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ABSTRACT: A series of new poly(aryleneethynylene)-type π-conjugated copolymers, which consist of an
electron-accepting 1,3,4-thiadiazole, 4-alkyl-1,2,4-triazole, or 3,4-dinitrothiophene unit and an electron-
donating 1,4-didodecyloxybenzene or N-dodecylpyrrole unit, were prepared in 81-93% yields by palladium-
catalyzed polycondensation. Their related model compounds (PhC≡C-Ar-C≡CPh; Ar ) the electron-
accepting unit) were also synthesized. GPC traces of the polymers gave number average molecular weights
(Mn’s) of 6900-29 700. The polymers formed a molecular assembly and a birefringent phase as revealed
by powder X-ray diffraction (XRD) analysis and polarized light optical microscopy (POM). They formed
an aligned structure on a platinum plate. The UV-vis peaks of the polymers appeared in the range of
385-522 nm in solutions, and the peak was shifted by 10-44 nm to a longer wavelength in films, according
to intermolecular electronic interaction. The density functional theory (DFT) calculations supported the
presence of strong intermolecular interaction between the polymer molecules. The polymers composed of
a 1,3,4-thiadiazole or a 1,2,4-triazole unit exhibited photoluminescence with quantum yields of about
50% in chloroform. The polymers were electrochemically active and showed the reduction peak in a range
of -1.1 through -2.2 V vs Ag+/Ag.

Introduction

Among π-conjugated polymers, poly(aryleneethy-
nylene)s (PAEs)1 have attracted strong attention be-
cause of their interesting optical properties (e.g., pho-
toluminescent property and optical nonlinearity),2 rigid-
rod molecular structure, and applications to sensors,3
polarizers,4 organic light-emitting diodes (OLEDs),5 and
molecular wires.6 For PAEs, those having electron-
deficient heteroaromatic rings such as pyridine,2 2,2′-
bipyridyl,7 2,1,3-benzothiadiazole,8 and quinoxaline9

were recently prepared, and they showed interesting
optical, electronic, and chemical properties.

The following five-membered 1,3,4-oxadiazole, 1,3,4-
thiadiazole, and 4-alkyl-1,2,4-triazole with two electron-
withdrawing imine (CdN) nitrogens possess a high
electron affinity,10 and PAEs consisting of these units
are considered to be interesting.

Low-molecular-weight compounds of 1,3,4-oxadiazole
and 4-phenyl-1,2,4-triazole are used as electron-trans-
porting and hole-blocking materials to increase the
quantum efficiency in OLEDs.11 Recently, a large num-
ber of π-conjugated polymers containing the 1,3,4-
oxadiazole unit have been synthesized and applied in
OLEDs.12 However, synthesis of PAEs bearing 1,3,4-
thiadiazole and 1,2,4-triazole units in the conjugated
main chain has not been reported. We herein report
preparation of PAEs consisting of the 1,3,4-thiadiazole,
4-alkyl-1,2,4-triazole, and 3,4-dinitrothiophene units.

Recently, various alternative charge transfer (CT)-
type π-conjugated copolymers (e.g., the following Poly-
mer 113) have been prepared and their interesting
optical and electronic properties have been revealed.13-16

The PAEs exhibited in Chart 1 have a similar CT
structure, and are expected to show interesting chemical
properties originated from the CT structure. Actually,
we previously reported that PAEs containing electron-
accepting units (e.g., diacetoxydicyano-p-phenylene unit
in Polymer-2)16 and electron-donating dialkoxy-p-phen-
ylene unit had a strong tendency to form a molecular
assembly because of the intermolecular CT interaction.

The newly synthesized PAEs also contain electron-
donating dialkoxy-p-phenylene or N-alkyl-2,5-pyrro-
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lylene unit and of the electron-accepting 1,3,4-thiadia-
zole, 4-alkyl-1,2,4-triazole, or 3,4-dinitrothiophene unit,
and are expected to expand the scope of chemistry of
PAEs with such a CT structure.

It has recently been reported that π-conjugated
aromatic polymers with alkyl side chains (e.g., head-
to-tail type regioregular poly(3-alkylthiophene)) tend to
form a parallel alignment on the surface of substrates,
with the alkyl side chain oriented toward the surface
of the substrate.8,17 Such alignment is considered to be
crucial for higher carrier mobility17b,c and optical use4a

of the π-conjugated aromatic polymer. However, the
controlling factor for the alignment on the surface has
not been clarified well, and the PAEs reported in this
paper are expected to give experimental data for the
controlling factors of such alignment on the surface of
substrates.

To obtain further understanding of the electronic and
optical properties of the newly prepared PAEs, we
prepared the following trimeric model compounds con-
sisting of the above-shown electron-accepting units. In
the model compounds, the phenyl group is considered
to behave as a donor unit, and the model compounds
are also considered to have the CT electronic structure,
Ph-C≡C-Ar-C≡C-Ph (Ar: the electron-accepting
heteroaromatic unit).

Results and Discussion

New PAEs and Model Compounds. Scheme 1
exhibits synthetic routes of the polymers and model
compounds. The dibromo monomers 1 through 318 and
the monomer 58 were synthesized according to the
literature. Details of synthesis of the new compounds
6-9 are described in the Experimental Section.

The new PAEs were prepared according to the poly-
condensation1,19 under the Sonogashira-Heck coupling
conditions,20 and the results of the polymerization are
summarized in Table 1. The polymerization proceeded
smoothly at 60 °C to give the PAEs in high yields (81-
93%). P(Taz3-Ph) and P(Taz12-Ph) were completely
soluble in CHCl3, THF, and 1,2-dichlorobenzene, and
P(Thdz-Ph) was partially soluble (∼80%) in the sol-
vents. P(ThNO2-Ph) was less soluble in the solvents,
and about 50% of the polymer was soluble in THF.
P(Thdz-Pyr), P(Taz12-Pyr), and P(ThNO2-Pyr) with
the N-dodecyl-2,5-pyrrolylene unit were soluble in the
solvents; however, their solubility was somewhat lower
compared with that of P(Taz3-Ph) and P(Taz12-Ph)
having the didodecyloxy-p-phenylene unit. Thin films
of the polymers suited for optical and electrochemical
measurements were prepared by casting or spin coating.

