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ABSTRACT: Dehalogenation polycondensations of 2,6-dichloroquinoline with electrochemically generated
zerovalent nickel complex and isolated zerovalent nickel complex afford wm-conjugated poly(quinoline-2,6-
diyl) (P(2,6-Q)) in high yields. Comparison of the polymerizations using various dihaloquinolines and
dihaloisoquinolines as the monomer reveals that the electrochemical polymerization is more sensitive to the
position of halogen in the monomer than the chemical polymerization and proceeds most smoothly for 2,6-
dihaloquinoline. The electrochemically and chemically prepared P(2,6-Q)’s have molecular weights of 26 000
and 15 000, respectively, as determined by a light scattering method, which also reveals that P(2,6-Q)’s have
a linear rodlike stiff structure with p, values of 0.21 and 0.20, respectively, and a large specific refractive index
increment (An/Ac = 0.57 cm?® g1) in formic acid. The electrochemical method gives the polymer as a thin
film on the electrode. The cyclic voltammogram of the film of P(2,6-Q) shows a reversible electrochemical
n-type doping-undoping cycle at considerably higher potential (ca. 2.1 V vs Ag/Ag*) than that of isomeric
poly(quinoline-5,8-diyl), with a reversible color change of the film between yellow (undoped) and dark blue
(doped); n-doping with sodium naphthalide also gives an electrically conducting dark blue adduct. UV-
visible as well as cyclic voltammetric data suggest that P(2,6-Q) has a longer effective r-conjugation system
along the polymer chain than other isomeric poly(quinolinediyl)s and poly(isoquinolinediyl)s due to its less
sterically hindered structure to form the r-conjugation system. The electron affinity of P(2,6-Q) is estimated

as 3.3 eV.

Introduction

The synthesis and electrical properties of r-conjugated
poly(arylene)s have become an active area of recent
polymer science, and numerous reports have been pub-
lished on p-type electrically conducting poly(arylene)s such
as poly(thiophene-2,5-diyl)! and poly(pyrrole-2,5-diyl).2
However, studies on n-type electrically conducting poly-
(arylene)s are still limited. Recently, we reported prep-
aration of poly(pyridine-2,5-diyl),3 poly(quinoline-5,8-diyl)
and poly(isoquinoline-1,4-diyl),* and poly(pyrimidine-2,5-
diyl)% constituted of electron-withdrawing aromatic rings
with imine nitrogen(s) and that these polymers exhibited
n-type electrically conducting properties. Preparation of
these polymers was mainly carried out by dehalogenation
polycondensation of dihaloaromatic compound X-Ar-X
with zerovalent nickel (Ni(0)) complex (eq 1).10:3-6

nX-Ar-X + n NiQOLy, —— —-(Ar): + NXL, (D

On the other hand, it is known that electrochemical
reduction of divalent nickel (Ni(II)) complex generates
Ni(0) complex (eq 2), and this Ni(0) complex is useful for
dehalogenation polycondensation of dihalogenated arylenes
such as 1,4-dibromobenzene,” 2,7-dibromo-9,10-dihydro-
phenanthrene,8 2,5-dibromopyridine,® and 3,6-dibromo-
N-ethylcarbazole.1°
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These polymerization methods using isolated Ni(0)
complex and electrochemically generated Ni(0) complex
afford poly(arylene)s with a well-defined linkage between
the monomer units. In addition, the electrochemical
polymerization usually gives the polymer as a thin film on
the electrode,” 1 which is suitable for revealing electro-
chemical properties of the obtained polymer.

In the course of our studies on =-conjugated poly-
(quinolinediyl)s and poly(isoquinolinediyl)s,* we have
found that the electrochemical polymerization using Ni-
(II) complex is more sensitive to the position of halogen
than the chemical polymerization and proceeds most
smoothly for 2,6-dihaloquinoline among various dihalo-
quinolines (eq 3a). The highest yield attained by using
2,6-dihaloquinoline is presumably due to the less sterically
hindered structure of the obtained polymer, P(2,6-Q),
compared with the other 7-conjugated poly(quinolinediyl)s
like poly(quinoline-5,8-diyl) (P(5,8-Q)) (eq 3b).

cl NI(IDL, '
n m + 2ne —(——m—> \, + 2n X (3a)
Nl N
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Figure 1. Cyclic voltammograms of (a) 5 X 102 M [Ni(bpy);l-
Br; and (b) a mixture of 5 X 10-* M [Ni(bpy)s]Br; and 1 X 10-2
M 2,6-Cl;-Q in an acetonitrile solution of [Et,N][C10,] (0.1 M).
Sweep rate = 50 mV s-i.

