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ABSTRACT: Palladium-catalyzed polycondensation between 2,5-dibromo-4-alkylthiazoles (alkyl = butyl
thorough nonyl) and 2,5-bis(trimethylstannyl)thiophene gave charge-transferred-type alternating poly-
mers, PTz(R)Th's. PTz(R)Th's had a high regioregularity as judged from their *H NMR and X-ray
diffraction (XRD) data, and the head-to-tail content was estimated to be higher than 90% from the *H
NMR data. The polymer forms a stacked structure, and the stacked structure is proposed based on the
XRD data. The tendency of the polymer to form the stacked structure is considered to contribute to the
regioregulation in the polymerization. The polymer was susceptible to both electrochemical oxidation (or

p-doping) and reduction (or n-doping).

Introduction

Stacking of z-conjugated polymers is currently the
subject of intense study.1~° Regioregular poly(3-alkyl-
thiophene-2,5-diyl)!1? (e.g., head-to-tail-type HT-P3RTh)-
prepared by McCullough! and Rieke? and poly(4-
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alkylthiazole-2,5-diyl)>~¢72 (e.g., head-to-head-type HH-
P4RTz) constituted of recurring five-membered hetero-
aromatic rings easily form such a stacked solid struc-
ture. The polymer structure constituted of the recurring
five-membered rings seems to be suited for forming the
m-stacked structure.10

On the other hand, it has been reported that z-con-
jugated polymers with a charge-transferred (CT) struc-
ture along the polymer main chain show interesting
electrochemical, optical, and electronic properties,11-15
including their large optical third-order nonlinear sus-
ceptibility, y©®.

However, these chemical and physical properties have
been studied mainly with CT-type copolymers consti-
tuted of electron-donating five-membered heteroaro-
matic rings (e.g., thiophene) and electron-accepting six-
membered heteroaromatic rings (e.g., pyridine),’! and
the stacking behavior of CT-type copolymers constituted
of electron-donating five-membered aromatic rings and
electron-accepting five-membered aromatic rings has
received less attention. Preparation of a five-membered-
ring CT-type copolymer with alternating 3,4-dini-
trothiophene and 3,4-aminothiophene units has been
reported by Zhang and Tour.1* However, this copolymer
does not seem to form the stacked structure due to the
presence of rather bulky nitro and amino substituents
at all the 3,4-positions of the thiophene rings.

We now report that the following CT-type copolymer
between electron-accepting thiazole>¢—¢72 and electron-
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donating thiophene shows a strong tendency to stack,
forming a new type of packing structure in the solid
(Scheme 1).

For comparison, a copolymer between 3-alkylthio-
phene and thiophene (Scheme 2) and a trimeric model
compound (Scheme 3) were prepared analogously.

Experimental Section

Monomers. Tz(R)Br2's shown in Scheme 1 were prepared
through 2-amino-4-alkylthiazoles®1¢ in ways analogous to
those previously reported> and were characterized by *H NMR,
IR, and data from elemental analysis. For example, the data
for Tz(Hep)Br; are as follows. *H NMR (CDCls): 6,2.72 (t, 7.9
Hz, 2H), 1-1.8 (m, 10H), 0.86 (t, 3H). Anal. Calcd for C1oH1s-
Br,NS: C, 35.21%; H, 4.43%; N, 4.11%. Found: C, 35.00%; H,
4.29%; N, 3.99%.

