, 29.38,

dark green polymer was obtained. Yield: 65%.NMR (400 MHz, 29.30, 29.22, 26.12, 25.87, 25.79, 22.59, 13.94. GPC (TNE):

CDCly): 6 = 8.57 (bs, 2H), 8.42 (bs, 2H), 7.59 (bs, 2H), 734 = 279 000 g/mol,M, = 50 200; PDI= 5.0; P, = 39. UV—vis

6.87 (m, 6H), 4.224.12 (m, 12H), 1.930.88 (m, 74H)*C NMR (CHCL): Amadnm (€/(L mol~tcmY)): 434 (29 500), 573 (17 400).

(400 MHz, CDC}): 6 = 151.25, 150.89, 149.77, 142.63, 140.48, Elemental analysis calculated f(€gH10MN2069), (1273.8): C,

128.36, 127.62, 127.35, 123.80, 123.37, 122.54, 115.72, 114.29,77.32: H. 8.23: N, 4.40: S, 2.52. Found: C, 76.92: H, 8.26,: N,

110.73, 110.38, 69.97, 69.63, 69.46, 31.89, 31.72, 31.62, 29.61,4.15: S 2.19.

29.46, 29.35, 26.30, 25.99, 25.90, 22.67, 22.58, 14.07, 13.98. GPC |, . DialdehydeM-2 (0.5 g, 0.67 mmol) and dinitrilef-8 (0.28

g;';. pzogy;t}asiial\/l(wc::ci;«. Bfojr{m(iyzf_” rrToI%? <:2n(191))PD3|2:6 g, 0.67 mmol) Yield: 0.50 g (67%) green polymé&d NMR (400
o on ' o : MHz, CDCL): 6 = 8.65 (bs, 2H), 8.198.16 (m, 4H), 7.18 (bs,

(18 200), 437 (33 300), 552 (23 400). Elemental analysis calculated
for (CegHegN20sS)n (1071.58): C, 76.22; H, 9.22: N, 2.61; S, 2.99.  2H). 7.05 (s, 2H), 4.333.75 (m, 12H), 2.06:0.82 (m, 74H)1*C
NMR (400 MHz, CDCl): & = 151.86, 150.81, 149.22, 142.80,

Found: C, 75.40; H, 9.36,: N, 2.43; S, 2.54. 141.12, 140.91, 128.67, 126.33, 125.81, 122.87, 118.76, 114.82,

mnF::,‘)' ei'gllg?gygge'\g'é&?353('?gdrggsggg%aéo('jgog,;ﬂ%ge 111.85, 107.02, 70.14, 70.04, 69.42, 31.89, 31.77, 31.57, 29.30,
O ' ' 20.19, 26.10, 25.81, 22.57, 13.90. GPC (THR); = 140 000

CDCh): & = 8.40-6.87 (m, 22H), 4.163.90 (m, 8H), 1.96 < .
0.91 (3%1 60H)13C NMR (4(00 MHz,)CDCJ;): o =(160.17), 153.17,  9/mol,Mn =42 200; PDI= 3.3; Py = 37. UV-vis (CHCk): Amal
150.09, 139.83, 137.99, 132,87, 131.42, 130.27, 129.54, 128.78MM /(L mol™2 cm™)): 432 (29 000), 550 (31 600). Elemental

127.65, 126.40, 125.45, 124. 67, 116.78, 115.97, 115.30, 112.34,2nalysis calculated fofCroHeeNsOsS)n (1121.62): C, 74.96; H,

111.68, 70.84, 69.91, 69.76, 69.33, 39.44, 36.61, 31.71, 30.57,8:63" N, 5.00; S, 2.86. Found: C, 74.53; H, 8.50,: N, 4.89; S,

29.26, 29.11, 26.08, 23.91, 22.99, 22.60, 18.68, 13.99, 11.08. GPC2'59'

(THF): M,, = 34 200 g/mol M, = 15 600; PDI= 2.1; P, = 14. P-9. DialdehydeM-3 (0.5 g, 0.66 mmol) ani1-8 (0.27 g, 0.66

UV —vis (CHCE): Ama/nm /(L mol~t cm™2)): 422 (47 800), 553 mmol) Yield: 0.44 g (57%) of brownish-red polyméid NMR

(21 000). Elemental analysis calculated f¢€;,HooN204S), (400 MHz, CDC¥): 6 = 8.50-6.89 (m, 20H), 4.063.90 (m, 8H),

(1079.56): C, 80.10; H, 8.40: N, 2.59; S, 2.97; Found: C, 79.38; 1.76-0.94 (m, 60H).23C NMR (400 MHz, CDC}): ¢ = 160.48,

H, 8.17,: N, 2.31; S, 2.81. 153.00, 150.29, 148.33, 145.99, 139.93, 135.02, 133,07, 131.32,
P-5. DialdehydeM-1 (0.5 g, 0.56 mmol) ant1-7 (0.31 g, 0.56  130.22, 129.94, 129.38, 127.85, 126.40, 125.45, 118.28, 117.47,

mmol) Yield: 0.34 g (54%) green polymeitd NMR (250 MHz, 114.60, 114.34, 113.08, 70.79, 69.96, 69.66, 69.15, 39.44, 36.61,

CDCl): 6 = 9.02 (s, 2H), 7.637.18 (m, 14H), 4.274.21 (m, 31.71, 30.57, 29.26, 29.11, 26.08, 23.91, 22.99, 22.60, 18.68, 13.99,

8H), 2.71 (t, 4H), 2.050.94 (m, 66H).13C NMR (62 MHz, 11.08. GPC (THF):M,, = 14 000 g/mol,M, = 10 500; PDI=

CDCl): 6 = 151.30, 150.61, 149.68, 141.51, 140.30, 139.15, 1.90;P,= 9. UV—Vis (CHCk): Ama/nm (€/(L mol-t cm1)): 387

136.50, 129.91, 128.48, 127.90, 127.65, 126.91, 126.11, 124.42,(25 100), 511 (7950). Elemental analysis calculated for

123.73,123.18, 122,47, 114.88, 112.02, 70.28, 69.24, 31.69, 31.39(C74HssN404S), (1129.58): C, 78.68; H, 7.85: N, 4.96; S, 2.84.

29.66, 29.57, 29.26, 27.33, 25.91, 25.54, 22.67, 14.04, 13.97. GPCFound: C, 77.94; H, 8.06,: N, 4.44; S, 2.45. CDV
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Supporting Information Available: Synthetic details of pre-
monomers!H NMR and3C NMR spectra of monomers, model

compounds, and polymers, and CV curves of model compounds.
This material is available free of charge via the Internet at http:// @4
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