GPC data of the soluble parts of PAEs indicated they
had number average molecular weights (Mn’s) of 6900-
29 700 (vs polystyrene standards) with the polydisper-
sity index (Mw/Mn) of 1.2-2.5. For P(ThNO2-Ph), the
GPC analysis was carried out with the THF soluble part

(about half, as described above), and the small Mw/Mn
value of 1.2 (no. 4 in Table 1) was ascribed to the
fractionation of P(ThNO2-Ph) by the solubility.

PAEs usually have a -C-X (X ) halogen) group at
both polymer ends,2c,21 suggesting that the reactivity of
the dihalo monomer determine the molecular weight of
the polymer. Of the dibromo monomers, 1 seems to have
higher reactivity than 2 and 3. For the polymers
containing the 1,3,4-thiadiazole or 1,2,4-triazole unit,
the Mn values (e.g., about 39 000 and 7500 for P(Thdz-
Ph) and P(Taz3-Ph), respectively) calculated from the
Br content (see the Experimental Section) roughly agree
with those obtained in the GPC analysis. However, the
3,4-dinitrothiophene-containing polymers show a large
discrepancy between the Mn value estimated from the
GPC analysis and that calculated from the Br content
(e.g, Mn ) about 52 000 for P(ThNO2-Ph), which may
indicate that the polymer has a -C≡CH terminal group
attributable to high reactivity of the monomer 4.

Thermogravimetric analysis (TGA) exhibited that the
5% weight-loss temperature (Td) of the copolymers was
higher than 320 °C under N2, except for P(ThNO2-Ph)
and P(ThNO2-Pyr) with the nitro group (cf. Table 1
and Figure S2). The weight-loss of P(ThNO2-Ph) and
P(ThNO2-Pyr) started around 200 °C, and the Td’s
were 262 and 245 °C, respectively. The DSC curves of
all the polymers exhibit an exothermicity at high
temperatures (cf. Figure S3), suggesting occurrence of
cross-linking that has been reported for PAE type
polymers.22 Once the polymer was heated above the high
temperature, a different DSC curve was obtained.

IR and NMR. The IR spectra of all the polymers
indicated a ν(C≡C) peak of the disubstituted acetylene
in the range of 2181-2222 cm-1 (cf. Figure S1 in the
Supporting Information), and the strong ν(C-H) peak
(at 3286 cm-1 for 5 and at 3309 cm-1 for 6) due to the
terminal -C≡CH groups of the diethynyl monomer was
not observed. P(ThNO2-Ph) showed characteristic peaks
of the -NO2 group at 1552 and 1331 cm-1.

As depicted in Figure 1, the 1H NMR spectra of the
polymers in CDCl3 are reasonable for the molecular
structures. P(Thdz-Ph), P(Taz3-Ph), and P(ThNO2-
Ph) give a single aromatic peak of the dialkoxy-p-
phenylene unit at about δ 7.0-7.1, and peaks of the
alkyl groups are observed in a normal region (δ 4.3-
0.8). The aromatic signal of the pyrrole-based PAEs such
as P(Thdz-Pyr) (Figure 1d) also appears at a normal
position (at about δ 6.7). P(ThNO2-Pyr) showed a weak
paramagnetism in the temperature range of 4-300 K
(cf. the Supporting Information; Figure S9). The mag-
netic susceptibility and ESR measurements of P(ThNO2-
Pyr) gave the spin concentration of approximately 0.1
spin/(repeating unit) at room temperature. NMR signals
of P(ThNO2-Pyr) could not be observed at room tem-
perature because of the magnetism. P(ThNO2-Pyr)
exhibited some electrical conducting even at a nondoped
state, as will be discussed later.

Molecular Structure, Molecular Assembly, and
Morphology. We first determined molecular structures
of the model compounds 7-9 by single-crystal X-ray
crystallography, and the results are exhibited in Figures
2 and 3. The crystallographic data and refinement
parameters are given in the Supporting Information
(Table S1).

Molecular Structure of 7. Figure 2a displays a
molecular structure of 7 in the crystal. 7 assumes a
slightly twisted structure; the interplanar angles be-

Chart 1
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tween the central 1,3,4-thiadiazole ring and the periph-
eral phenyl groups are ca. 9° and 15°. For ArC≡C-Ar′-
C≡CAr type molecules, it has previously been reported
that energy change with rotation of the aryrene units
was very small;23 however, in many cases, the molecule
assumes essentially coplanar structure.24 As seen in the
crystal packing of 7 (Figure 2b), the short intermolecular
contact distances, C2-C3′ (3.51 Å) and S1-N1′ (3.55
Å), indicate fairly strong intermolecular interactions
between the neighboring two parallel molecules. In the
case of 7, the two molecules in the same column slipped
by each other, and the 1,3,4-thiadiazole unit of the upper
molecule comes approximately on the -C≡C- bond of
the lower molecule. Similar slipped stacking of ArC≡C-
Ar′-C≡CAr type molecules was reported.24a,b Because
the two stacked molecules are not arranged in a

completely parallel mode, it is difficult to determine the
stacking distance. However, the stacking distance was
roughly estimated at about 3.35 Å from the distance
between C3′ and the thiophene ring in the lower
molecule.