P(2,6-Q) has been also prepared by the method using
isolated Ni(0) complex in a high yield (eq 4).

cl
n m + n NiQ)L, — + NNGL, @
Nct N®
n

2,6-Cl,-Q P(2,6-Q)
n=ca 120

Stille has prepared P(2,6-Q) derivatives by the Fried-
lander reaction;!t however, preparation of nonsubstituted
P(2,6-Q) by this method is difficult due to the occurrence
of sidereactions.!? Chiang et al. prepared nonsubstituted
quinoline oligomers by dehydrogenative oligomerization
of tetrahydroquinoline.!3 However, nonsubstituted P(2,6-
Q) with high molecular weight has not been prepared yet.

Both the electrochemically and chemically prepared
P(2,6-Q)’s exhibit interesting optical and electrochemical
properties fairly different from those of previously reported
P(5,8-Q)* (cf. eq 3b) presumably because of the presence
of a more highly extended 7-conjugation in P(2,6-Q) than
in P(5,8-Q) due to the less hindered structure of P(2,6-Q).
We now report the electrochemical and chemical prepa-
ration of P(2,6-Q)’s and properties of the polymers.

Electrochemical polymerization of 4,7-dichloroquinoline
also proceeds smoothly to give nonconjugated poly-
(quinoline-4,7-diyl) (P(4,7-Q)), which has already been
prepared chemically,* in good yield (47-63%) (eq 5), and
we outline the electrochemical preparation of P(4,7-Q).

o
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4,7-Cl,-Q P(4,7-Q)

Yield = 47-63 %

Results and Discussion

Electrochemical Preparation of Poly(quinoline-2,6-
diyl) (P(2,6-Q)). Electrochemical Redox Reaction of
Ni(II) Complex and Polymerization. Figure 1 shows
cyclic voltammograms (CV) of (a) tris(2,2’-bipyridine)-
nickel(II) bromide ([Ni(bpy)s]Brs) (broken line) and (b)
amixture of [Ni(bpy)s]Brz and 2,6-dichloroquinoline (2,6-
Cl2-Q) (solid line) in an acetonitrile solution of tetraeth-
ylammonium perchlorate ([Et;N]J[ClOs]). As shown in
Figure 1a, Ni(II) complex is reduced to Ni(0) complex at
-1.7 V vs Ag/Ag* and the generated Ni(0) complex is
reoxidized at —1.5 V, and this redox reaction is reversible.
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Table 1. Electrochemical Polymerization of
Dihaloquinolines and Dihaloisoquinolines®

monomer/ Ni temp/ time/ yieldd/
run monomer® mM  complex/mM °C h %
1 26-Cl-Q 40 40 60 48 86
2 2,6-Cl>-Q 40 20 60 48 76
3 2,6-Cly-Q 40 10 60 48 0
4 4,7-Ch-Q 40 40 60 22 47
5 4,7-Cl,-Q 40 40 20 24 53
6 4,7-C1»-Q 40 40 120 24 63
7 5,8-Br-Q 20 20 120 16 3
8 1,4-Bre-iQ 40 40 120 44 1
9 1,4-Bry-iQ 40 60 60 96 2
10 5,8-Bre-iQ 40 40 120 18 3
11 5,8-Bre-iQ 40 60 60 72 3

2 Solvent = N,N-dimethylformamide (DMF); electrolyte =
[Et,N]{C10,] (0.25 M). ¢ 2,6-C1>-Q = 2,6-dichloroquinoline; 4,7-Cl»-Q
= 4,7-dichloroquinoline; 5,8-Br;-Q = 5,8-dibromoquinoline; 1,4-
Bre-iQ = 1,4-dibromoisoquinoline; 5,8-Brg-iQ = 5,8-dibromoisoquin-
oline. ¢ Ni complex = [Ni(bpy)s]Brq. 4 Based on polymer weight.