Polymerization. PTz(R)Th's and PTh(Hex)Th were pre-
pared in manners similar to those previously reported,¢
which used the corresponding dihalo-monomer, 2,5-bis(trim-
ethylstannyl)thiophene, and Pd(PPh3),!’ catalyst (cf. Scheme
1), and were mainly characterized by 'H NMR. For example,
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Table 1. CV and Optical Data of PTz(R)Th

CV,2V vs Ag*/Ag UV—Vis, Amax, NM
no. polymer p-doping (X) p-dedoping n-doping (x) n-dedoping in TFAP (¢/10* M~1cm™1) film¢ PLAnm IPteV
1 PTz(Bu)Th  0.66 (0.050) 0.43 —2.11 (0.30) —1.93 466 (1.94) 483, 529, 575 592
2  PTz(Pen)Th 0.68 (0.048) 0.54 —2.05 (0.25) —1.99 467 (1.93) 507, 541, 590 601 5.24
3 PTz(Hep)Th 0.70 (0.046) 0.49 —2.09 (0.16) —1.93 463 (1.97) 504, 534, 592 593
4  PTz(Non)Th 0.74 (0.053) 0.53 —2.15 (0.18) —1.93 467 (2.40) 520, 560, 605 594 541

a Data of cyclic voltammetry. Measured with a cast film on a Pt electrode. x = doping level (charge stored per the repeating unit).
b TFA = trifluoroacetic acid. ¢ With a cast film on a quartz glass plate. @ Photoluminescence peak measured in TFA. ¢ IP = ionization

potential.

the data for PTz(Hep)Th are as follows. *H NMR (CF;COOD):
0, 8.19 (1H), 7.65 (1H), 3.23 (2H), 1.92 (2H), 1.2—1.7 (8H), 0.92
(3H). Anal. Calcd for (C14H17NS;:0.2H,0),.: C, 62.93%; H,
6.57%; N, 5.25%; S, 24.01%. Found: C, 62.52%; H, 6.40%; N,
5.18%; S, 23.23%. [n] (CFsCOOH, 30 °C) = 0.40 dL g*. Yield
= 86%. The yields of PTz(Bu)Th, PTz(Pen)Th, and PTz(Non)-
Th were 90, 73, and 87%, respectively. 'H NMR data of other
polymers are described in the text.

Synthesis of the Trimer Tz(Hep)ThTz(Hep). An anhy-
drous dimethylformamide (DMF) (30 mL) solution containing
2-bromo-4-heptylthiazole®1¢ (204 mg, 0.78 mmol), Pd(PPhz)4,*"
and 2,5-bis(trimethylstannyl) thiophene (159 mg, 0.39 mmol)
in a Schlenk tube was stirred at 90 °C for 24 h under reflux.
The reaction mixture was poured into an aqueous solution of
potassium fluoride. The product was extracted with chloroform
and dried with Na,SO,. After condensation with an evaporator,
the crude product was obtained by column chromatography
on SiO; (eluent = 1:1 mixture of chloroform and hexane; Rs =
0.55). The product was purified by high-performance liquid
chromatography (HPLC). Yield = 79 mg (45%; yellow oil). *H
NMR (CDCl3, 400 MHz): 6, 7.43 (s, 2H, H(a) in Scheme 3),
6.53 (s, 2H, H(b)), 2.78 (t, 7.8 Hz, 4H), 1.2—1.8 (m, 20H), 0.89
(t, 7.3 Hz, 6H). 3C{1H} NMR (CDCls, 100 MHz): ¢, 160.2,
158.9, 126.3, 112.5, 31.8, 31.6, 29.3, 29.1, 22.7, 14.1.

