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A new series ofr-conjugated (ABA)-type polymers constructed of electron-donating thiophene or
3-alkylthiophene (as the unit A) and electron-accepting pyridazine (as the unit B) were synthesized via
palladium-catalyzed dehalogenative polycondensation ef ABA —Br using hexamethylditin as the
condensing reagent. The obtained polymers were characterized by NMR, IR, and elemental analysis.
The polymers with alkyl side chains were soluble in organic solvents, and gave number-average molecular
weights ranging from 3.% 10*to 16 x 10* in gel-permeation analysis. The polymers exhibited strong
green photoluminescence (PL) with the peak in the range of-520 nm and quantum vyields of 51
61% in chloroform. The PL intensity was sensitive toward acids. In films, the-U¥ and PL peaks
shifted to a longer wavelength by about-3@0 nm. Powder X-ray diffraction data suggested that the
polymer formed a highly orderedstacked assembly assisted by the side chain crystallization and-dipole
dipole interaction. Cyclic voltammetry revealed that the polymer was susceptible to both electrochemical
p- and n-doping, and the n-doping peak appeared in the rangedb to—2.28 V vs Ag/Ag. The
polymer served as a good material for a thin-film field-effect transistor and gave a hole mobility of 3
103cm?PVist

Introduction (FETs} and photovoltaic cell$.HT-P3RTh forms a well-

Polythiophenes occupy a prominent position of research 0rdered lamellar structure with strong cofaciastacking
in 7-conjugated polymers because of their attractive elec- in the solid state, which is a desirable feature to attain a high
tronic and optical propertiésin particular, chemical and ~ charge carrier mobility in FETS.
phy5|c.al propertles. of regioregular head-to.-tall poly(3- R
alkylthiophene-2,5-diyl)s (HT-P3RTh%)’ have widely been _
studied. They show excellent performance in organic elec- ]\ S / 64\ <
tronic devices such as thin-film field-effect transistors S \ /) n S N / n

R

PThPy’
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New Coplanar (ABA)Type Copolymers

Chart 1. Reported Thiophene-Based (ABA)-Type
Copolymer and New Copolymer of Pyridazine, P(PydTh)

| | —
A / \5) 3 I
{‘(ss i s N\l s,
P(PydTh)

composed of the alternating sequence of electron-donating

and electron-accepting aromatic units exhibit interesting
electronic and optical properties such as large optical third-
order nonlinearit{®®based on their intramolecular charge-
transferred (CT) electronic structure.

Another family of thiophene-basedconjugated copoly-
mers with the above shown (ABA}ype structure has also
been attracting intensive attentiors!’” For the r) unit in
Chart 1, variousp-phenylene-baségfc13¢14¢1517adgnd
thiophene-baséd3a14ac1516njts have been employed.
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(i) NBS (1 equiv.), DMF, room temperature; (ii) Mg, THF, 60 °C; (iii) 3,6-dichloro-
pyridazine, NiCl,(dppp) (dppp = 1,3-bis(diphenylphosphino)propane), THF, 60 °C;
(iv) NBS (2 equiv.), DMF, 60 °C.

P(PydTh)-H (R=H) 90%

P(PydTh)-6 (R =n-CeH13) 93%

R R

Me3Sn-SnMe;

Pd(PPhg)g, Cul —
3a-3e ——> /) N /) P(PydTh)-10 (R = n-C1oHz1) 95%
TI—;I;/DNCF\/IP s N-N S /n P(PydTh)-12 (R = n-Ci2Hys) 94%

P(PydTh)-14 (R = n-C14Hz9) 94%

deficient pyridazine unit as the B or tha)(unit. The CT
electronic structure and symmetrical structure of the obtained

However, use of electron-accepting azaheterocycles as thecopolymers,P(PydTh)s as well as known S:-N interac-

(7) unit has received less attenti#if.140-17¢
Pyridazine is one of the strongest electron-accepting

azaheterocycles because of its containing two electron-

withdrawing imine—C=N-— nitrogens'® In this study, we

tions'® may lead to unique molecular assembly of the
polymer. Pyridazines have been studied as a metal-coordinat-
ing ligand?® and a component for supramolecular architec-
tures?* However, to our knowledgez-conjugated copolymer

focus on synthesis and chemical properties of new thiophene-bearing the pyridazine unit has no precedent. Herein, we

based (ABA)-typer-conjugated copolymers with the electron-
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report results of synthesis of the new (ABAype 7z-con-
jugated polymers and their chemical properties including self-
assembling character. For the synthesis of the polymer, a
new route using hexamethylditin (M@n—SnMe) as a
condensing reagent has been designed.

Results and Discussion

Synthesis of Monomers and PolymersSyntheses of the
dibromo monomers3a—3e€) and the corresponding polymers
are outlined in Scheme 1. The key in the polymerization is
a new synthetic methodology using hexamethylditin §Me
Sn—SnMe) as the condensing reagent in the presence of
Pd catalyst.

Bromination of 3-alkylthiophene (step i in Scheme 1) was
achieved by usindN-bromosuccinimide (NBS) in DMP2
The coupling reaction between 3,6-dichloropyridazine and
the Grignard reagent dfa—1ein the presence of a catalytic
amount of NiC(dppp) afforded trimeric compound2a—

26) in 58—74% yields.2a—2e were brominated by NBS to
give the corresponding dibromo monome8a<{3€). The
structure of3a—3ewas ascertained b4 NMR, 13C NMR,
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Table 1. Results of the Polymerization

-CHo-
no.  polymer  yield (%) Mnx 1042 [](dLg™)) T (°C) (a) Ciablas Crablos 7| -cHy

P(PydTh)-H 90 b 0.35 391 Pydt Thetl i~ = ™S
P(PydTh)-6 93 9.0 407 OB N\ e
P(PydTh)}-10 95 16 415

P(PydTh)}-12 94 16 089 414

P(PydTh)-14 94 3.2 410 OCH,

b wOWNBE

aMolecular weights were estimated from GPC analysis (eleedt2-

dichlorobenzene at 13%C; polystyrene standard€)Not determined due U
to poor solubility.© In concentrated k8O at 30°C. 9 In 1,2-dichloroben-
zene at 30C (for the soluble part (approximately 90%) B(PydTh)-12). b CroHoe Ciob
©5% weight-loss temperature measured by TGA undewlth a heating (b) 127125 =127128
rate of 10°C min~2. AR\ ERNE/A\

S/
§ N-N S /n

FT-IR, and elemental analysis, and the data are provided in
the Experimental Section. Pyd-H | Tho
According to the coupling reaction 8&—3eutilizing Mes- W3 L

Sn—SnMe as the condensing reagent and Pd@pRind Cul JuL L.JL_
as catalysts, the corresponding polymersweresuccessfullyl_o_+ 4+ 4 v 4 v v v 0 0 0 0 0 0 0 000 0
obtained in high yields (9995%). Recently, Chanandco- 0 9 8 7 6 5 4 3 2 1 0 3&/ppm
workers briefly reported a similar polymerization method Figure 1. *H NMR spectra of (aBd and (b)P(PydTh)-12in CDCl. The
using hexabutylditin (BsBn—SnBu),2® based on the Stille peaks with an asterisk mark are due to Cidid HO.