In the presence of 2,6-Cl-Q (Figure 1b), the reductive
peak currentat-1.7 Visenhanced, whereas the reoxidation
peak current at ~1.5 V is markedly decreased. This is
reasonably accounted for by conversion of the generated
Ni(0) species to Ni(II) species by oxidative insertion of
2,6-Clo-Q to form a Cl-Ar-Ni(II)-Cl complex. A new
reduction peak at -1.9 V is assigned to reduction of the
Cl-Ar-Ni(II)-Cl species or its disproportionation product
like Cl-Ar-Ni(II)-Ar-Cl complex. The CV curve of the
mixture of [Ni(bpy)s]Br; and 2,6-Cl;-Q resembles that of
a mixture of [Ni(bpy)s]Br; and 2,5-dibromopyridine.!4
Repeated scanning gives a yellow film on the electrode
surface, whereas the electrochemical polymerization is
mainly carried out at-1.7 Vvs Ag/Ag*, which corresponds
to the reduction potential of the Ni(II) species.

Table 1 summarizes the results of the polymerization.
As shown in Table 1, the electrochemical polymerization
of 2,6-Cly-Q proceeds smoothly at 60 °C by using [Ni-
(bpy)s]1Br; as the Ni(II) species in an equimolar or half-
molar amount to 2,6-Cl;-Q (runs 1 and 2). The yield of
polymerization in the presence of an equimolar amount
of [Ni(bpy)s;1Br; is 86% after 280 C of charge per 2 cm?
of the platinum electrode (5.4 F per mol of 2,6-Cl,-Q) is
passed. The obtained P(2,6-Q) in 76% yield in the
presence of the half-molar amount of [Ni(bpy)s]Brs (run
2) indicates that the Ni(II) species is recycled and works
as a catalyst to some extent. However, use of a smaller
amount of [Ni(bpy)s]Brs (run 3) does not lead to the
deposition of P(2,6-Q) although precipitation of a gray
material in the solution suggests the formation of oligo-
meric materials.

At the beginning of the electrochemical polymerization,
the surface of the platinum electrode becomes dark green
and the electrode is gradually covered with brown polymer
film. Attheearlystage of the polymerization, after passing
6 C of charge per cm?, P(2,6-Q) is deposited as spots on
the surface of the electrode. However, after prolonged
electrochemical polymerization (e.g., after passing 12 C of
charge per cm?), all of the surface of the electrode is covered
with P(2,6-Q) film. Figure 2 shows the scanning electron
micrograph of the surface of P(2,6-Q) film obtained on
thezplatinum electrode after passing 12 C of charge per
cm?,

The electrochemical polymerization at -1.7 V vs Ag/
Ag* gives P(2,6-Q) in a nondoped neutral insulating state
as judged from its doping voltage (ca. -2.1 V vs Ag/Ag™;
vide infra), and consequently formation of only a thin
electrode-blocking film may be expected. However,inthe
actual polymerization, the film on the electrode continues



758 Saito et al.

Figure 2. Scanning electron micrograph of the surface of P(2,6-
Q) films obtained on a platinum electrode after passing 12 C of
charge per cm?

growing and becomes granular. If P(2,6-Q) has head-to-
head junctions, the chelating 2,2’-biquinoline part of P(2,6-
Q) appears to be able to coordinate to Ni(II) species in the
polymerization system, and the smooth growth of the
polymer may be related to Ni-mediated electron transfer.
A CV curve of the electrochemically formed P(2,6-Q) film
in an acetonitrile solution of [Et4N][C104] (0.1 M) shows
aredox cycle at ca. —1.7 V vs Ag/Ag*, which is assignable
to redox of Ni(II) species coordinated to the nitrogen of
the m-conjugated polymers.!> Elemental analysis of the
unwashed polymer film indicates that ca. 15 wt % of ash
remains after burning the sample. Enhancement of the
electrical conductivity of chelating poly(2,2"-bipyridine-
5,5"-diyl) by coordination to a transition metal has been
reported,!® and the Ni(II) species are removed during the
workup of P(2,6-Q) as revealed by its elemental analysis
(cf. Experimental Section).

The content of Cl in the polymer is 0%, revealing that
chain growth by coupling proceeds by removing Cl at the
2- and 6-positions.

Electrochemical Polymerization of Other Mono-
mers. In contrast to the occurrence of the facile elec-
trochemical polymerization of 2,6-Cl,-Q, similar electro-
chemical polymerization of 5,8-dibromoquinoline, 1,4-
dibromoisoguinoline, and 5,8-dibromoisoguinoline gives
the corresponding polymers only in low yields (<5%, eq
3b, runs 7-11 in Table 1). The low yields may be ascribed
to steric repulsion between the monomer units in the
polymer chains which have ortho-substituted structures
at both of the two bonds between the monomer units.
Electrochemical polymerization of 1,4-dibromoisoquino-
line on a platinum electrode by using bis(triphenylphos-
phine)nickel(II) bromide (NiBro(PPhs)) deposits a film
which contains PPhg in a high proportion, and removing
PPh; from the film is difficult.