Measurements. 'H NMR spectra, UV—vis spectra, and
photoluminescence spectra were recorded on a JEOL
JNM-EX 400 spectrometer, a Shimadzu UV-3100PC spectrom-
eter, and a Hitachi F-4010 spectrometer, respectively. Thin
films of PTz(R)Th on a quartz glass plate were prepared by
casting from CFsCOOH solutions of the polymers and drying
under a vacuum. The film was further treated with aqueous
ammonia and dried under a vacuum when necessitated. Cyclic
voltammograms (CVs) were taken using Hokuto Denko HA-
501 galvanostat/potentiostat and a Hokuto Denko KB-104
function generator. A CF;COOH solution of PTz(R)Th was cast
on a Pt plate (1 cm x 1 cm) and dried under a vacuum. The
film thus obtained was dipped in diluted ammonia and dried
under a vacuum for the CV measurement. Powder X-ray dif-
fraction (XRD) data were obtained with a Philips PS-1051
instrument. Viscosity was measured with an Ubbelohde vis-
cometer. Gel permeation chromatography (GPC) analysis was
carried out with a Shimadzu HIC-6A chromatograph using
chloroform as the eluent and polystyrene standards. The den-
sity of the polymer was measured by a sink and float test using
aqueous solutions of ZnCl,. Repeated measurements of the
density indicated that the measurement had the accuracy of
about 0.02 g cm~2. lonization potentials of PTz(Non)Th and
PTz(Pen)Th were kindly measured at Mitsubishi Chemical
Corp. by using an AC-1 apparatus purchased from RIKEN
KEIKI Co. Ltd.

Results and Discussion

Synthesis of Polymers. The polycondensation ex-
pressed by Scheme 1 proceeded well to give PTz(R)Th
in 73—90% vyield. IR and *H NMR spectra were reason-
able, and the peaks originated from the —SnMejs groups
were not observed in the spectra. PTz(R)Th was soluble
in CF3COOH and concentrated H»,SO,4. However, its
solubility in common organic solvents was low; it was
partially (about half) soluble in chloroform. GPC analy-
sis of the chloroform-soluble part of PTz(Non)Th gave
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Figure 1. Cyclic voltammogram of a film of PTz(Non)Th on
a Pt plate, in an acetonitrile solution of 0.10 M [NEt,]BF, at
room temperature. Scan rate = 100 mV s,

the number-average molecular weight (M) of 2200
and weight-average molecular weight (M,,) of 2650.18
The remaining chloroform-insoluble part is considered
to have a higher molecular weight. Casting from a
CF3COOH solution of the polymer on substrates (e.g.,
on a quartz glass plate), treating the film with aqueous
ammonia, and drying under a vacuum gave a solvent-
free film which was of good quality and was suited for
electrochemical and optical measurements. PTz(Bu)Th,
PTz(Pen)Th, PTz(Hep)Th, and PTz(Non)Th gave intrin-
sic viscosities of 0.30, 0.46, 0.40, and 0.85 dL g™t in
CF3COOH at 30 °C, respectively. They showed 5 wt %
loss temperatures at 409, 428, 437, and 289 °C, respec-
tively. The polymers were stable under air at room
temperature and gave the same IR spectra after leaving
them for 4 years.

CVs (e.g., Figure 1) of their cast films on a Pt plate
exhibited a main oxidation (or p-doping) peak at 0.70
+ 0.04 V versus Agt/Ag and a reduction (or n-doping)
peak at —2.10 £+ 0.05 V versus Ag*/Ag in a CH3CN
solution of 0.10 M [NEt4]BF,, and the peaks were
coupled with p-dedoping and n-dedoping peaks at 0.49
+ 0.05 V and —1.93 V versus Agt/Ag, respectively.
These results support the structure of the polymer
having both the electron-donating thiophene unit and
the electron-accepting thiazole unit; CT-type polymers
are usually susceptible to both p-doping and n-dop-
ing.1112 According to the electrochemical reaction, the
polymer film changes its color (electrochromism) as
shown in Figure 1. Table 1 summarizes the CV data
and optical data of the polymers. The n-doping peak was
larger than the p-doping peak, since p-doping proceeds
only with the thiophene unit and n-doping can proceed
not only in the thiazole>® unit but also in the thiophene
1% ynit. Polythiophene usually undergoes p-doping;1e19-d
however, it also can accept electrons to generate an
n-doped state.'° The red film of PTz(R)Th turned black
after p-doping and n-doping; the color returned to red
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Chart 1. Triads in the Copolymer
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Figure 2. *H NMR of (a) PTz(Hep)Th in CF;COOD, (b) PTz-
(Non)Th in CF3COOD, (c) Tz(Hep)ThTz(Hep) in CF;COOD,
and (d) PTh(Hex)Th in CDCls. The *H NMR spectra of PTz-
(Bu)Tz and PTz(Pen)Tz gave the a-CH; signal similar to that
of PTz(Non)Tz, which shows one main peak in the o-CH>
region. The solubility of PTh(Hex)Th in CDCl; was lower than
that of PTz(R)Th in CF;COOD.