Kelly reaction?* We found that the utilization of M&n— of organometallic species during workefsc Aggregation
SnMe; instead of BySn—-SnBy and addition of Cul  of the polymer molecules even in fluid solution may also
cocatalys® accelerated the polymerization reaction and gave 5 se broadening of the GPC trace in the high molecular
a higher molecular weight as described below. The Pd- \eignt region.
catalyzed Suzuki-type polymerization using bis(pinacolato)-  The intrinsic viscosities#{] of P(PydTh)-H (in concen-
diboron?® instead of BSn—SnR;, was not effective for the  yrated HSO, at 30°C) and the 1,2-dichlorobenzene-soluble
monomersz-Conjugated polymer with the pyridazine unit part (ca. 90%) o (PydTh)-12 (in 1,2-dichlorobenzene at
has no precedent to our knowledge. 30°C) were 0.35 and 0.89 dL-§ respectively. Therj] value

The polymerspP(PydTh)-6 throughP(PydTh)-14 were  of p(PydTh)-12corresponds to a molecular weight of 27
partly (ca. 56-90%) soluble in organic solvents such as 1 of polystyrene?’d P(PydTh)-12 prepared with BgSn—
CHCls, THF, toluene, and 1,2-dichlorobenzene at room gnBy, showed a lower molecular weightlg = 4100 vs
temperature. The main part (more than 90%) of the alkyl- polystyrene standards) and a narrow molecular weight
substituted polymers was soluble in 1,2-dichlorobenzene atgjstripution (./M, = 1.5) in the GPC analysis.
135°C; the solubility at the temperature was 10 mg/mL or  A|| the copolymers exhibited good thermal stability with
higher. The gel permeation chromatography (GPC) analysis 5o, weight-loss temperature® higher than 390C under
was carried out with the main part and using 1,2-dichlo- N, as revealed by thermogravimetric analysis (TGA). The
robenzene as the eluent. The nonsubstitirglydTh)-H first weight-loss took place in the temperature range 0f-380
was almost insoluble in the aforementioned solvents and only 50 °c (cf. Figure S2).
partially soluble in HCOOH, C{£O0H, and concentrated NMR and IR. Figure 1 depictsH NMR spectra of3d
H2SQO,. As shown in Table 1, the number-average molecular g p(PydTh)-12 in CDCl;. P(PydTh)-12 shows two
weights Mys) of the polymers with the alkyl side chain were  aromatic signals ab 7.68 and 7.20, which are assigned to
estimated at 3:216 x 10* (for the 1,2-dichlorobenzene- pyridazineH and thiophendd, respectively. The peaks in
soluble fraction vs polystyrene standards). The GPC tracesiye range of 3.0—0.8 arise from alkyl groups, and the peak
exhibited considerably broad distribution of the molecular zre3 ratio between the aromatic and aliphatic signals agrees
weight, and the GPC trace became bimodaF(@ydTh)-6  ith the molecular structure d¥(PydTh)-12 P(PydTh)-H
throughP(PydTh)-12 (cf. Figure S1). Organometallic poly-  \yas characterized by cross-polarization magic-angle spinning
condensation sometimes gives a broad distribution of the (CP-MAS)3C NMR spectroscopy in the solid state, which
molecular weight (e.g., aM./M, value of 3.39. One of is depicted in Figure S3; th€=N peak ¢ 149) of the
the reasons for the bimodal distribution is ascribed to polymer appears near ti@=N peak positiond 148) of the
occurrence of both reductive elimination and protonolysis monomer3a.
2 Yo 3 No S . Chan 11 S Getahedron Let2001 42 5327 IR spectra of the polymers exhibited characteristic absorp-
2243 (aL)j‘StiI’Iezg\]]‘. K:Ariﬁ;ew.agh em.,'mt.eérci éan é?gnseezts, 503 (b) Kelly. tion peafs at about 1440 CTh(r!ng s}retchmg V|bfat|on) and

T. R.; Li, Q.; Bhushan, V.Tetrahedron Lett199Q 31, 161. (c) 830 cm! (C—H out-of-plane vibration) due ta,a'-coupled

ESE“{S?&J&JSS‘” H.; Nakamura, K.; Kodama, Wetrahedron  thjpphene rings. The presence of¢C=N) peak at 1550
(25) Thé beneficiz’iI effécts of added Cul to the transmetalation step have
been reported. See: (a) Bao, Z.; Chan, W. K.; YuJLAm. Chem. (27) (a) Suh, H.; Jin, Y.; Park, S. H.; Kim, D.; Kim, J.; Kim, C.; Kim, J.

