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S u m m a r y  

Dehalogenation polycondensation of 1,4-diiodo-l,3-cyclohexadiene with zero- 
valent nickel complex gives a new x-conjugated polymer, poly(1,3- 
cyclohexadiene-l,4-diyl) PCyh. A copolymer constituted 9_f 1,3-cyclohexadiene- 
1,4-diyl and 1,4-cyclohexadiene-l,4-diyl is also obtained by a similar method. 
The black color of PCyh indicates the presence of extensive n-conjugation 

PCyh Copolymer 

along the polymer chain presumably due to taking s - t r a n s  conformation of 
PCyh. PCyh is unstable and oxidized under air. IR and CP-MAS C-NMR 
spectra of PCyh are reasonable for the structure. 

Introduction 

Preparation and properties of electrically conducting x-conjugated polymers 
are subjects of recent interest (1). Now we report synthesis and preparation of a 
new n-conjugated polymer, poly(1,3-cyclohexadiene-l,4-diyl), 

PCyh 

The objectives of the present study are twofold. First, it is interesting to reveal 
whether PCyh can form a full x-conjugation system by making a coplanar 
structure between the six-membered rings. If PCyh takes the following s- 
t r a n s  structure H~ of the diene unit can get between the two CH 2 hydrogens of 
the -CH2CH 2- uni~ to form the planar polymer chain. 

Scheme I s - t rans  conformation of PCyh 

* Corresponding author 
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In the case of poly(p-phenylene) PPP (1, 2), a steric repulsion between the o- 
hydrogens is considered to prevent PPP from taking such a coplanar structure 
and thus the full u-conjugation is considered to be destroyed. 
Second, i f  PCyh forms the full u-conjugated system, what  is the chemical 
reactivity of the polymer against oxygen. 
As for the preparation method of PCyh, a dehalogenation polycondensation of 
dihaloorganic compounds with zero-valent nickel complex (3) based o n  

organonickel chemistry (4) was chosen. 

n l ' ~  I + nNi(O)mc~ ~ - ~ ~ n  

PCyh 

+ n Nil2L m (1) 

As the zero-valent nickel complex, a mixture of bis(1,5-cyclooctadiene)nickel 
(Ni(cod)2) and 2,2'-bipyridine (bpy) was used (3). Tsuchida and his coworkers 
reported-electro-oxidative polymerization of 1,3-cyclohexadiene (5), however, the 
polymer prepared is considered to have a structure different from that of PCyh. 

Experimental  

Materials 
Preparat ive methods of 1,4-diiodo-l,3-cyclohexadiene, the monomer, were 
reported by two groups (6), however, the compound had been obtained as 
mixtures with its isomer, 1,4-diiodo-l,4-cyclohexadiene, 

1,3-monomer 1,4-isomer 

In this research,  the 1,3-monomer was isolated by careful  column 
chromatography and recrystallization. Anal. Found: C, 21.75; H~ 1.80; I. 
76.5%. Calcd.: C, 21.71; H, 1.82; I, 76.47. Mp. (decom~)~ 97298 . ~ • 
6 .23ppm(s ,  2H) and 2.70 ppm (s, 4H). IR(KBr):1625, 6 3 ,8  ,7  5 ,5  7cm- . 
Preliminary X-ray crystallographical data: Mr = 319.90, P21/a, a = 14.532(2), b = 
6.319(1), c = 4.529(1) A, ~ = 95.05(2) ~ R = 0.041. 
Ni(cod) 2 was prepared as previously reported (3). 

Polymerization 
Stirring the diiodo compound(s) with a mixture of Ni(cod) 2 (molar ratio to the 
diiodo compound(s) r = 1.4), bpy (r = 1.5), and 1,5-cyclooctadiene (r = 6) in dry 
DMF under nitrogen at 50 ~ for 15 h gave deep black precipitates of PCyh and 
the copolymer. The polymers were washed with ammonia water, an aqueous 
solution of ethylenediaminetetraacetic acid disodium, dil. HC1, and water  in 
this order under N2and dried under vacuum to give deep real black PCyh (yield 
= 65%) and the copo-lymer (yield = 72%), respectively. 
PCyh. Anal. Found: C, 86.94; H, 7.72; N, 0.28; I, 0%. Calcd. C, 92.26; H, 7.74%. 
The difference between the found and calculated values seems to be attributable 
to high thermal stability (see text) of the polymer, content of ash (2.6%), and 
high reactivity of the polymer toward oxygen in air. Contamination with 0.016 
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DMF per monomer unit  explain the nitrogen content. Air sensitive u- 
conjugated polymers like poly(acetylene) are reported to show lower content of 
carbon than the calculated value (7). 

Measurements  
IR spectra  and 13C-NMR spectra were recorded on a JASCO IR-810 
spectrometer and a JEOL GSX-270 spectrometer, respectively. Elemental  
analysis was carried out by Mrs. Tanaka of our laboratory with a Yanagimoto 
CHN Autocorder Type MT-2 and a Mitamura Riken Kogyo Micro Elemental 
Analyzer. 