after dedoping. It is interesting that the first p-doping
oxidation wave does not have its partner reduction wave
until —1.68 V. Similar behavior has been observed with
CT-type z-conjugated polymers (e.g., copolymers be-
tween electron-accepting pyridine and electron-donating
thiophene!'ab) and been assigned to occurrence of a
stabilization reaction after the electrochemical reaction.
From a potential difference between the onset of the
p-doping and that of the main n-doping peak at —2.09
V (cf. Figure 1), the band gap of PTz(Non)Th is esti-
mated at about 2.0 eV, which agrees with the band gap
estimated from the onset position of the UV —vis absorp-
tion band of PTz(Non)Th (1.8—2.0 eV).

PTz(Non)Th and PTz(Pen)Th showed an ionization
potential of 5.3 + 0.1 eV, respectively, and from this
ionization potential and the band gap the electron
affinity of the polymer was estimated at about 3.3 eV.

Figure 2 exhibits the 1H NMR spectra of (a) PTz(Hep)-
Th, (b) PTz(Non)Th, (c) the model compound Tz(Hep)-
ThTz(Hep), and (d) PTh(Hex)Th. As depicted in Scheme
1, if PTz(R)Th has a random copolymer structure, PTz-
(R)Th has two kinds of bonds between the thiazole and
thiophene units, and H! and H? protons of thiophene
have magnetic circumstances in the triadlike expression
as shown in Chart 1.

The model compound Tz(Hep)ThTz(Hep) corresponds
to the N—N triad, and its 'H NMR spectrum gives only
one Th—H peak and one a-CH; peak of the R group,
respectively. If PTz(R)Th has the random copolymer
structure as described above, it may give a complex peak
pattern for the Th—H protons (e.g., one peak for the
N—N triad, one pair of peaks for the N—C triad, and
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one peak for the C—C triad as shown in Chart 1).
However, PTz(R)Th gives rise to essentially only two
peaks as shown in Figure 2, suggesting formation of a
controlled structure (presumably a head-to-tail-type
regioregular structure consisting of the N—C triad). Of
the two peaks at ¢ 8.2 and 7.7, the somewhat broadened
peak at 6 7.7 may be assigned to the H? proton in the
N—C triad in Chart 1, and this broadening may origi-
nate from coupling with the CH; protons in R.

In a pentad expression, the a-CH; protons of the R
group have the circumstances shown in Chart 2, similar
to cases of poly(3-alkylthiophene-2,5-diyl), P3RTh.1=5

However, appearance of one strong a-CH; peak at ¢
3.2 and only minor peak(s) in a range of 6 2—3 in Figure
2a,b suggests that certain selection of the bond forma-
tion takes place during the polymerization, which gives
a precipitated crystalline (vide infra) solid of the poly-
mer, to yield one of the pentads (presumably the
HT-HT pentad) selectively. To the contrary, in the case
of copolymerization between 3-hexylthiophene and
thiophene (cf. Scheme 2), such selection does not seem
to take place, since the obtained copolymer shows
several a-CH> peaks of the hexyl group in a range 6 2—3
in Figure 2d. Recently, Moreau?°2 reported that regio-
regular HT-HT pentad-rich PTh(Oct)Th (Oct = octyl)
prepared according to the polycondensation in Scheme
4 shows an o-CH; main peak at 6 2.77 whereas
regioirregular PTh(Oct)Th prepared by oxidative po-
lymerization of octylbithiophene (Scheme 5) shows two
o-CH> main peaks at ¢ 2.77 and ¢ 2.54; the difference
between the two peaks is 0.23 ppm.