Soc.1995 117, 12426. (b) Saa, J. M.; Martorell, @. Org. Chem. Y.; Lee, K. Macromolecules2005 38, 6285. (b) Miyakoshi, R.;

1993 58, 1963. (c) Farina, V.; Kapadia, S.; Krishnan, B.; Wang, C.; Yokoyama, Y.; Yokozawa, TMacromol. Rapid Commur2004 25,

Liebeskind, L. SJ. Org. Chem1994 59, 5905. 1663. (c) Yamamoto, T.; Abla, M.; Murakami, Bull. Chem. Soc.
(26) (a) lzumi, A.; Nomura, R.; Masuda, Them. Lett200Q 29, 728. (b) Jpn.2002 75, 1997. (d) McCormick, H. WJ. Polym. Sci1959 36,

Izumi, A.; Nomura, R.; Masuda, Macromolecule00Q 33, 8918. 341.
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Figure 2. (A) ORTEP drawing (50% ellipsoids) db. Selected bond lengths (A) and angles (deg):—N2 1.308(5), N+ C11 1.354(4), C1#C12
1.383(5), C12-C13 1.387(6), C4C11 1.454(5), StC4 1.7343(4), StC1 1.716(4), C+C2 1.358(5), C2C3 1.417(6), C+Brl 1.869(4), N2N1-C11
121.2(3), N:-C11-C12 121.0(3), C13C12-C13 118.2(3), N+ C11-C4 113.0(3), C12C11-C4 126.0(3), N2C14-C15 112.5(3), C13C14-C15
126.2(3), N:--C11-C4—S1 2.5(4), N2-C14-C15-S2 2.7(4). (B) Crystal packing diagram 8b. Hydrogen atoms are omitted for clarity.

cm 1, characteristic of the pyridazine unit, supports the notion energy structure for a trimeric model compound, 3,6-bis[2-
that the pyridazine ring is maintained after the polymeriza- (3-ethylthienyl)]pyridazine (see Figure S5); the structure

tion?8 (cf. Figure S4).

X-ray Structural Analysis of the Monomer. The X-ray
crystal structure o8b was resolved. Figure 2 displays the
ORTEP drawing and the crystal packing diagran3lbfthe
detailed crystallographic data are given in the Supporting
Information.

resembles the X-ray crystal structure 8b. When the
trimeric units are connected (or polymerized) to foRm
(PydTh)s, there seems to be no apparent steric repulsion
between the connecting two alkylthiophene units, if the two
thiophene units assume an s-trans conformation. Conse-
quently P(PydTh)s are considered to have an essentially

The three aromatic rings @b assume a highly coplanar ~ Coplanar structure.

structure with dihedral angles between the central pyridazine /AS can be seen in Figure 2B, the crystal packinglofs
and the peripheral thiophene rings of less thanc®nse- comprised of infiniter-stacks along the lattice direction,
quently the steric hindrance between the thiophene-alkyl I Which the molecules are alternately arranged in an

groups and the CH hydrogen atoms attached at the C12 andntiparallel fashion in view of the orientation of the central
C13 carbons of the pyridazine ring is considered to be pyridazine unit. The short intermolecular contact distances,

negligible. As apparently seen in Figure 2A, the two outer N1—C12 (3.48 A), N2-C11 (3.47 A), and C14C4 (3.47
thiophene rings 08b bend toward the direction of nitrogen A), suggest strong intermolecular Interactions b_etween the
in the pyridazine unit, presumably due to intramolecular Stacked molecules. The face-to-face packing distance was
nonbonded interactiéh between the sulfur and nitrogen 'oUghly estimated at 3.4 A. The antiparallel dipetiipole
atoms® Because of this bending, conceivable steric repulsion INteraction between facing polar pyridazine rings is consid-
between the thiophene-alkyl group and the pyridazine CH ered to be2 a dominant factor to dictate _the_ packing of
hydrogen is avoided. The intramolecular-SN1 and S2- molecules®? In the crystal, one hexyl group lies in the plane
-N2 distances of 2.78 and 2.76 A, respectively, are signifi- of the backbone, while the other one is kinked substantially
cantly shorter than the sum of the corresponding van der©ut of the molecular plane to occupy a space between the

Waals radii (3.35 A% and support the presence of the Packed molecules.

attractive nonbonded interaction, which stabilizes the copla- _ Self-Organized Solid Structure of the PolymersFigure
nar conformation of3b. DFT®! theoretical calculations 3 displays the powder X-ray diffraction (XRD) patterns of

(B3LYP/6-31G* level§i*-d indicated a coplanar minimum-  the P(PydTh)s The polymers with long alkyl side chains
(charts b-e of Figure 3) exhibit sharp reflection peaks in

the low-angle region, similar to HT-P3RPh> For P-
(PydTh)-14 (chart e of Figure 3), a distinct peak at 22.8 A,
indexed as a (100) reflection, will be assigned to the
interchain spacing between the two polymer main chains,
which is segregated by the alkyl substituehislts second-,
third-, and forth-order reflections are clearly observed at 11.4,
7.6, and 5.7 (22.8/ n = 2—4) A, respectively, implying a
highly ordered assembly of the polymer molecules. The

(28) For P(PydTh)s the »(C=N) peak appeared at somewhat lower
frequency by about 40 cm compared with that of 3,6-bis(2-pyridyl)-
pyridazine. See: Hoogenboom, R.; Wouters, D.; Schubert, U. S.
Macromolecule2003 36, 4743.

(29) (a) lwaoka, M.; Takemoto, S.; Okada, M.; TomodaB8all. Chem.
Soc. Jpn2002 75, 1611. (b) Nagao, Y.; Hirata, T.; Goto, S.; Sano,
S.; Kakehi, A,; lizuka, K.; Shiro, MJ. Am. Chem. S0d.998 120,
3104.

(30) Bondi, A.J. Phys. Cheml964 68, 441.

(31) (a) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989. (b) Becke, A.
D. J. Chem. Physl993 98, 5648. (c) Lee, C.; Yang, W.; Parr, R. G.
Phys. Re. B 1988 37, 785. (d) Hariharan, P. C.; Pople, J. @hem.
Phys. Lett.1972 16, 217.