Structures of 8 and 9 with a Highly Polarized
Central Ar Unit. On the other hand, the crystal
packing of 8 and 9 (Figure 3) indicates a strong
interaction between the central five-membered rings in
the neighboring molecules. The stacking intermolecular
distances in 8 and 9 are estimated at about 3.35 Å.
Because the 4-propyl-1,2,4-triazole and 3,4-dinitro-
thiophene units are considered to have a very large
electric dipole moment as discussed later, a strong
antiparallel dipole-dipole interaction seems to control
the molecular packing. The compound 8 assumes an

Scheme 1. Syntheses of New PAEs and Model Compounds (CnH2n+1 Indicates n-alkyl Group)

Table 1. Preparation of the PAEsa

no. polymer time (h) yield (%) color Mn
b Mw/Mn

b Td
d (°C)

1 P(Thdz-Ph) 12 91 orange 29700 2.4 324
2 P(Taz3-Ph) 20 87 yellow 8200 2.0 357
3 P(Taz12-Ph) 20 86 yellow 17200 2.5 362
4 P(ThNO2-Ph) 4 91 purple 7000c 1.2c 262
5 P(Thdz-Pyr) 24 81 red 19400 2.2 332
6 P(Taz12-Pyr) 40 90 brown 9700 1.8 370
7 P(ThNO2-Pyr) 10 93 purple-black 6900c 1.4c 245

a The polymerization was carried out at 60 °C under N2. b Estimated from GPC analysis for a CHCl3 soluble part (eluent ) CHCl3;
polystyrene standards), unless otherwise noted. c For a THF soluble part (eluent ) THF; polystyrene standards). d 5% weight-loss
temperature measured by TGA under N2 with a heating rate of 10 °C min-1.
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essentially coplanar structure; however, 9 takes a
somewhat twisted structure with an interplanar angle
of ∼25°. This is considered to be due to the electronic
and steric effects of the NO2 group, and DFT calculation
(B3LYP/6-31G*) also predicted a twisted structure of 9
with the interplanar angle of about 7°. The two NO2
groups are not in the same plane of thiophene because
of steric reason.

Packing Structure of PAEs with a Dialkoxy-p-
phenylene Unit. For the PAEs with the dialkoxy-p-
phenylene unit, the packing structure shown in Figure
4, which is similar to that proposed for a similar CT-
type PAE,8 is supposed on the basis of XRD data
described below.

We assume an idealized packing structure for PAEs,
in which the stiff conjugated main chains form es-
sentially a coplanar structure and the alkoxy side chains
are extended laterally within the planes of the main
chains. Appropriate arrangement of the directions of the
dipoles located on the five-membered heterocycles is
considered to play an important role in formation of a
layered π-stacked assembly.25 Side chain crystallization
(or aggregation) is also considered to be an important
role in the formation of the assembly.17,26-28

As illustrated in Figure 4, the polymer molecules in
a layer are considered to take a zigzag conformation and
an interdigitation27 packing mode. The repeating height,
h ) ∼13 Å (cf. Figure 4), of the polymer is larger than
the double of the effective thickness of the alkoxy side
chain8,27 (about 4.5 Å) to allow the interdigitation
packing.

The powder X-ray diffraction (XRD) pattern of P(Thdz-
Ph) gives three diffraction peaks at d1 ) 21.3 Å, d2 )
4.3 Å, and d3 ) 3.5 Å, as exhibited in Figure 5a. The
sharp d1 peak can be assigned to a distance between
the conjugated main chains separated by the long side
chains (cf. Figure 4); similar assignment has been made
for various π-conjugated polymers with long side chains.17

Poly((2,5-didodecyloxy-p-phenylene)ethynylene), hav-
ing a higher concentration of the same -OC12H25 side
chains, was reported to take a lamellar structure in the
solid and gave a longer interchain distance of d ) 29.5
Å,21b which suggests formation of a somewhat different
packing mode (presumably an end-to-end packing
mode17,26,27) because of the dense -OC12H25 chains. The
d3 peak of 3.5 Å observed with P(Thdz-Ph) (Figure 5a)
is reasonable for the layer-to-layer π-stacking distance
(cf. Figure 4) between the coplanar polymer molecules,
as previously reported for coplanar π-conjugated poly-
(heteroarylene)s such as head-to-tail poly(3-alkylthio-
phene)s and head-to-head poly(4-alkylthiazole)s.17,26 The
d3 distance of P(Thdz-Ph) is comparable to that of the
intermolecular stacking distance (about 3.4 Å) of 7
discussed above. The d2 peak corresponds to a side-to-
side distance between loosely packed alkyl side chains.27

The XRD patterns shown in Figures 5b and 5d
suggest that P(Taz3-Ph) and P(ThNO2-Ph) assume a
similar self-assembled layered structure in the solid.
The packing model, the d1 and d3 values, and the
repeating height (cf. Figure 4; h ) ∼13 Å) give calcu-
lated densities of 0.99, 0.99, and 1.10 g cm-3 for
P(Thdz-Ph), P(Taz3-Ph), and P(ThNO2-Ph), respec-
tively. These calculated densities (Fs) essentially agree
with the observed densities of 0.95, 0.97, and 1.05 g cm-3

within experimental error, supporting the proposed
packing structure; the observed F value is usually
smaller than the calculated value because polymers
usually contain an amorphous part.

P(Taz12-Ph) has a larger number density of the long
side chain and may assume a somewhat different
packing mode in the solid. If P(Taz12-Ph) assumes a
similar packing structure, the d3 peak is considered to
be hidden under the d2 peak. The d1 distance does not
show a strong dependence on the presence or absence
of the alkyl side chain in the 1,3,4-thiadiazole and 1,2,4-
triazole units, revealing that the distance d1 between
the π-conjugated main chains is essentially determined
by the two dodecyloxy side chains of the didodecyloxy-
p-phenylene unit. However, the d1 distance somewhat
increases with the increase in the length of the alkyl
side chain (from 21.3 Å of P(Thdz-Ph) to 26.8 Å of

Figure 1. 1H NMR spectra of (a) P(Thdz-Ph), (b) P(Taz3-
Ph), (c) P(ThNO2-Ph), and (d) P(Thdz-Pyr) in CDCl3. The
peaks with * mark are due to CHCl3 and H2O.

Figure 2. (a) ORTEP front view of 7; selected bond lengths
(Å) and angles (deg): S1-C1 1.732(1), N1-N2 1.364(2), N1-
C1 1.316(1), C1-C3 1.418(2), C3-C4 1.202(2), C4-C5 1.432-
(2), C5-C6 1.402(2), C6-C7 1.388(2), C7-C8 1.391(2), C1-
S1-C2 86.65(6), N2-N1-C1 112.4(1), S1-C1-N1 114.13(9),
N1-C1-C3 124.2(1), C1-C3-C4 176.8(1), C3-C4-C5 178.2-
(1), C4-C5-C6 119.5(1), C5-C6-C7 120.1(1). (b) Packing
view of 7 along the b axis. Hydrogen atoms are omitted for
simplification.

