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Highly conjugated polymers have been a subject of 
intense research activity since the discovery by Shiraka- 
wa et al. of the high conductivity of doped poly- 
(acetylene). Since then, these electronically delocalized 
materials have found application in field effect transis- 
tors,2 Schottky  diode^,^,^ electrochromic  display^,^ light 
emitting diodes,6-8 solar cells,g EMF shields,1° push- 
pull amplifiers,ll batteries,12 and NLO devices.13 Re- 
cently, the bandgap behavior and conductivity as a 
function of the solid-state morphology has received 
increased attention.14-16 Here we report a new class of 
conjugated polymers, poly[5,5’-(4,4’-dialkyl-2,2’-bithia- 
zole)] (PABT), that exhibit a rare type of variable 
bandgap behavior related to the degree of crystallinity 
in the solid state. 
4,4’-Dialkyl-2,2’-bithiazoles (1) are readily prepared 

from the reaction of halomethyl ketones and dithiooxa- 
mide (eq l ) . 1 7  Compounds 1 are readily brominated 
according to eq 2,17 and the resulting 5,5’-dibromides 
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l a ,  R=hexyl 
I b, R-nonyl 

1 + 2.5 BQ=% )--!$ R ( 2 )  

s Br A Br 

Za, R=hexyl 
Zb, Rrnonyl 

PHBT, R=hexyl 
PNBT, R-nonyl 

(2) may be coupled by a variety of methods. The method 
of choice for highest molecular weight polymer is the 
dehalogenative coupling with Ni(0) in refluxing toluene 
(eq 3).17Js Two previous attempts to prepare homopoly- 
mers of bithiazoles were unsuccessful,19~20 although 
several copolymers made by oxidatively coupling 5,5’- 
bis(thieny1)bithiazoles have been prepared as well as 
nonconjugated copolymers connected through the 4,4‘ 
positions.20-22 

Due to the favorable solubilities of the nonyl-substi- 
tuted intermediates and polymer, most work to  date has 
been performed on the compounds with R = nonyl. As 
prepared according to eq 3, poly[5,5’-(4,4’-dinonyl-2,2’- 
bithiazo1e)l (PNBT) precipitates from hot toluene during 
the course of the reaction. The PNBT whose properties 
are described below had values of M ,  and M ,  of 22 000 
and 44 000, respectively, measured by GPC vs poly- 
(styrene) standards (DP = 52, i.e., (NBT)52). The freshly 
precipitated polymer has a spongy consistency and is 
deep red by transmitted light. The red polymer dis- 
solves readily in hot CHC13 or hot toluene to give an 
initially red solution that rapidly fades to yellow. In 
CHC13, the /2,a,(abs) = 429 nm. This solution fluoresces 
a bright yellow-green under long-wavelength U V  and 
has a Amm(em) = 523 nm. 

Thin films (ca. 1000 A) with a A,,,(abs) = 438 nm 
have been made by spin-coating the yellow solutions on 
glass substrates. Surprisingly, when these films are 
held at  a temperature in the range 100-280 “C under 
vacuum or nitrogen atmosphere, the Amax increases to 
527 nm, and an isosbestic point (Figure 1) is observed 
as the color of the film turns from yellow to red. Upon 
cooling to room temperature, the film retains the red 
color and Amax remains unchanged. The red film abrub- 
tly turns yellow at 300 “C, a temperature that corre- 
sponds to an endotherm in the DSC curve and is 
ascribed to the melting point (T,) of the polymer. Slow 
cooling below the T ,  restores the red film, whereas 
rapid quenching gives predominately the yellow form. 

A third polymorph is obtained when solutions of 
PNBT in high boiling solvents, e.g., toluene and p -  
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Figure 1. W-vis  spectra as a function of time of a film of 
PNBT held a t  160 "C in an N:! atmosphere. 

xylene, are slowly evaporated. In this instance, a shiny, 
coppery-green film is obtained that exhibits the absorp- 
tion curve labeled "slow-evap. film" in Figure 1. This 
curve has Amax = 619 nm and a shape reminiscent of 
the absorption curves of intrinsic  semiconductor^.^^ The 
optical band gaps, determined by extrapolating the low 
energy edge of the absorption peak to zero absorption, 
are 2.52,1.99, and 1.79 eV for the yellow, red, and green 
films, respectively. For comparison, the band gap 
calculated for the planar hexamer of bithiazole by the 
EHMO method is 2.66 eV.24 

These color changes are correlated to changes in the 
crystallinity of the films. As shown in Figure 1s 
(supporting information), the yellow film is essentially 
amorphous although there is a small amount of lamellar 
structure that gives a weak, diffuse peak at  28 = 4.2- 
4.3". The lamellar structure becomes more pronounced 
in the red film and new peaks appear a t  28 = 7.0,10.8, 
and 24.5'. The green film is the most crystalline, as 
evidenced by the sharpness of the peaks and their 
intensity relative to the broad, amorphous halo that 
extends from about 15" to 27'. The d spacings corre- 
sponding to the observed diffraction peaks from the 
green film are 24.5,11.9,8.0, and 3.6 A. The first three 
are assigned to the 100, 200, and 300 (lamellar) inter- 
planar distances, but 8.0 A also corresponds to the 
2-ring, (0!1) repeat distance along the bithiazole chain. 
The 3.6 A peak corresponds to the n-stacking, (010) 
repeat distance perpendicular to the plane of the 
backbone. 