Among the four pentads shown in Chart 2, the HT-
HT pentad seems to be preferentially formed. If the
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main a-CH; peak of PTz(R)Th at about 6 3.2 is assigned
to the HT-unit and other peak(s) at higher magnetic
fields to the HH-unit, similar to cases of previously
reported P3RTh and P4RTz,175 regioregularity of PTz-
(Non)Th is estimated to be higher than 90%. For the
preferable formation of the HT-HT pentad, it is conceiv-
able that a selective coupling initially takes place
between the C(2)—Br bond of Tz(R)Br; (cf. Scheme 1)
and Th(SnMejs),, due to the inductive effect of nitrogen
next to the Br,?! to yield a dimer which has a structure
similar to that of the starting dimer shown in Scheme
4. The palladium-catalyzed polycondensation of the
dimer will give the HT-type PTz(R)Th.

Another possible explanation for the regioselective
polycondensation is that the HT-type PTz(R)Th is
preferentially formed since this structure is favorable
for the formation of the m-stacked structure by side
chain crystallization, which will be discussed later. The
selectivity may arise from energetically stable 7-stacked
crystalline HT-PTz(R)Th. In relation to this, Andersson
and Inganas?2 and Ueda?? reported that certain regi-
oselection took place in oxidative polymerization of
3-alkylthiophene with FeCls, especially at lower tem-
peratures. For the special oxidative polymerization
reported by Andersson and Inganas, P3RTh with an HT
(head-to-tail) content of 94 4+ 2%222 was achieved. In
addition, it was reported that polymerization of propy-
lene giving crystalline stereoregular poly(propylene)
proceeded at a much faster velocity than that giving
amorphous stereoirregular poly(propylene), presumably
due to the stabilization energy attained by forming the
crystal in the stereoregular polymerization.?® It was also
reported that selective stacking of regioregular HT-
P3RTh and HT-P3R'Th occurred to form a crystalline
HT-P3RTh solid and a crystalline HT-P3R'Th solid
separately, when the solvent was removed by evapora-
tion from a solution containing both HT-P3RTh and HT-
P3R'Th;>f this also supported a strong tendency for the
formation of energetically advantageous crystalline
structures for the sw-conjugated polymers.

It is not easy to determine which factor (the first one
is high selective reactivity of the C(2)—Br bond in Tz-
(R)Bry; the second one is stacking stabilization) mainly
determines the regioselectivity. However, the latter
stacking stabilization seems to contribute, at least
partly, to the regioselective polycondensation. It may
be difficult to explain the regioselectivity only based on
the selective high reactivity of the C(2)—Br bond. The
high reactivity of the C(2)—Br bond may also partly lead
to formation of a trimer similar to Tz(Hep)ThTz(Hep)
shown in Scheme 3; of course the two ends of the trimer
formed from Tz(R)Br, are brominated. If this trimer
participates in the polycondensation, the regioregularity
will be decreased. If the dimer is selectively formed in
the early stage and this is polymerized, the regioregu-
larity is expected to be maintained through the poly-
condensation. However, the chloroform-soluble part of
PTz(Non)Th (vide ante) with a smaller molecular weight
gave a lower HT content of about 80%, compared with
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Figure 3. Powder XRD patterns of (a) PTz(Bu)Th, (b)
PTz(Pen)Th, (c) PTz(Hep)Th, (d) PTz(Non)Th, and (e)
PTh(Hex)Th.