4690 Yasuda et al. Macromolecules, Vol. 38, No. 11, 2005



P(Taz12-Ph), cf. Figure 5) presumably due to increase
of the volume to be allotted for the alkyl and dodecyloxy
side chains.

Polarized light optical microscopy (POM) showed a
birefringent phase in a thin film of P(Thdz-Ph) at room
temperature, as displayed in Figure 6, and the phase
was unchanged at 180 °C. Phase transition to an
isotropic phase could not be detected because the sample

decomposed before reaching the isotropic phase. The
polarized microscopy and DSC traces revealed that the
endothermic peaks of P(Taz3-Ph) and P(Taz12-Ph) at
81 °C and 171 °C, respectively, corresponded to transi-
tion to an isotropic phase. Films of the pyrrole-based
polymers did not show an optically anisotropic phase.

Packing Structure of PAEs with a N-dodecyl-2,5-
pyrrolylene Unit. In contrast to the case of PAEs with

Figure 3. Molecular packing of 8 (top) and 9 (bottom). Hydrogen atoms are omitted for simplification.

Figure 4. Schematic representation of a proposed packing structure of the polymers in the solid state. The arrows indicate
directions of the dipole moment on the five-membered heterocycles. The polymer with long side chains assumes an interdigitation
packing mode, and segregation of the polymer main chains accounts for the interchain d1 spacing. The repeating height, h, is
estimated at 13.0 Å for P(Thdz-Ph), 12.6 Å for P(Taz3-Ph), and 13.1 Å for P(ThNO2-Ph).
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the symmetrical didodecyloxy-p-phenylene unit, well-
packing of PAEs with the unsymmetrical N-dodecyl-2,5-
pyrrolylene unit requires additional ordering of the
direction of the alkyl group of the N-dodecyl-2,5-pyr-
rolylene unit. Consequently, it may be difficult for these
polymers with the N-dodecyl-2,5-pyrrolylene unit to
form a well-packed structure. The somewhat broad peak
of P(Thdz-Pyr) shown in Figure 5e may indicate the
difficulty for these polymers to form the well-packed
structure, and the following data concerning molecular
alignment on the surface of platinum plate support this
view.

Molecular Alignment on the Surface of a Pt
Plate. Figure 7 exhibits XRD patterns of cast films of
the PAEs on a Pt plate. As seen from Figure 7, the XRD
patterns of the cast films of P(Thdz-Ph), P(Taz3-Ph),
and P(ThNO2-Ph) clearly show the d1 (cf. Figures 4
and 5) peak; however, the d2 and d3 peaks observed in
Figure 5 almost vanish. The d1 distance is somewhat

shortened and the second-order d1/2 peak is observed
for P(Thdz-Ph) and P(Taz3-Ph), similar to the cases
of Figures 5a and 5b. As previously reported, with
π-conjugated polymers with long alkyl side chains,8,17

the disappearance of the d2 and d3 peaks of P(Thdz-
Ph), P(Taz3-Ph), and P(ThNO2-Ph) in the XRD
patterns of their cast films is considered to indicate
parallel alignment of these PAE molecules on the
surface of the Pt plate, which is depicted in the bottom
of Figure 7. The present results give new examples of
such alignment of the π-conjugated aromatic polymers
and suggest that the CT-type PAE with long side chains
has a tendency to take such an aligned structure on the
surface of substrates. It was previously reported that
π-conjugated polymers such as head-to-tail type poly-
(3-alkylthiophene-2,5-diyl) with long alkyl side chains
form an aligned structure on the surface of various
substrates such as Pt plate, Si plate, glass plate, and
Teflon plate.8d,17 The polymers described above are also
expected to form a similar aligned structure on various
substrates, too. However, the XRD pattern of P(Taz12-
Ph) exhibits the d2 peak as shown in Figure 7c,
revealing that this polymer does not form such an
aligned structure. The too long -C12H25 side chain may
prevent formation of such an ordered structure during
the formation of the cast film. For P(Thdz-Pyr) with
the N-dodecyl-2,5-pyrrolylene unit, the polymer seems
to form an amorphous cast film as shown in Figure 7e,
presumably due to the difficulty in forming the ordered
structure discussed above.

UV-vis and Photoluminescence (PL) Data. The
UV-vis and photoluminescence (PL) spectra of the
polymers in solutions are depicted in Figure 8. Optical
data of the polymers in solutions and films are sum-

Figure 5. Powder X-ray diffractograms of (a) P(Thdz-Ph),
(b) P(Taz3-Ph), (c) P(Taz12-Ph), (d) P(ThNO2-Ph), and (e)
P(Thdz-Pyr). Peaks are labeled with d-spacing in angstroms.
The peaks at 2θ ) 8.3° (d ) 10.6 Å) of P(Thdz-Ph) and 2θ )
8.2° (d ) 10.7 Å) of P(Taz3-Ph) are assigned to (020) peaks
with spacing of d1/2.

Figure 6. Polarized microscopic image of a cast film of
P(Thdz-Ph) under crossed polarizers at room temperature.