Results and Discussion 

The polymerization was carried out with the pure monomer (Eq. 1) as well as 
with a 3:1 mixture  of 1,4-diiodo-l,3-cyclohexadiene and 1,4-diiodo-l,4- 
cyclohexadiene (Eq. 2), 

n l - ~ l  + n Ni(O)mcomplex ~ - ~ P ) - n  + nNil2Lrn (1) 

3 : 1 

+ Ni(O)L m ~ (2) 

Copolymer 

The deep black color of PCyh strongly suggests that  PCyh takes a coplanar 
conformation and there exists an extensive u-conjugation along the polymer 
chain. Although determination of the degree of polymerization was not 
possible due to very low solubility of the polymer, the color of PCyh suggests an 
extensive n-conjugation participated by at least about 20 C=C double bonds (8). 
In the case of poly(pyridine-2,5-diyl) p repared  by analogous method 
(dehalogenation polymerization of 2,5-dibromopyridine with the mixture of 
Ni(cod) 2 and bpy) and having analogous low solubility in the polymerization 
solvent, the polymer is reported to have degree of polymerization of about 50 (9). 
The IR spectrum of PCyh is reasonable for the s tructure shown above. 
Copolymer was prepared in an analogous way and its color was also deep 
black. 
Figs. la  and lb compare CP-MAS 13C-NMR (67.9 MHz) spectra of PCyh a n~ 
Copolymer. As shown in Fig. la, PCyh gives rise to only one signal for the sp - 
carbon C a . 

C a C a 

__ C ~  Cb 

C c C c 
Cyh unit 
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(a) c b + c  c 

C a 

(b) 

(c) 
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Figure 1 

CP-MAS 13C-NMR 
spectra(67.9 MHz) 
of (a) PCyh, (b) 
Copolymer, and (c) 
PCyh after leaving 
the sample under 
air for 48 h at 24 ~ 
* : side band. 
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The appearance of four peaks for C b and C c olefinic carbon may be due to 
partial taking of s-cis conformation in addition to the s - t rans  conformation 
(Scheme I) or the presence of the 1,3-cyclohexadiene-l,4-diyl units (the above 
Cyh units) under various magnetic circumstances in the solid packing as 
shown in Fig. 2. Powder X-ray diffraction of PCyh gives rise to a diffraction 
pattern similar to those of poly(p-phenylene) PPP (10) and poly(thiophene-2,5- 
diyl) PTh (11), although the diffraction peaks are considerably broadened. The 
X-ray diffraction pattern of PCyh suggests that PCyh also takes an 
orthorhombic packing similarly to PPP, PTh, poly(ethylene) and poly(acetylene). 
At the moment, we do not have evidence to judge whether PCyh takes the 
irregular packing as shown in Fig. 2a or makes a mixture of regularly packed 
orthorb, pmbic-like microcrystals as shqwn in Figs. 2b and 2c to give rise to the 
four sp'=carbon peaks in the CP-MAS ~~ spectrum. 
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Figure 2 

Packing models of PCyh. 
The -0 mark indicates the 
diene side of the Cyh unit. 
The c axis is the direction of 
the polymer chain. 
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PCyh has good thermal stability, its TGA curve showing start  of the thermal 
decomposition at about 210 ~ under N 2 and residual weight of 55% at 800 ~ 
Annealed PCy~_showed essentially the same X-ray diffraction pattern. 
The CP-MAS 3C-NMR spectrum of Copolymer (Fig. lb) shows a new -CH~ 
carbon peak at 29 ppm in addition to the -CH9: carbon peak of the Cyh unit (C er) 
at 25 ppm. Signals of =CH~- carbons of Co~olymer also sl/~w a peak pat tern 
different from that  of PCyh. -The difference in the CP-MAS IoC-NMR spectrum 
between PCyh and Copolymer is reasonably explained by the presence of 1,4- 
cyclohexadiene-l,4-diyl unit in Copolymer. 

. . . .  O .... 

PCyh shows considerably high sensitivity toward air. Although no apparent  
changes in color and IR were observed after leaving the sample for 2 h in air, 
leaving the sample in air for several hours (e.g., 5 h) caused some color and IR 
changes. After 48 h, the color of the polymer changed to brown or brownish 
yellow, i Figure 3 shows change of the IR spectrum of PCyh on leaving the 
sample in air for 48 h at 24 ~ The IR spectrum after oxidation (Fig. 3b) shows 
new peaks, which are considered to be originat~3dc from OH group, OOH group, 
epoxide, and/or ether group. The CP-MAS C-NMR spectrum of the air- 
oxidized PCyh (Fig. lc) also shows profound change of the chemical structure 
of PCyh. The air-oxidized PCyh contains 66.15 and 5.70% of C and H, 
respectively, indicating taking of oxygen by the polymer. However, the C/H ratio 
was essentially unvaried after the oxidation. 
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Figure 3 IR spectra of (a) PCyh and (b) PCyh after 

leaving the sample under air 

The changes of color, IR spectrum, and analytical data on the air-oxidation are 
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similar to those (7b, 12) observed during similar air-oxidation of poly(acetylene). 
Thus, the results described above strongly suggest that  the high air sensitively 
of PCyh is related to the extensive u-conjugation along the polymer chain of 
PCyh, similarly to the case of poly(acetylene). The extensive x-conjugation 
seems to be due to taking the s-trans conformation shown in Scheme I. 

Botl~ PCyh land Copolymer themselves have electrical conductivity (o) of 
about 10"~ S cm" at room temperature under N 2. Exposure of the polymers t 9 
the vapor of iodine giv.~s iodine adducts, which show the o value of 2.0 x 10 -~ 
and 2.8 x 10- S cm" for the PCyh-iodine (76 wt% of iodine/PCyh) and 
Copolymer-iodine adducts, respectively, as measured with pressed powder 
samples. 
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