that (higher than 90%) of whole PTz(Non)Th. Since the
stacking of five-membered-ring zz-conjugated polymers
is enhanced with an increase in the molecular weight,®
these data suggest the presence of the effect of the
stacking on the regioselection. In relation to this, we
carried out fractionation of two types of poly(3-hexylth-
iophene)s, P3HexTh'’s (P3HexTh(Fe) prepared by oxida-
tive polymerization of 3-hexylthiophene with FeCl3%?
and P3HexTh(Zn/Ni) prepared by Ni-catalyzed poly-
condensation of a zinc compound of 3-hexylthio-
phene?5b), according to their solubility in chloroform
(good solvent),5?9 methylene chloride, THF, hexane, and
methanol (poor solvent)>®9 and found that the regio-
regularity (the HT-content) of P3HexTh increased with
an increase in the molecular weight of the fraction, as
shown in the Supporting Information: e.g., from 81% at
M, = 3000 to 98% at M, = 33000 for P3HexTh(Zn/Ni).
These data also suggest the effect of stacking (or
structural matching) on the regioregular polyconden-
sation of five-membered-ring w-conjugated polymers, as
in DNA, especially at high molecular weights.

Packing Structure in the Solid. Figure 3 exhibits
powder XRD patterns of PTz(R)Th's; for comparison,
that of the regiorandom PTh(Hex)Th prepared according
to Scheme 2 is also shown. As shown in Figure 3, PTz-
(R)Th gives two main peaks: one with spacing d; in the
low-angle region (20 below 5°) and another at d, = 3.65
A. On the other hand, regiorandom PTh(Hex)Th gives
only a weak peak in the low-angle region and a broad
peak at about d = 4.2 A, the latter being characteristic
of a side-to-side distance between alkyl chains.?4 Since
the effective cross section of the alkyl chains is about
S = 20 A2 their hexagonal-like aggregation gives
d=42A

The distance of d, = 3.65 A observed for PTz(R)Th is
characteristic of z-stacked regioregular z-conjugated
polymers;1=6 HT-P3RTh's and HH-P4RTz's give d,
values of about 3.8 and 3.55—3.6 A, respectively, the
values being somewhat larger than the sheet-to-sheet
distance of graphite (3.35 A). On the other hand, the d;
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Figure 4. (a) Plots of d; spacing vs the number of carbons in
the alkyl side chain of PTz(R)Th (O). For comparison, similar
data for HT-P3RTh (O, line b), and HH-P4RTz (a) are given.

Chart 3. Two Packing Models for z-Conjugated
Polymers with Side Chains

(a) end-to-end packing (b) interdigitation packing
value of 18.2—26.5 A calculated from the 26 values of
the diffraction peak in the low-angle region is usually
assigned to the distance between main chains of the
m-conjugated polymers separated by the alkyl side
chains.1=625 The sharpness of the peak in the low-angle
region is comparable to those observed with HT-P3RTh
and HH-P4RTz.

Figure 4 indicates plots of the d; value versus the
number of carbons in the alkyl side chain. For compari-
son, similar data for HT-P3RTh (O) and HH-P4RTz (»)
are given in Figure 4.

As shown in Figure 4, the plots for PTz(R)Th give a
straight line, and this straight line gives a slope of 1.7
AJcarbon, which is comparable to slopes obtained for
HT-P3RTh (slope = 1.8 A/carbon) and HH-P4RTz
(2.0 A/carbon).®® Since one —CH,— group has a height
of 1.25 AJcarbon,?4-26 the obtained slope larger than
1.25 Alcarbon suggests that PTz(R)Th takes an end-to-
end packing mode (Chart 3), similar to HT-P3RTh and
HH-P4RTz.%°

However, as seen in Figure 4, PTz(R)Th apparently
gives larger d;-spacing than HT-P3RTh and HH-P4RTz.
The intercept of the straight line (ca. 12 A), which seems
to correspond to the thickness of the w-conjugated main
chain, is almost double the intercepts (ca. 6 A) observed
for HT-P3RTh (line b in Figure 4) and HH-P4RTz, as
seen from Figure 4.