Figure 7. Top: XRD patterns of cast films of (a) P(Thdz-
Ph), (b) P(Taz3-Ph), (c) P(Taz12-Ph), (d) P(ThNO2-Ph), and
(e) P(Thdz-Pyr) on a Pt substrate. The XRD patterns were
obtained with a reflection mode. Bottom: Alignment of PAE
molecules on a Pt substrate.
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marized in Table 2. P(Taz3-Ph) gives an absorption
maximum (λmax) at 413 nm in CHCl3; the λmax position
is located near the π-π* transition peak reported for
poly((2,5-dialkoxy-p-phenylene)ethynylene)s (λmax )
∼400-430 nm in solutions).21,28

The λmaxs of P(Thdz-Ph) and P(ThNO2-Ph) are
observed at a considerably longer wavelength (λmax )
441 nm in CHCl3 and 490 nm in THF, respectively).
Incorporation of the 3,4-dinitrothiophene unit into the
polymer main chain leads to a bathochromic shift of the
absorption peak, which is ascribed to the enhanced
intramolecular CT structure in P(ThNO2-Ph) (vide
infra). The longer λmax value of P(Thdz-Ph) than that
of P(Taz3-Ph) may also account for enhancement of the
contribution from the CT electronic structure because
the difference between S in the 1,3,4-thiadiazole unit
and N in the 1,2,4-triazole unit will render a larger
electron affinity to the 1,3,4-thiadiazole unit, similar to
cases of thiophene and pyrrole. In films, the λmax
positions are shifted to a longer wavelength because of
the discussed molecular stacking in the solid.

The copolymers with the N-dodecyl-2,5-pyrrolylene
unit show a similar effect of the dinitrothiophene unit,
and the π-π* transition energy decreases in the order
of P(Taz12-Pyr) (λmax ) 385 nm) > P(Thdz-Pyr) (λmax
) 451 nm) > P(ThNO2-Pyr) (λmax ) 522 nm) in their
solutions (cf. Table 2). For P(Taz12-Pyr), the long alkyl
side chains in the 1,2,4-triazole unit and pyrrole unit
may cause some steric repulsion between them to distort
the coplanarity of the main chain, and this effect may
also contribute to a shift of λmax to a relatively shorter
wavelength. Such an effect of the long alkyl side chain

is also observed in the electrochemical behavior of
P(Taz12-Pyr), as discussed below.

P(Taz3-Ph), P(Thdz-Ph), and P(Thdz-Pyr) in CHCl3
exhibited intense light-blue, green, and yellow-green PL
emissions with the peaks at 448, 478, and 499 nm
(Figure 8, right), respectively, when irradiated with
their λmax light. Some of the PAEs gave the quantum
yield (Φ) higher than 50%. The PL peak (λem) positions
of these polymers roughly agreed with the onset position
of the absorption band, as usually observed with π-con-
jugated polymers. As seen from Table 2, the λem position
is shifted by about 70-110 nm toward a longer wave-
length in film, with broadening of the peak. Such a shift
in the solid is often observed with π-conjugated polymers
and assigned to formation of an excimer-like adduct.1,29

The nitro-substituted P(ThNO2-Ph), P(ThNO2-Pyr),
and 9 showed only a very weak PL; it is known that a
nitro group often brings about such a diminishing effect
on PL.

Electronic State of the Model Compounds 7-9.
Figure 9 displays the frontier orbital distribution in
structurally optimized 7-9; the calculation is made at
a B3LYP/6-31G* level. Results for their alkoxy-substi-
tuted derivatives are given in the Supporting Informa-
tion (Figure S6). HOMO and LUMO of 7 and 8 are
expanded over the whole of the molecule. In contrast,
the LUMO of 9 (see Figure 9c) is somewhat localized
on the 3,4-dinitrothiophene moiety, especially on the
nitro groups. From the results, it is deduced that the
HOMO-LUMO π-π* transition in 9 is accompanied by
a strong intramolecular CT from the donor to the
acceptor parts. Calculated HOMO-LUMO π-π* transi-

Figure 8. UV-vis absorption (left) and PL (right) spectra of P(Thdz-Ph) (ss), P(Taz3-Ph) (- - -), P(Thdz-Pyr) (- • - • -) in
CHCl3, and P(ThNO2-Ph) (• • •) in THF at room temperature. The PL spectra were obtained under excitation with λmax light.

Table 2. Optical and Electrochemical Data of the PAEs and the Model Compoundsa

UV-vis absorption photoluminescence

no. compound
λmax in solution

(nm) log εc
λmax in film

(nm)
λem in solution

(nm)
Φf

(%)
λem in film

(nm)
reduction peak potentialg

(V vs Ag+/Ag)

1 P(Thdz-Ph) 441 4.46 485 478 52 560 -1.83
2 P(Taz3-Ph) 413 4.58 436 448 57 521 (495) -1.98
3 P(Taz12-Ph) 412 4.59 425 449 (465) 46 540 -1.99
4 P(ThNO2-Ph) 490b 4.38b 506 576b 3b e -1.18, -1.43
5 P(Thdz-Pyr) 451 d 484 499 45 587 -1.84
6 P(Taz12-Pyr) 385 d 395 415 (438) 5 526 -2.20
7 P(ThNO2-Pyr) 522b d 538 e e e -1.37, -1.88
8 7 334 4.56 396 15 d
9 8 299 4.60 352 (337,365) 16 d
10 9 382 4.39 508 0.4 d

a With the CHCl3 soluble part and in CHCl3, unless otherwise noted. The data in parentheses are due to subpeaks. b With the THF
soluble part and in THF. c Molar extinction coefficient based on the repeating unit. d Not determined. e Too weak to measure. f PL quantum
yield calculated by using the standard of quinine sulfate (10-5 M solution in 0.5 M H2SO4) having Φ of 54.6%. g Estimated from cyclic
voltammetry for cast films.
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tion energy decreases in agreement with the observed
sequence of 8 (Eg ) 3.95 eV) > 7 (3.62 eV) > 9 (3.23
eV), although the calculated Eg values of 7-9 are
somewhat (∼0.3-0.5 eV) larger than the optical energy
gap estimated from the onset position of their UV-vis
spectra.

Self-assembly in Solution. As discussed above, the
synthesized PAEs have a strong tendency to stack, and
this stacking can also be observed with solution systems.
Figure 10 exhibits changes in the UV-vis and PL
spectra of a CHCl3 solution of P(Thdz-Ph), which is
caused by addition of CH3OH, a poor solvent for
P(Thdz-Ph). When CH3OH is added, a new absorption
peak appears at 487 nm. The new absorption peak
agrees with the λmax position of the film of P(Thdz-Ph),
suggesting that colloidal particles are formed by addi-
tion of CH3OH; in the colloidal particle, the polymer
molecules are considered to assume a stacking structure
similar to that in the film. Filtration of the colloidal

solution26 decreased the absorbance at 487 nm, and data
obtained by filtration of the solution with membranes
with various pore sizes revealed that the colloidal
solution containing 20 vol % of CH3OH (curve c in
Figure 10) contained 14% of colloidal particles larger
than 0.20 µm, 19% of those with 0.20-0.10 µm size, 48%
of those with 0.1-0.02 µm size, and 19% of those less
than 0.02 µm. Other copolymers exhibited analogous
solvatochromism; e.g., the data for P(Taz3-Ph) are
shown in the Supporting Information (Figure S7).