(32) Yasuda, T.; Imase, T.; Nakamura, Y.; Yamamotdylacromolecules
2005 38, 4687.
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Figure 5. Schematic representation of arrangements of two polymer chains
for P(PydTh)s (left) and HT-P3RTh (right).
7.3 52 (b) Chart 2. Proposed Packing Structure of P(PydTh)-H

N @
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Figure 3. Powder X-ray diffractograms of (&(PydTh)-H, (b) P(PydTh)-
6, (c) P(PydTh)-10, (d) P(PydTh)-12 and (e)P(PydTh)-14 Peaks are
labeled withd spacing in angstroms.

b=7.0A

o case of widely investigated HT-P3RTh, its high number

20l i density of the alkyl side chain (one alkyl chain/repeating
height of 7.8 A for atrans-bithiophene uni®? prevented

~ 15 i formation of the interdigitation packing because of a rather

large effective diameted(= 4.5 AP of the alkyl side chain;
10k dy=1.03n+86 i consequently HT-P3RTh assumes an end-to-end packing
mode?* On the contrary, the number density of the alkyl
S side chain foP(PydTh)s (4/22.6 A or 1/5.65 A) is smaller
0 N (‘:wmber ofcarbons :nZR) 16 enough for the interdigitation packing. The alkyl side chains
Figure 4. Plots of thed; spacing against the number of carbonjif the are considered to be somewhat tilted to fill out the allotted
alkyl side chain forP(PydTh)s space effectively. The observed slope of 1.03 A/carbon
(Figure 4) less than the height of theCH,— unit (1.25

peaks ofd, = 4.2 A andd; = 3.5 A are considered to Alcarbon) agrees with this view. In the packing structure,
originate from crystallization of the alkyl side chains and the alkyl chains in the upper layer are considered to be
m-stacking of the coplanar polymer main chains (i.e., (010) situated between those in the lower layer to attain a well-
reflection), respectively.4°233The face-to-facer-stacked packed hexagonal-like packing structure. Similar XRD
distance @) of 3.5 A observed wittP(PydTh)sis almost ~ patterns, self-assembly, and packing models have been
the same as the intermolecular distance (ca. 3.4 A) seen inreported for one of the (ABAjtype copolymers (B=
the crystal structure d8b (cf. Figure 2B). thiophene-2,5-diyl}!a16

As shown in Figure 3, the interchaih spacing reasonably The packing model depicted in Figure 5 gave calculated
increases upon elongation of the side chain from hexyl group densitie®® of 1.22, 1.16, 1.19, and 1.19 g c#for P-
(for P(PydTh)-6:. d; = 14.6 A) to tetradecyl group (foP- (PydTh)-6 throughP(PydTh)-14, respectively. These cal-
(PydTh)-14: d; = 22.8 A). Plots of thel; spacing against ~ culated values agreed well with observed densities of 1.22,
the number of carbons in the alkyl side chain give a linear 1.17, 1.15, and 1.14 g cri respectively, within the
line with a slope of 1.03 A/carbon (see Figure 4), which is €xperimental error.
smaller than the height of oneCH,— unit (1.25 A/car- On the other hand, the XRD profile d?(PydTh)-H
bon)434P(PydTh)sare presumed to adopt an interdigitation (Figure 3a) is simple and somewhat differs from those of
packing structure, because the number density of the alkylthe alkyl analogues. These features suggest a face-centered
groups is not as high as HT-P3RTh and the nonsubstitutedPacking with the lateral unit cell dimensions af= 9.3 A
pyridazine ring provides a sufficient space to facilitate the andb= 7.0 A, in which the molecular plane 8(PydTh)-H

side-chain interdigitation, as illustrated in Figure 5. In the is in parallel to theac plane (thec axis in the direction of
polymer backbone). The dimensionsaéndb are reason-

(33) Watanabe, J.; Harkness, B. R.; Sone, M.; IchimurdJiatromolecules
1994 27, 507. (35) Calculated density (g crd) = [(C12HaN2SR2-xH20)/6.02 x 1079/

(34) (a) Jordan, E. F., Jr.; Feldeisen, D. W.; Wrigley, AJNPolym. Sci.: (11.3x 3.5 x di x 10724, where 11.3 A and 3.5 A are the lengths
Part A1971 9, 1835. (b) Hsieh, H. W. S.; Post, B.; Morawetz, H. of the repeating heighth(2 in Figure 5) and the interlayer distance
Polym. Sci.: Polym. Phys. EA976 14, 1241. obtained from the XRD data, respectively.
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Figure 6. UV—vis absorption (left) and PL (right) spectra BPydTh)- Figure 7. Cyclic voltammogram of a film oP(PydTh)-12on a Pt plate

12in (a) CHCh (solid line), (b) HCOOH (short-dashed line), and (c) thin ™ an acetonitrile solution of [(§Hs)aN]BF. (0.10 M) under N. Scan rate
film (long-dashed line) at room temperature. is 50 mV s~

Chart 3. Comparison of UV—Vis Data of Thiophene-Based The Amax Of the thin film (curve c in Figure 6) was red-
(ABA)n-Type Copolymers shifted by approximately 30 nm from that in CHCAnd an

R . R . Re_R additional shoulder peak was observed at 520 nm. Such a
M w [ » [ - bathochromic shift of thelmay position in going from the
R R

solution to the solid state is often observed witiconjugated

Ammax = 398 nm'#* Aunax = 429-432 nm'® A = 439-449 nm polymers and is indicative of aggregation, which leads to
in CHCy in CHCly in CHCly an intermolecularr—s electronic interaction in the stacked
P =19-26% P =40-44% @=51-61% polymers and/or planarization of the backbone conformation.

BecauseP(PydTh)-12is considered to assume a coplanar
structure even in the solution, the bathochromic shift is
mainly accounted for by the intermolecular electronic
interaction.P(PydTh)-12 prepared by using BSn—SnBuw
and having the lower molecular weight showed the-UV
vis peak at somewhat shorter wavelength (440 nm in GHCI

able forP(PydTh)-H, and the two major peaks at 5.6 A and
3.5 A can be indexed as (110) and (020) reflections,
respectively (cf. Chart 2). When R of HT-P3RTh is shortened
to methyl, the polymer takes a similar face-centered packing
structuret36

For thin films of the polymers cast on a Pt plate, the XRD L
patterns clearly showed tltk peak; however, thd, andds and 467 nm in film). N )
peaks became obscure (cf. Figure S6). These results suggest The PL spectrum (curve cin Figure 6) also showed a shift

that the polymer molecules assume an aligned structure in®© 2 I_ongerdwav:alength in Elm' Agr_}oggg_ril‘pf manyl
the film, with the alkyl side chains oriented toward the 7-conjugated polymers such as ) IS _strongly

surface of substrate. Recently similar alignmentre¢on- weakened in the solid state,.especially when they .fo.rm such
jugated polymers, including the (ABAJype polymersa a m-stacked structure, the film d?(PydTh)-12 exhibited

with alkyl side chains, on the surface of substrates has beenconsiderably strong PL. ) . i
reportecfcoc.32 P(PydTh)-12showed a conspicuous red-shift of &Vis

UV—Vis Absorption and Photoluminescence (PL). and PL peaks in HCOOH (curve b in Figure 6), revealing a