These results suggest the formation of a new end-to-
end packing structure as shown in Figure 5. The XRD
data support z-stacking of the end-to-end packed mo-
lecular sheet depicted in Figure 5. The CT structure
between the electron-donating thiophene and electron-
accepting thiazole unit seems to assist the formation of
the packing structure. For the extended planar confor-

S

R

mation with standard dimensions, the height c of the
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Chart 4. Two Possible Configurations of the Double
Chain
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Chart 5. Structure of HT-P3RTh and HH-P4RTz2
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repeating height
=ca.76A

a Reference 5b.

Th-Tz(R) unit along the polymer chain is estimated at
7.75 A (cf. Figure 5). Therefore, the side area allotted
to each alkyl side chain, area (A) = cd, = 28 A2?, is suited
for the end-to-end packing in view of the effective cross
section of the alkyl chain (S = ca. 20 A2). If the polymer
has straight alkyl side chains densely packed along the
polymer chain, the slope of 1.7 A/C corresponds to a tilt
angle 0 (cf. Chart 3) of about 45°, which is calculated to
fit the following expected relation: A (28 A2) ~ S (20
A)/(cos 45°).

If PTz(R)Th has a highly regioregular structure, the
double chain which is composed of A- and B-chains in
Figure 5 will take either a parallel (o) or an antiparallel
() configuration (Chart 4).

The o and j configurations correspond to the previ-
ously reported configurations of HT-P3RTh and HH-
P4RTz, respectively, shown in Chart 5; % both the
polymers form the end-to-end packed and z-stacked
structure in the solid. As seen in Chart 4, the a and
structures have a thicker thickness of the core main
chain than HT-P3RTh and HH-P4RTz, corresponding
to the larger intercept of the straight line in Figure 4
as discussed above.

When PTz(R)Th assumes the a configuration, it will
form a z-stacked structure similar to the case of HT-
P3RTh, and this packing model in the solid is depicted
in the part a in Figure 6.

As discussed above, the sheet-to-sheet distance of d,
= 3.65 A calculated from the XRD peak is comparable
to that (ca. 3.6 A) observed with HH-P4ARTz and
somewhat shorter than that (ca. 3.8 A) observed with
HT-P3RTh. It was reported that the thiazole unit has
a stronger tendency to form a face-to-face stacked
structure than the thiophene unit.5¢ The electrostatic
interlayer attractive interaction between the thiophene
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B-chain

A-chain

Figure 5. Packing model of PTz(R)Th in the solid. One sheet is shown. Below this sheet, another sheet comes.

S -
(a) -8 b
7/ N/ 7 7/
7/ // 7/ 7/
7/ //
N ’ ’ // //
A -
-8 TR
5+ __S -
R
‘Nz ‘ ( , ( , ( broken line:
*r2 R' °R3 AN AN the side chain
in the lower layer
(b) electrostatic attractive
interaction
-stacking
365A
R
R2 R®

3.65 A ‘ ‘ side view

ca.5.7A ‘

Figure 6. (a) Packing model for the a-configuration. This
model is formed in a manner similar to that applied to
construct the sw-stacked structure of HT-P3RTh in the solid
(refs 1-5). For the lower sheet, only the side R chains are
shown by the broken lines for simplification. (b) A part of the
stacked structure in part a is shown. (c) A side view of the
R'—R3 chains.

and thiazole units (cf. part b in Figure 6) will enhance
the interlayer interaction to form a NaCl-like local
structure. The g configuration in Chart 4, which corre-
sponds to HH-P4RTz in Chart 5, will also form a similar
stacked structure, because both HT-P3RTh and HH-
P4RTz form analogous stacked structures.>? Since HT-
P3RTh and HH-P4RTz give analogous XRD patterns,
it is difficult to determine whether PTz(R)Th forms the
o or 3 configuration.

0.4

e
w

Absorbance
o
N
Intensity of PL (a.u.)