As presented in the right part of Figure 10, addition
of CH3OH to the CHCl3 solution of P(Thdz-Ph) leads
to a large red-shift of the PL peak and a decrease in
the PL intensity. Dramatic color changes of the emitted
lights from green to orange are observed on addition of
CH3OH. As shown in Table 2 (no. 1), the PL peak of
P(Thdz-Ph) in CHCl3 at 478 nm shifts to 560 nm in
film, and a similar shift is observed with the solution

Figure 9. The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) for the optimized
geometry of 7-9 calculated at the B3LYP/6-31G* level. Arrows indicate the dipole moment of the molecules.

Figure 10. Changes in UV-vis (left) and PL (right) spectra of CHCl3 solution of P(Thdz-Ph) on addition of CH3OH (0-50 vol
%). Arrows indicate the direction of the spectral change from low to high CH3OH content. The inset in the PL spectra displays
a photograph showing emission of light from the polymer solution, depending on the CH3OH content. [P(Thdz-Ph)] ) 8.0 × 10-6

M (repeating unit).
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containing a large amount of CH3OH (more than 40 vol
%).

Electrochemical Properties. The redox properties
of the polymers were characterized by cyclic voltamme-
try (CV) with their cast films, and the results are shown
in Table 2 and the Supporting Information (Figure S8).
The electrochemical reduction of P(Thdz-Ph) started
at about -1.6 V and gave an irreversible cathodic peak
at -1.83 V vs Ag+/Ag. This reduction onset potential is
comparable to that of typical electron-transporting
polymers such as cyano-substituted poly(p-phenylenevi-
nylene), CN-PPV (-1.6 V vs Ag+/Ag),30a and 1,3,4-
oxadiazole-containing aromatic polymers (ca. -1.5 to
-1.8 V vs Ag+/Ag).30b-d According to the reduction, the
color of the film of P(Thdz-Ph) changed from orange
under a neutral state to black under a reduced state.
When swept anodically, an irreversible oxidation peak
at 1.33 V vs Ag+/Ag was obtained, which is mainly
associated with oxidation of the dialkoxy-p-phenylene
unit.

Reduction of P(Taz3-Ph) required a negatively higher
potential (-1.98 V vs Ag+/Ag) than that of P(Thdz-Ph),
reflecting lower electron-accepting properties of the
1,2,4-triazole unit discussed above. For P(ThNO2-Ph),
the reductive scan gave two cathodic peaks at -1.18 and
-1.43 V vs Ag+/Ag; it has been reported that various
aromatic compounds with the nitro group show similar
two-step reduction.31 The difference in the reduction
potential among the polymers may be explained by the
difference of intramolecular CT characteristics.

P(Thdz-Ph), P(Taz3-Ph), and P(Taz12-Ph) them-
selves were insulating materials with electrical conduc-
tivity less than 10-11 S cm-1; however, P(ThNO2-Ph)
and P(ThNO2-Pyr) having the 3,4-dinitrothiophene
unit exhibited electrical conductivity of 9.7 × 10-9 and
6.3 × 10-9 S cm-1, respectively, even at a nondoped state
as discussed above. It has been reported that several
π-conjugated polymers with a nitro group such as poly-
(4,8-dinitroanthraquinone-1,5-diyl) show unique mag-
netism and electrical conductivity;32 contribution of
resonance structures participated in by the nitro group
may generate a carrier in the polymer main chain.
P(ThNO2-Pyr) indicated weak paramagnetism as de-
scribed above.

Conclusions

New poly(aryleneethynylene)s (PAEs) and their model
compounds consisting of electron-accepting 1,3,4-thia-
diazole, 1,2,4-triazole, and 3,4-dinitrothiophene units
were prepared. Most of PAEs formed a self-assembled
π-stacked structure in the solid assisted by the anti-
parallel dipole-dipole interaction and side chain ag-
gregation, as revealed by X-ray analyses and polarized
optical microscopy. They showed a strong tendency to
be aligned on a Pt plate. UV-vis and PL properties of
PAEs in chloroform changed upon addition of methanol
because of formation of colloidal aggregates. Quantum-
chemical calculations of the model compounds support
the intramolecular CT structure of PAEs. The synthe-
sized PAEs were photoluminescent, and some PAEs
gave the quantum yield of about 50%. They were
electrochemically active.

Experimental Section

Materials and Syntheses. 2,5-Dibromo-1,3,4-thiadiazole
(1),18 3,5-dibromo-4-propyl-1,2,4-triazole (2),18 3,5-dibromo-4-
dodecyl-1,2,4-triazole (3),18 1,4-didodecyloxy-2,5-diethynylben-

zene (5),28 2,5-dibromo-N-dodecylpyrrole,33 and Pd(PPh3)4
34

were prepared by similar procedures reported in the literature.
Commercially available 2,5-dibromo-3,4-dinitorothiophene (4)
was used for the polymerization. Solvents (anhydrous grade)
used in the reactions were purchased from Aldrich Co. or
Kanto Chemical Co. and stored under an inert atmosphere.