Figure 6 depicts the U¥vis absorption and PL spectra of strong effect for the protonation of the nitrogens of the

P(PydTh)-12 in solutions and film. The absorption peak pyridazine unit on the optiqql properties. The PL emission
(Amay) at 449 nm in CHGJ (curve a of Figure 6) is considered  Tom P(PydTh)-12was significantly weakenedi( < 1%).
to be due to ther—x* transition along the polymer main These phenomena in the acidic medium would be related to

chain, which takes place at a lower energy than those ofenhancement of the intramolecular CT from the electron-
similar thiophene-based (ABAJype copolymers possessing do_nating thiophene L_mit to th_e e_Iectron-accepting_ pyridazine
p-phenylen&aor pyridine-2,5-diy}* central unit (see Chart unit by the protonatlm_%*.3 A similar solvatochromic effect
3). This bathochromic shift of the absorption peak may be has been ObSGfY‘?d in the protonatu_)n mfcon!ugated_
related to an enhanced CT electronic structure of the COPOlMErs containing 1,10-phenanthroline or pyridine Bnit.
polymef29a32and/or high coplanarity oP(PydTh)-12. P- Electrochemical Redox Behavior A typical cyclic vol-

(PydTh)-12 exhibits strong-green PL with the emission @mmogram of a cast film is depicted in Figure 7 for
maximum {er) at 519 nm in CHGJ, which essentially agrees  (PydTh)-12. Since P(PydTh)-12 contains both electron-
with the onset position of the absorption band, as usually accepting pyridazine and electron-donating thiophene units,

observed with aromatic compounds and polymers. The pL the polymer film accepts both electrochemical n-doping and
quantum vyield ofP(PydTh)-12 (® = 58% in CHC}) is p-doping. The electrochemical reduction B{PydTh)-12

higher than those of similar copolymé&t&®shown in Chart starts at about1.8 V with an ”'dOF_"”g, peak a{2.17. Vs
3 and P3RTh® = 11% in CHC}).% Ag*/Ag, and the corresponding oxidation (n-dedoping) peak

appears at-1.99 V vs Ag/Ag.

(36) Yamamoto, T.; Lee, B.-L.; Suganuma, H.; SasakP&@ym. J.1998
30, 853. (38) Valeur, B.; Leray, ICoord. Chem. Re 200Q 205, 3.
(37) Li, L.; Collard, D. M. Macromolecule®005 38, 372. (39) Yasuda, T.; Yamamoto, Macromolecule003 36, 7513.
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Table 2. Optical and Electrochemical Data of the Polymers

UV —vis absorptiommax (nm) PLAem (nm) redox peak potenti&{V vs Agt/Ag)
no. polymer solutiof filme E,°P€ (eV)  solutiort filme @f (%) n-doping p-doping Egei (eV)
1 P(PydTh)-H 479 d d 553 d <1b —-2.15 1.18 2.47
2 P(PydTh)-6 449 472 (516) 221  517(553) 561(597) 61 -2.18 0.80 2.34
3 P(PydTh)-10 448 480 (516) 222  519(555) 557(592) 59  —2.18 0.76 2.42
4  P(PydTh)-12 449 480 (515) 222  519(554) 557(590) 58  —2.17 0.79 2.38
5 P(PydTh)-14 439 464 (510) 225  513(548) 555(587) 51  —2.28 0.85 2.50

aWith the CHC} soluble part and in CHGJ unless otherwise noteBMeasured in HCOOHE Thin polymer film cast on a quartz glass plate. The data
in parentheses are due to shoulder peék#ot determined® Band-gap energy estimated from the onset position of-Wi¢ spectra in film! PL quantum
yield in CHCE calculated using the standard of quinine sulfate 1@ solution in 0.5 M HSQy) having® of 54.6%.9 Measured by cyclic voltammetry
for the film on a Pt plate in an acetonitrile solution of §&)JN]BF4. " Irreversible wave! Band gap energy estimated from the onset reduction and onset
oxidation potentials in cyclic voltammetry.

The p-doping and p-dedoping redox peaks are observed
at normal positions (0.79 and 0.70 V vs Adg, respec- 0.6
tively) for thiophene-based polymers. A large potential
difference between the p-doping and p-dedoping was previ- 0.4H
ously reported for the copolymer of thiophene and pyridine
(PThPy shown in the Introduction pard)in the previously
reported case, the polymer molecules assume a twisted
conformation, and the electrochemical oxidation may bring
about a relatively large structural relaxation, leading such a

©
N
T

Absorbance
o

potential discrepancy. However, f&{(PydTh)-12 such a 0.6r
large potential difference was not observed between the
p-doping and p-dedoping. 04r
The cyclic voltammogram d?(PydTh)-12was stable and
reproducible through repeated scannings. However, the 0.2r
polymer was sensitive to overoxidatiéhand scanning to a .
higher potential (higher than 1.3 V vs Ag\g) resulted in O 5t 80 1050
the destruction of the electrochemical activity of the polymer. Wavelength / nm

The electrochemical data for the polymers are presented iNgig e 8. changes in the absorption spectrum of a filmRgPydTh)-12
Table 2. In the case ¢?(PydTh)-H, the p-doping potential ~ on an ITO glass plate during the electrochemical n-doping (top) and
shifted to a higher potential by about 400 mV from that of P-doping (bottom) in an acetonitrile solution of {ds)sN]BF4 (0.10 M).

. . . Arrows indicate the direction of the spectral change.
the alkyl analogues; the data are consistent with an electron-
donating nature of the alkyl substituent.

The lowest-unoccupied molecular orbital (LUMO) and the
highest-occupied molecular orbital (HOMO) energy levels
(ELumo andEnomo) of the copolymers were deduced-a8.0
to —2.8 eV and—5.5 to —5.2 eV, respectively, from the
onset potentials of n- and p-doping waves in the cyclic
voltammogramé! Accordingly, the electrochemically evalu-
ated band gapE"® (ELumo — Enowmo), ranges from 2.3 to

originated from polaronic states. By returnimgQ V vs Agt/

Ag, the original U\~vis spectrum was recovered. These
spectroscopic changes along the n-doping/n-dedoping pro-
cesses were recognized as a color change between orange
and dark-gray. This electrochromism showed good revers-
ibility and fast response (cf. Figure S7).