0.1

0 ) 1 I ! !
200 300 400 500 600 700 800
Wavelength / nm

Figure 7. (a) UV—vis spectrum of PTz(Non)Th in CF;COOH,
(b) UV—vis spectrum of the film of PTz(Non)Th, and (c) PL
spectrum of PTz(Non)Th in CF;COOH. The cutoff wavelength
of CF3COOH is about 280 nm.

As described above, the axial height ¢ (cf. Figure 5)
of the repeating unit along the polymer chain is esti-
mated at 7.75 A. This packing model and the d; and d.
values give calculated densities of 1.42, 1.38, 1.38, and
1.29 g cm~3 for PTz(Bu)Th, PTz(Pen)Th, PTz(Hep)Th,
and PTz(Non)Th, respectively. These calculated densi-
ties essentially agree with the observed densities of
1.34, 1.36, 1.29, and 1.27 g cm~3, supporting the pack-
ing structure, since polymers usually give a somewhat
lower observed density due to containing amorphous
parts.

Optical Data. As shown in Table 1, PTz(R)Th's
give a UV—vis absorption peak at about 465 nm in
CF3COOH. For the cast film, the UV—vis absorption
peak shifts to a longer wavelength. The UV—vis absorp-
tion band of the film has subpeaks characteristic of films
of m-stacked polymers such as HT-P3RTh and HH-
P4RTz,175 and the lowest transition energy peak ap-
pears at about 600 nm. Figure 7 exhibits the UV—vis
spectrum of a CF3COOH solution of PTz(Non)Th
(curve a), the UV—vis spectrum of the cast film of
PTz(Non)Th (curve b), and the photoluminescence (PL)



7992 Yamamoto et al.

1.0
CH3OH content (vol%)
08r a 20
e a b 25
® c 30
0.6
s0.
o
r
o
3
< 0.4

0.0 1 1 1 1
300 400 500 600 700 800

Wavelength / nm

Figure 8. Changes of the UV—vis spectrum of PTz(Hep)Th
with an increase in the fraction (vol/vol) of CH3;OH in a mixture
of CH3OH (poor solvent) and CF;COOH (good solvent). CHs-
OH was added to the CF3COOH solution of PTz(Hep)Th. The
concentration of PTz(Hep)Th was maintained constant (3.6 x
1075 M of the repeating unit).

spectrum of the CF3COOH solution of PTz(Non)Th
(curve c). The PL peak appears near the onset position
of the UV—vis absorption band as usually observed with
m-conjugated compounds and polymers. The UV—vis
absorption band of the film of PTz(Non)Th showed
tailing toward the near-infrared region. This suggests
that the UV—vis absorption band contains contributions
from molecular assemblies with various degrees of
assembly and the assembly with a higher order of
assembling gives the UV—vis peak at a longer wave-
length. Effects of the degree of molecular assembly on
optical properties of z-conjugated polymers have been
discussed.?”

It was reported that addition of a poor solvent (e.g.,
methanol) to a solution (e.g., CHCIj3 solution) of s-con-
jugated polymer causes formation of a colloidal solution
which shows a bathochromic shift of the UV—vis peak
approaching the UV—vis peak of the sw-stacked solid
when the sw-conjugated polymer has a strong tendency
to stack.>28 PTz(R)Th showed similar optical changes
when CH3OH, a poor solvent for the polymer, was added
to the CF3COOH solution of the polymer. Figure 8
exhibits the example. These optical data support forma-
tion of the m-stacked solid and colloid of PTz(R)Th,
similar to cases of HT-P3RTh and HH-P4RTz.

Conclusion

Organometallic polycondensation between the electron-
donating thiophene and the electron-accepting alkyl
thiazole gives a new CT-type z-conjugated polymer. 1H
NMR, XRD, and UV—vis data reveal that the polymer
has a high regioregularity and a tendency to form a
stacked structure. The regioregularity is considered to
originate from a sterical fitness of the polymer to form
the precipitate and to be assisted by the CT structure
of the polymer.
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