2,5-Diethynyl-N-dodecylpyrrole (6). 2,5-Dibromo-N-
dodecylpyrrole (9.83 g, 25 mmol), Pd(PPh3)4 (1.16 g, 1.0 mmol),
and CuI (0.19 g, 1.0 mmol) were mixed with dry THF (40 mL)
and triethylamine (40 mL) under N2. Trimethylsilyl acetylene
(5.89 g, 60 mmol) was slowly added to the mixture at room
temperature. The reaction mixture was stirred for 12 h at 50
°C, and then the solvent was removed by evaporation. The
residue was dissolved in hexane, and the solution was passed
through a short column of Celite to eliminate the ammonium
salt. The obtained product was further passed through a short
column (silica, hexane/chloroform ) 3:1, v/v). Evaporation of
the solvent led to a yellow oil of the silylated intermediate.
This material was dissolved in a mixture of THF (30 mL) and
methanol (100 mL). An aqueous solution of potassium hydrox-
ide (1.0 M, 20 mL) was added to the solution, and the mixture
was stirred for 10 h at room temperature. It was then poured
into water, and the product was extracted three times with
hexane. The combined extracts were washed with water and
dried over anhydrous sodium sulfate. After filtration and
evaporation, the product was further purified with column
chromatography (silica, hexane/chloroform ) 9:1, v/v) and
dried under vacuum to give a light-yellow oil (yield ) 5.38 g,
76%). 1H NMR (400 MHz, CDCl3): δ 6.37 (s, 2H), 4.07 (t, 7.4
Hz, 2H), 3.33 (s, 2H, acetylenic-H), 1.77 (m, 2H), 1.30-1.25
(m, 18H), 0.88 (t, 6.8 Hz, 3H). 13C{1H} NMR (100 MHz,
CDCl3): δ 115.56, 114.95, 81.43, 75.44, 46.45, 31.97, 30.77,
29.71, 29.68, 29.64, 29.54, 29.39, 29.24, 26.56, 22.75, 14.19.
FT-IR (neat, cm-1): 3309, 2925, 2854, 2104, 1464, 1405, 1375,
1318, 1131, 1024, 768. Anal. Calcd for C20H29N: C, 84.75; H,
10.31; N, 4.94. Found: C, 84.49; H, 10.04; N, 5.07.

P(Thdz-Ph). To a solution of 1 (488 mg, 2.0 mmol) and 5
(990 mg, 2.0 mmol) in dry toluene (70 mL) were added dry
diisopropylamine (30 mL), Pd(PPh3)4 (120 mg, 0.1 mmol), and
CuI (20 mg, 0.1 mmol) under N2. The mixture was stirred for
0.5 h at room temperature and for 12 h at 60 °C. After cooling
to room temperature, the solvent was removed under reduced
pressure. The resulting residue was dissolved in chloroform,
and the solution was slowly added into methanol to obtain a
precipitate. The crude product was separated by filtration and
washed with acetone. The crude polymer was further dissolved
in chloroform and reprecipitated in methanol. P(Thdz-Ph)
was collected by filtration, dried under vacuum, and obtained
as an orange solid (yield ) 1.05 g, 91%). 1H NMR (400 MHz,
CDCl3): δ 7.11 (s, 2H), 4.04 (br, 4H), 1.86 (br, 4H), 1.52-1.24
(br, 36H), 0.86 (br, 6H). FT-IR (KBr, cm-1): 2924, 2852, 2212,
1505, 1469, 1439, 1379, 1278, 1219, 1109, 1022, 858, 718. Anal.
Calcd for Br-(C36H52N2O2S)67-C2N2SBr (Mn ) 38 896): C,
74.54; H, 9.03; N, 4.90; O, 5.51; S, 5.61; Br, 0.41. Found: C,
74.83; H, 8.93; N, 4.68; O, 5.79; S, 5.69; Br, 0.41.

Other PAEs were prepared analogously. The spectroscopic
and analytical data of the polymers are described below. Some
of PAEs are considered to be hydrated.

P(Taz3-Ph). Yellow solid (yield ) 87%). 1H NMR (400 MHz,
CDCl3): δ 7.12 (s, 2H), 4.26 (br, 2H), 4.03 (br, 4H), 2.00 (br,
2H), 1.84 (br, 4H), 1.49-1.25 (m, 36H), 1.01 (t, 3H), 0.87 (t,
6H). FT-IR (KBr, cm-1): 2924, 2853, 2222, 1736, 1521, 1466,
1387, 1278, 1221, 1025, 860, 718. Anal. Calcd for Br-
(C39H59N3O2)12-C5H7N3Br (Mn ) 7492): C, 75.83; H, 9.62; N,
7.29; O, 5.12; Br, 2.13. Found: C, 75.87; H, 9.42; N, 6.64; O,
5.99; Br, 2.12.

P(Taz12-Ph). Yellow solid (yield ) 86%). 1H NMR (400
MHz, CDCl3): δ 7.12 (s, 2H), 4.27 (br, 2H), 4.03 (br, 4H), 1.95
(br, 2H), 1.84 (br, 4H), 1.49-1.20 (m, 54H), 0.88-0.84 (m, 9H).
FT-IR (KBr, cm-1): 2924, 2852, 2222, 1739, 1521, 1467, 1387,
1278, 1220, 1022, 860, 720. Anal. Calcd for Br-(C48H77N3O2‚
0.4H2O)40-C14H25N3Br (Mn ) 29 809): C, 77.92; H, 10.61; N,
5.78; O, 5.15; Br, 0.54. Found: C, 77.46; H, 10.58; N, 5.63; O,
5.31; Br, 0.53.
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P(ThNO2-Ph). Triethylamine was used for the polymeri-
zation, instead of diisopropylamine. Purple powder (yield )
91%). 1H NMR (400 MHz, CDCl3): δ 7.00 (s, 2H), 4.03
(br, 4H), 1.88 (br, 4H), 1.55-1.24 (m, 36H), 0.86 (br, 6H).
FT-IR (KBr, cm-1): 2924, 2852, 2199, 1630, 1552, 1466, 1389,
1331, 1281, 1220, 1129, 1018, 862, 721. Anal. Calcd for
(C38H52N2O6S)n: C, 68.64; H, 7.88; N, 4.21; O, 14.44; S, 4.82.
Found: C, 68.44; H, 7.82; N, 3.82; O, 14.48; S, 4.43; Br,
0.31.