Upon application of the oxidative potentials (Figure 8,

25 eV as indicated in Table 2. bottom), ther—z* absorption band oP(PydTh)-12became
Electrochromic Behavior. To study spectroelectrochemi- \évggker, and a broad absorption emerged in the range ef 600
nm.

cal behavior ofP(PydTh)-12, a cast film was prepared on
an indium-tin—oxide (ITO) coated glass substrate. Figure  Field-Effect Transistor Characteristics. Thin-film field-

8 presents the UWvis—NIR absorption spectra oP- effect transistors (FETS) usiri(PydTh)-6 as the semicon-
(PydTh)-12 at various applied potentials betweeR.4 and ductor layer were fabricated on n-doped Si/SgDbstrates
+1.0 V vs Ag'/Ag. When the applied potential was by spin-coating (see the Supporting Information). The device
negatively increased from 0 te-2.4 V (Figure 8, top), structure is shown in Figure 9A. Figure 9B displays the plots
intensity of thex—s* absorption band at about 480 nm in  of source-drain currentifs) as a function of source-drain
the neutral polymer decreased. This electrochemical reductionvoltage ¥/bs) at different gate voltagevg) from 0 to —60
brought about a new broad absorption band centered around’. On the application of negativés, characteristic transistor
850 nm and tailing into the NIR region, which may have behavior was observed, indicating that the fabricated FET
had p-channel characteristics. However, we could not obtain
(40) Krische, B.; Zagorska, Msynth. Met1989 28, 257. n-channel characteristics for the device, possibly due to a

(41) All electrochemical onset potentials were calibrated with the/fe i iniecti ;
standard (4.8 eV below the vacuum level) to estimate the LUMO and large barrier for electron injection from the Au electrode into
HOMO energy levels of the polymers. See: (a) Pommerehne, J.; the polymer.

Vestweber, H.; Guss, W.; Mahrt, R. F.; &der, H.; Porsch, M.; Daub, - -
J.Adv. Mater.1995 7, 551. (b) Liu, M. S.; Jiang, X.; Liu, S.; Herguth, As the Vos _mcreases’ the current?s enters into the_
P.; Jen, A. K.-Y.Macromolecule002 35, 3532. saturation regime and can be described by the following
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Figure 9. (A) Schematic illustration of the bottom-contact field-effect
transistor (FET) based oR(PydTh)-6. The source and drain electrodes
consist of Au contact. (B) Source-drain curres) vs source-drain voltage
(Vbs) output characteristics of the device. (C) Transfer characteristics of
the same device taken ®bs = —60 V.
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equation

WG

lps= I#(VG - VT)2

1)
Here, W is the channel width (50@m), L is the channel
length (10um), u is the field-effect carrier mobilityC; is

the capacitance per unit area of the insulation layer (11.5
nFcnT?), andVr is the threshold voltage. According to eq
1, u was calculated to be & 103 cn? V-1 s! from the
linear portion of the transfer plots at a fix&)s of —60 V
(see Figure 9C). The corresponding on/off current ratio of
the device was evaluated asx41(°.

Conclusions

New donor-acceptor arranged-conjugated copolymers,
poly{ 3,6-bis[2-(3-alkylthienyl)]pyridazines (P(PydTh)s),
were prepared via the elaborated polycondensation utilizing
hexamethylditin. The pyridazine unit is a new building block
for m-conjugated polymers. The polymers having long alky!

groups were soluble in organic solvents, and the solutions

exhibited strong PL with the quantum yield higher than 50%.
Single-crystal X-ray crystallography of the monomer and
powder XRD of the polymer indicated that the polymers took

Chem. Mater., Vol. 17, No. 24, 206667

the polymers shifted to a longer wavelength in film,
indicating the occurrence of intermolecular electronic inter-
actions; however, the polymer was still photoluminescent
in the film. The PL was sensitive to the protonation. The
electrochemical responses of the polymers in both the p- and
n-doping processes were revealed, and the polymer showed
good response in electrochromism even in the reductive
region. The polymer demonstrated a carrier mobility of 3
102 cn? V-1 st when used as a p-type semiconductor in
the field-effect transistor.

Experimental Section

Synthetic Procedures. 3,6-Bis(2-thienyl)pyridazine (2a)To
a stirred suspension of magnesium turnings (2.67 g, 110 mmol) in
dry THF (50 mL) was slowly addetla (17.12 g, 105 mmol) under
N,. Thereafter, the mixture was stirredrf8 h at 60°C. The
produced Grignard reagent was transferred into a mixture of 3,6-
dichloropyridazine (7.45 g, 50 mmol) and Nj@ippp) (0.54 g, 1.0
mmol) in dry THF (50 mL) at °C. The mixture was warmed to
60 °C and stirred for 17 h. After cooling, the reaction mixture was
poured into a large amount of water, and the product was extracted
with chloroform. The organic layer was washed with water and
dried over anhydrous sodium sulfate. After filtration and evapora-
tion, the crude product was washed with methanol and recrystallized
from chloroform/hexane to afford a pale-yellow solid24 (yield
= 7.06 ¢, 58%).'H NMR (400 MHz, CDC}): o 7.74 (s, 2H),
7.65 (dd,J = 4.0 and 1.2 Hz, 2H), 7.48 (dd,= 4.8 and 1.2 Hz,
2H), 7.15 (ddJ = 4.8 and 4.0 Hz, 2H):3C{*H} NMR (100 MHz,
CDCly): 6 153.23, 140.61, 129.10, 127.99, 125.88, 122.42. Anal.
Calcd for GHgN,S,: C, 58.99; H, 3.30; N, 11.47; S, 26.25.
Found: C, 59.18; H, 3.30; N, 11.43; S, 25.99.

2h—2ewere prepared in a similar manner, and the product was
purified by column chromatography (silica, chloroform/hexane
2:1, vlv). Spectroscopic and analytical data2bf-2e are shown
below.