Figure 2a shows one of the low-energy conformations 
of the nonylbithiazole dimer.24 The chain backbone is 
calculated to be strictly planar with the nonyl groups 
in the extended, trans conformation and subtending a 
(Cp-Ca-C4-C3) dihedral angle of 105" with the planar 
thiazole ring. The 24.5 A distance observed in the X-ray 
diffraction pattern corresponds precisely to the wingtip- 
to-wingtip distance of the pendant alkyl groups, and 3.6 
A is the distance computed for n-stacking by lying one 
chain on top of another at the van der Waals contact 
distance (Figure 2b). Figure 2 s  is a computer-generated 
packing diagram that shows the unit cells as calculated 
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Figure 2. (a) View perpendicular to the planar chain back- 
bone of a low-energy conformation of (NBT):! (atom spheres 
drawn a t  20% of their van der Waals radii). (b) View along 
the chain axis of two molecules of (NBT):! stacked a t  3.6 A 
(atom spheres drawn a t  their van der Waals radii). 

from the MM2 geometry and the X-ray diffraction 
data.25 

The optical changes observed for the polymer as the 
degree of crystallinity increases may be interpreted with 
the help of additional data obtained on well defined 
 oligomer^.^^?^^ (NBT), (x = 1,2,  3, 5) oligomers, contain- 
ing 2, 4, 6, and 10 monothiazole rings, exhibit batho- 
chromic shifts of 0, 45, 65, and 75 nm, respectively, in 
the W-vis absorption maximum on going from solution 
to solid state. On the basis of two crystal structures 
(see below) and thermal behavior, we believe that these 
oligomers have planar backbones in the solid state. 
Thus, heating solid films of the oligomers causes hyp- 
sochromic shifts in Amax, indicative of a shortening of 
the conjugation length, and a plot of the transition 
energy at Amax vs the reciprocal of the chain length is 
strictly linear (Figure 31, a behavior that is in ac- 
cordance with theoretical expectations and other ex- 
perimental  observation^.^^^^^ 

The plot in Figure 3 may be used to estimate the 
conjugation lengths in the three polmorphs of (NBT)52. 

(25) At the current level of resolution, the diffraction data may be 
fit equally well with either of two unit cells. In the one with cell 
constants, a = 27.7 A, b = 3.7 A, c = 7.64 A, p = 59" (monoclinic), the 
pendant nonyl groups of the bithiazole units are $1 cis withorespect to 
the plane of the backbone. In the other, a = 30 A, b = 3.7 A, c = 7.64 
A, a = go", /3 = 59", y = 70" (triclinic), the alternate nonyl groups are 
trans. 
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Figure 3. Graph of the transition energy (l/I,,,=, cm-’) vs the 
reciprocal of the conjugation length ( l l x )  in bithiazole oligo- 
mers, (NBT),, x = 1, 2, 3, 5 .  

The yellow solution and yellow film have conjugation 
lengths of about 2.7 bithiaz9le groups (=5.4 rings), i.e., 
a conjugation length of 22 A (8 A per bithiazole). The 
red film has an apparept conjugation length of 34 
bithiazole groups or 272 A. According to  this interpre- 
tation, 34/52 = 65% of the rings in the main chains of 
the red film are coplanar. 

The green film with Amax = 619 nm is “off the scale” 
of Figure 3. Extrapolation to lln = 0, i.e., infinite 
conjugation length, gives Amax = 536 nm, a value less 
than that observed in the green film. Hence, either the 
correlation simply breaks down for long conjugation 
lengths, or other factors are at  work in the green film 
that contribute to  its “extra” conjugation length. We 
propose that the green film is so ordered that x-n 
interactions become sufficiently strong that a coopera- 
tive, solid-state electronic transition contributes to the 
optical absorption of the green film. Such cooperative 
states, known as “J-aggregates”, have been observed 
previously in crystalline dyes and LB films of aromatic 
compounds, and the effect of n-stacking on the electronic 
band structure has received theoretical a t t e n t i ~ n . ~ ~ . ~ ~  

The complete 3-D crystal structures of two bithiazoles, 
the tert-butyl- and nonyl-substituted derivatives, have 
been determined.31 In both structures, the thiazole 
rings are strictly coplanar and both exhibit a stepped 
n-stacked molecular packing (see Figures 3S-5S). The 
nonyl groups subtend a dihedral angle of 113” to the 
plane of the thiazole ring (cf. a MM2 computed angle of 
105”). There appears to be a relatively strong S..*S 
interaction as evidenced by the S..*S distance of 3.49 
A, which is less than the sum of the van der Waals radii 
for S (3.6 A). These S..-S interactions may also con- 
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tribute t o  the cooperative electronic transition observed 
in the crystalline phase of PNBT. 

The thermochromic behavior of PNBT is unlike that 
usually observed for structurally similar polythiophenes. 
Their normal behavior is a decrease in Amax with 
increasing temperature due to thermally induced dis- 
order that decreases the conjugation length. 16,32 Al- 
though red shifts have been observed p r e v i ~ u s l y , ~ ~ , ~ ~  we 
believe this report is the first in which the red shift is 
correlated with structural results derived from X-ray 
diffraction. The highly extended conjugation length 
observed for PNBT also would not be anticipated on the 
basis of the widely held belief that head-to-head (HH) 
coupling of alkyl-substituted monomer units leads to 
twisting of the polymer b a c k b ~ n e . ~ ~ ? ~ ~  The results 
described here demonstrate that HH coupling need not 
disrupt c o n j ~ g a t i o n ; ~ ~  the more important factor is a 
regular structure that promotes crystallinity. The 
electrochemical, electrical, and luminescence properties 
of the PABTs described here are under investigation and 
will be reported in due course. 

Note: While this paper was in review, Yamamoto et 
al. published a synthesis of PABTs similar to that 
reported here.38 These authors apparently did not 
observe the thermochromism associated with PNBT. 
Our CV, doping, conductivity, and photoluminescence 
results are in accord with those reported by Yamamoto 
et al. 
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