P(Thdz-Pyr). Red solid (yield ) 81%). 1H NMR (400 MHz,
CDCl3): δ 6.71 (s, 2H), 4.26 (br, 2H), 1.88 (br, 2H), 1.35-1.22
(m, 18H), 0.86 (br, 3H). FT-IR (KBr, cm-1): 2923, 2851, 2197,
1457, 1389, 1321, 1197, 1119, 1027, 767, 733. Anal. Calcd for
Br-(C22H27N3S‚0.1H2O)70-C2N2SBr (Mn ) 25 957): C, 71.34;
H, 7.39; N, 11.44; O, 0.43; S, 8.77; Br, 0.62. Found: C, 71.43;
H, 7.46; N, 10.89; O, 0.28; S, 8.21; Br, 0.61.

P(Taz12-Pyr). Brown solid (yield ) 90%). 1H NMR (400
MHz, CDCl3): δ 6.64 (br, 2H), 4.16 (br, 4H), 1.88 (br, 4H), 1.24
(br, 36H), 0.87 (br, 6H). FT-IR (KBr, cm-1): 2924, 2853, 2213,
1740, 1466, 1416, 1397, 1028, 767, 720. Anal. Calcd for Br-
(C34H52N4‚0.4H2O)29-C14H24N3Br (Mn ) 15 590): C, 77.04; H,
10.05; N, 10.69; O, 1.19; Br, 1.03. Found: C, 76.37; H, 9.81;
N, 10.12; O, 1.13; Br, 1.00.

P(ThNO2-Pyr). Triethylamine was used for the polymeri-
zation instead of diisopropylamine. Purple-black powder (yield
) 93%). FT-IR (KBr, cm-1): 2923, 2852, 2181, 1609, 1522,
1457, 1376, 1308, 1234, 1130, 771. Anal. Calcd for (C24H27-
N3O4S)n: C, 63.56; H, 6.00; N, 9.26; O, 14.11; S, 7.07. Found:
C, 62.68; H, 6.24; N, 8.91; O, 14.79; S, 6.53; Br, 0.84.

2,5-Bis(phenylethynyl)-1,3,4-thiadiazole (7). A mixture
of 1 (1.22 g, 5.0 mmol), phenylacetylene (1.12 g, 11.0 mmol),
Pd(PPh3)4 (0.15 g, 0.13 mmol), CuI (0.025 g, 0.13 mmol), dry
toluene (15 mL), and dry diisopropylamine (5 mL) was stirred
for 12 h at 60 °C under N2. After cooling to room temperature,
the solvent was evaporated. The resulting residue was dis-
solved in chloroform, and the solution was passed through a
short column of Celite. The product was purified with column
chromatography (silica, hexane/chloroform ) 1:1, v/v). Evapo-
ration and recrystallization from methanol/acetone gave a
light-yellow solid of 7 (yield ) 0.68 g, 48%). 1H NMR (400 MHz,
CDCl3): δ 7.64-7.61 (m, 4H), 7.48-7.39 (m, 6H). 13C{1H} NMR
(100 MHz, CDCl3): δ 150.28, 132.13, 130.31, 128.59, 120.44,
99.46, 77.84. FT-IR (KBr, cm-1): 2206, 1494, 1443, 1416, 1261,
1130, 1111, 1072, 999, 927, 765, 757. FAB-MS: m/z 287 [M +
H]+. Anal. Calcd for C18H10N2S: C, 75.50; H, 3.52; N, 9.78; S,
11.20. Found: C, 75.24; H, 3.68; N, 9.67; S, 10.80.

3,5-Bis(phenylethynyl)-4-propyl-1,2,4-triazole (8). The
procedure used to obtain 7 was applied with 2 (0.81 g, 3.0
mmol), phenylacetylene (0.64 g, 6.3 mmol), Pd(PPh3)4 (0.09 g,
0.08 mmol), and CuI (0.02 g, 0.1 mmol). 8 was obtained as a
white solid after purification by column chromatography
(silica, chloroform) and recrystallization from methanol (yield
) 0.42 g, 45%). 1H NMR (400 MHz, CDCl3): δ 7.61-7.58 (m,
4H), 7.47-7.38 (m, 6H), 4.19 (t, 6.8 Hz, 2H), 1.98 (m, 2H), 1.03
(t, 7.6 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3): δ 140.31,
131.89, 129.95, 128.57, 120.65, 97.29, 74.64, 47.01, 23.40,
11.23. FT-IR (KBr, cm-1): 3056, 2958, 2873, 2228, 1597, 1515,
1471, 1440, 1421, 1403, 1154, 1070, 998, 924, 902, 764. FAB-
MS: m/z 312 [M + H]+. Anal. Calcd for C21H17N3: C, 81.00;
H, 5.50; N, 13.49. Found: C, 80.78; H, 5.29; N, 13.31.

2,5-Bis(phenylethynyl)-3,4-dinitrothiophene (9). The
procedure used to obtain 7 was applied with 4 (1.33 g, 4.0
mmol), phenylacetylene (0.86 g, 8.4 mmol), Pd(PPh3)4 (0.12 g,
0.1 mmol), and CuI (0.02 g, 0.1 mmol). Triethylamine was used
for the reaction instead of diisopropylamine. 9 was obtained
as a bright-yellow solid after purification by column chroma-
tography (silica, hexane/chloroform ) 1:1, v/v) and recrystal-
lization from methanol/acetone (yield ) 0.84 g, 56%). 1H NMR
(400 MHz, CDCl3): δ 7.60-7.57 (m, 4H), 7.49-7.39 (m, 6H).
13C{1H} NMR (100 MHz, CDCl3): δ 132.22, 130.66, 128.65,
122.38, 120.31, 105.26, 76.93. FT-IR (KBr, cm-1): 2209, 1549,
1516, 1480, 1442, 1413, 1332, 919, 780, 761. FAB-MS: m/z
375 [M + H]+. Anal. Calcd for C20H10N2O4S: C, 64.16; H, 2.69;
N, 7.48; S, 8.57. Found: C, 64.13; H, 2.60; N, 7.55; S, 8.62.

Instruments and Methods. Details for the measurements
and quantum-chemical calculations are given in the Support-
ing Information.
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