3,6-Bis[2-(3n-hexylthienyl)]pyridazine (2b). Yellow oil (yield
= 74%).'H NMR (400 MHz, CDC}): 6 7.66 (s, 2H), 7.37 (dJ
= 5.2 Hz, 2H), 7.03 (dJ = 5.2 Hz, 2H), 2.95 (tJ = 7.6 Hz, 4H),
1.68 (m, 4H), 1.38-1.28 (m, 12H), 0.87 (t) = 7.2 Hz, 6H).1°C-
{H} NMR (100 MHz, CDC}): ¢ 153.80, 142.73, 133.60, 130.75,
126.89, 124.45, 31.70, 30.51, 29.76, 29.25, 22.64, 14.12. Anal.
Calcd for G4H3NLS,: C, 69.85; H, 7.82; N, 6.79; S, 15.54.
Found: C, 69.49; H, 7.65; N, 6.51; S, 15.20.

3,6-Bis[2-(3n-decylthienyl)]pyridazine (2c). Light-yellow oil
(yield = 59%)."H NMR (400 MHz, CDC}): ¢ 7.66 (s, 2H), 7.38
(d,J=5.2 Hz, 2H), 7.03 (dJ = 5.2 Hz, 2H), 2.95 (t) = 7.6 Hz,
4H), 1.69 (m, 4H), 1.381.24 (m, 28H), 0.87 (t) = 6.8 Hz, 6H).
13C{*H} NMR (100 MHz, CDC}): ¢ 153.83, 142.76, 133.62,
130.77, 126.90, 124.47, 31.93, 30.57, 29.78, 29.66, 29.64, 29.62,
29.55, 29.38, 22.73, 14.18. Anal. Calcd fopE4gN,S,: C, 73.23;
H, 9.22; N, 5.34; S, 12.22. Found: C, 72.96; H, 8.97; N, 5.15; S,
11.86.

3,6-Bis[2-(3n-dodecylthienyl)]pyridazine (2d). Light-yellow
solid (yield= 62%).1H NMR (400 MHz, CDC}): ¢ 7.66 (s, 2H),
7.38 (d,J=5.2 Hz, 2H), 7.03 (dJ = 5.2 Hz, 2H), 2.96 (t) = 7.6
Hz, 4H), 1.69 (m, 4H), 1.381.24 (m, 36H), 0.87 (&) = 6.8 Hz,
6H). 13C{1H} NMR (100 MHz, CDC}): 6 153.86, 142.79, 133.65,
130.79, 126.90, 124.49, 31.97, 30.59, 29.80, 29.73, 29.71, 29.66,
29.62, 29.57, 29.40, 22.75, 14.18. Anal. Calcd fggGeN,.S,: C,
74.42; H, 9.72; N, 4.82; S, 11.04. Found: C, 74.58; H, 9.66; N,
4.68; S, 10.76.

3,6-Bis[2-(3n-tetradecylthienyl)]pyridazine (2e). Light-yellow

a coplanar molecular structure and formed a supramolecularsolid (yield= 60%).2H NMR (400 MHz, CDC}): 6 7.66 (s, 2H),

m-stacked assembly in the solid state. The-tis peak of

7.38 (d,J = 5.2 Hz, 2H), 7.03 (dJ = 5.2 Hz, 2H), 2.95 (tJ = 7.6
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Hz, 4H), 1.69 (m, 4H), 1.381.24 (m, 36H), 0.88 (t) = 6.8 Hz,
6H). 13C{*H} NMR (100 MHz, CDC}): ¢ 153.84, 142.77, 133.63,

130.78, 126.91, 124.48, 31.97, 30.58, 29.79, 29.74, 29.71, 29.66,

29.62, 29.57, 29.41, 22.75, 14.19. Anal. Calcd fasHeN,S,: C,
75.41; H, 10.13; N, 4.40; S, 10.07. Found: C, 75.28; H, 10.19; N,
4.31; S, 9.83.

3,6-Bis[2-(5-bromothienyl)]pyridazine (3a).To a solution of
2a (1.71 g, 7.0 mmol) in dry DMF (50 mL) was slowly added
NBS (2.62 g, 14.7 mmol) at room temperature undgrthe mix-
ture was stirred for 12 h at 60C and then cooled to room temp-

Yasuda et al.

1330, 1122, 1044, 1004, 872, 827, 721. Anal. Calcd feiHgr
BroN,S,: C, 60.44; H, 7.86; Br, 20.10; N, 3.52; S, 8.07. Found:
C, 60.78; H, 7.87; Br, 20.19; N, 3.55; S, 8.35.

General Procedure for the Polymerization. Poly[3,6-bis(2-
thienyl)pyridazine] (P(PydTh)-H). To a mixture of3a (1.21 g,
3.00 mmol) and hexamethylditin (1.03 g, 3.15 mmol) in dry THF
(20 mL) and dry NMP (10 mL) were added Pd(BRh0.17 g,
0.15 mmol) and copper(l) iodide (0.02 g, 0.1 mmol) as the catalysts.
After being stirred for 48 h at 80C under N, the reaction mixture
was added into an aqueous solution (ca. 5%) of potassium fluoride.

erature. The formed precipitate was separated by filtration, washedThe precipitated polymer was separated by filtration and then

with water and methanol (twice), and dried under vacuum to give
a light-yellow powder of3a (yield = 2.70 g, 96%)1H NMR (400
MHz, CDCL): 6 7.69 (s, 2H), 7.38 (dJ = 4.4 Hz, 2H), 7.11 (d,

J = 4.4 Hz, 2H). CP-MAS*C NMR: ¢ 148.02, 137.75, 123.87,
118.99. FT-IR (KBr, cmt): 3091, 3061, 1579, 1552, 1435, 1401,
1325, 1216, 1121, 1061, 990, 856, 839, 792, 748. Anal. Calcd for
CiHeBrNoS;: C, 35.84; H, 1.50; Br, 39.74; N, 6.97; S, 15.95.
Found: C, 35.97; H, 1.56; Br, 39.48; N, 6.90; S, 15.72.

The synthesis o8b—3e was carried out analogously with the
exception of the following workup and purification procedure. After
the reaction, the resulting mixture was poured into a large amount
of water, and the product was extracted with chloroform. The
organic layer was washed with water and dried over anhydrous
sodium sulfate. After filtration and evaporation, the product was
purified by column chromatography (silica, chloroform/hexane
1:1, v/v) and recrystallized from chloroform/methanol. Spectro-
scopic and analytical data 8b—3e are described below.

3,6-Bis[2-(5-bromo-3n-hexylthienyl)]pyridazine (3b). Light-
yellow solid (yield= 73%).*H NMR (400 MHz, CDC}): 6 7.59
(s, 2H), 6.98 (s, 2H), 2.86 (§,= 7.6 Hz, 4H), 1.66 (m, 4H), 1.38
1.29 (m, 12H), 0.88 (tJ = 6.8 Hz, 6H).13C{'H} NMR (100 MHz,
CDCl): 0 153.04, 143.33, 135.25, 133.48, 123.92, 115.23, 31.67,
30.28, 29.84, 29.20, 22.62, 14.13. FT-IR (KBr, ¢ 2951, 2928,
2850, 1553, 1433, 1387, 1201, 1144, 1040, 1008, 823, 729. Anal.
Calcd for G4H30Br2N,S,: C, 50.53; H, 5.30; Br, 28.01; N, 4.91;

S, 11.24. Found: C, 50.19; H, 5.31; Br, 28.34; N, 4.88; S, 11.10.
3,6-Bis[2-(5-bromo-3n-decylthienyl)]pyridazine (3c). Light-

yellow solid (yield= 72%).*"H NMR (400 MHz, CDC}): ¢ 7.59

(s, 2H), 6.98 (s, 2H), 2.86 (§,= 7.6 Hz, 4H), 1.65 (m, 4H), 1.37

1.25 (m, 28H), 0.87 (tJ = 6.8 Hz, 6H).13C{'H} NMR (100 MHz,

CDCls): 0 153.04, 143.33, 135.26, 133.48, 123.91, 115.22, 31.94,

30.32, 29.83, 29.65, 29.60, 29.52, 29.49, 29.37, 22.74, 14.19. FT-

IR (KBr, cm™1): 3048, 2954, 2918, 2850, 1550, 1469, 1439, 1390

1121, 1042, 1006, 872, 827, 720. Anal. Calcd fggHeBroN»S,:

C, 56.30; H, 6.79; Br, 23.41; N, 4.10; S, 9.39. Found: C, 56.34;

H, 6.57; Br, 23.77; N, 4.36; S, 9.32.
3,6-Bis[2-(5-bromo-3n-dodecylthienyl)]pyridazine (3d).Light-

yellow solid (yield= 88%).'H NMR (400 MHz, CDC}): 6 7.58

(s, 2H), 6.98 (s, 2H), 2.86 (§,= 7.6 Hz, 4H), 1.66 (m, 4H), 1.37

1.25 (m, 36H), 0.88 (tJ = 6.8 Hz, 6H).13C{'H} NMR (100 MHz,

CDCly): ¢ 153.08, 143.38, 135.28, 133.51, 123.93, 115.21, 31.97,

washed with distilled water, methanol, and acetone in this order.
After drying under vacuum, red-brown powder({PydTh)-H was
obtained (yield= 0.65 g, 90%). CP-MAS3C NMR: ¢ 148.60,
135.30, 122.51. FT-IR (KBr, cml): 3064, 1549, 1438, 1405, 1311,
1119, 1075, 1036, 838, 793, 746, 696. Anal. Calcd fapkleN,S,
0.9H,0).: C,55.75; H, 3.04; N, 10.84; S, 24.81. Found: C, 55.88;
H, 2.76; N, 10.72; S, 24.29; Br, 3.50.

Other polymers were prepared in an analogous manner. The spec-
troscopic and analytical data of the polymers are described below.

Poly{ 3,6-bis[2-(3n-hexylthienyl)]pyridazine} (P(PydTh)-6).
Red powder (yield= 93%).H NMR (400 MHz, CDC}): ¢ 7.69
(s, 2H), 7.21 (s, 2H), 2.97 (br, 4H), 1.74 (br, 4H), 14634 (m,
12H), 0.91 (br, 6H). FT-IR (KBr, cmt): 2952, 2924, 2853, 1550,
1435, 1379, 1277, 1038, 826, 724. Anal. Calcd foptGoN,S,
0.8H,0),: C, 67.82; H, 7.49; N, 6.59; S, 15.09. Found: C, 67.54;
H, 7.11; N, 6.34; S, 14.97; Br, 1.91.

Poly{ 3,6-bis[2-(3n-decylthienyl)]pyridazine} (P(PydTh)-10).
Red powder (yield= 95%).H NMR (400 MHz, CDC}): ¢ 7.68
(s, 2H), 7.20 (s, 2H), 2.96 (br, 4H), 1.72 (br, 4H), 1-4B27 (m,
28H), 0.88 (br, 6H). FT-IR (KBr, cmY): 2922, 2851, 1550, 1436,
1380, 1272, 1038, 826, 720. Anal. Calcd for 34846N2Sy
0.5H,0),: C, 72.26; H, 8.91; N, 5.27; S, 12.06. Found: C, 72.07;
H, 8.49; N, 5.19; S, 11.80; Br, 0.36.

Poly{ 3,6-bis[2-(3n-dodecylthienyl)]pyridazine} (P(PydTh)-
12). Red powder (yield= 94%).H NMR (400 MHz, CDC}): 6
7.68 (s, 2H), 7.20 (s, 2H), 2.95 (br, 4H), 1.74 (br, 4H), 14425
(m, 36H), 0.87 (br, 6H). FT-IR (KBr, cm): 2922, 2850, 1550,
1436, 1380, 1271, 1038, 826, 720. Anal. Calcd fosets4N,S,:
0.8H,0),: C, 72.87; H, 9.44; N, 4.72; S, 11.00. Found: C, 72.79;
H, 8.92; N, 4.65; S, 10.81; Br, 0.43.

Poly{ 3,6-bis[2-(3n-tetradecylthienyl)]pyridazine} (P(PydTh)-

14). Orange powder (yiele= 94%).H NMR (400 MHz, CDC}):

0 7.67 (s, 2H), 7.19 (s, 2H), 2.95 (br, 4H), 1.72 (br, 4H), 45
1.25 (m, 44H), 0.87 (br, 6H). FT-IR (KBr, cnd): 2920, 2850,
1550, 1466, 1438, 1382, 1274, 1038, 826, 721. Anal. Calcd for
(CaoHe2N2S,°0.7H,0): C, 74.12; H, 9.87; N, 4.33; S, 9.90.
Found: C, 73.92; H, 9.25; N, 4.26; S, 9.88; Br, 0.

Instruments and Methods. Details for the measurements are
given in the Supporting Information.
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