Polymerization of 4,7-dichloroquinoline (4,7-Clo-Q) gives
P(4,7-Q), which has one ortho-substituted and one non-
ortho-nonsubstituted structure at the bonds between the
monomer units, and the electrochemical polymerization
proceeds well with 4,7-Clo-Q (eq 5, runs 4-6 in Table 1)
although it gives somewhat lower yields and requires a
higher temperature compared with the electrochemical
polymerization of 2,6-Cls-Q.

Chemical Preparation of P(2,6-Q). Dehalogenation
polycondensation of 2,6-Cly-Q by using Ni(0) complex (a
mixture of bis(1,5-cyclooctadiene)nickel (Ni(cod)s) and
2,2"-bipyridine (bpy)) gives P(2,6-Q) quantitatively (eq
6).
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n

€l (Ni(cod), + bpy)
2,6-Cly-Q P(2,6-Q)
Yield = 99 %

n=ca 120

The high yield and somewhat larger degree of polym-
erization (n = ca. 120) than that (n = 85) of previously
reported P(5,8-Q) prepared analogously* are compatible
with the favored formation of w-conjugated poly(guino-
linediyl) linked at the 2,6-positions. The chemically pre-
pared P(2,6-Q) shows no halogen content, and [5] = 0.44
dL g! in formic acid at 29 °C.

Attempts to polymerize 2,6-Cl,-Q by using Mg as the
dehalogenation material in the presence of nickel complex
catalyst316 have not been successful due to the low
reactivity of 2,6-Clo-Q against Mg (c¢f. Experimental
Section). Stirring a mixture of 2,6-Cl;-Q and Mg in the
presence of a catalytic amount of NiCly(diphenylphos-
phinoethane) (NiClaz(dppe)) in THF under reflux did not
give the polymer either.

Characterization and Properties of P(2,6-Q). Both
the electrochemically and chemically prepared P(2,6-Q)’s
are soluble in formic acid, hydrochloric acid, and triflu-
oroacetic acid; however, they are insoluble in other organic
solvents tested (e.g., chloroform, THF, DMF, DMA, NMP,
and DMSO). Since evaporation of formic acid from the
formic acid solution of P(2,6-Q) gives pure P(2,6-Q) as
proved by IR spectroscopy, formic acid is considered to
have no strong interaction with P(2,6-Q) and essentially
serves as solvent. On the other hand, P(2,6-Q) seems to
be dissolved in hydrochloric acid by forming its salt with
HCL

Electrochemically and chemically prepared P(2,6-Q)’s
have weight-average molecular weights (My,) of 26 000 and
15 000, respectively, as determined by light scattering. The
degrees of depolarization (p,)!7 of the electrochemically
and chemically prepared P(2,6-Q)’s measured by light
scattering in formic acid are 0.21 and 0.20, respectively.
The p, values of 0.21 and 0.20 suggest that P(2,6-Q)’s have
a rodlike linear stiff structure having a w-conjugation
system with mobile electrons along the polymer chains.
Polymer showing such a large p, value in spite of its
considerably long polymer chain has no precedent, al-
though the p, values of P(2,6-Q)’s are not so large as that
(py = 0.33) of poly(pyridine-2,5-diyl) with M, of 3800.3
The large p, value suggests that aggregation of P(2,6-Q)
does not take place in the solution, at least in the dilute
solution used for the light scattering measurement. A
decrease in the py value due to such an aggregation has
been proposed for poly(isoquinoline-1,4-diyl) in CHCl3.4

P(2,6-Q)’s exhibit a large specific refractive index
increment of An/Ac = 0.57 em?® g1, and the large value
compared with that of usual non-w-conjugated polymers
(An/Ac = 0.1-0.2 cm3 g!) is related to the presence of
delocalized w-electrons along the polymer chain.

Figure 3 shows IR spectra of electrochemically and
chemically prepared P(2,6-Q)’s. The electrochemically
prepared P(2,6-Q) and chemically prepared P(2,6-Q) show
essentially the same IR spectrum. The IR spectrum of
P(2,6-Q) shows a strong absorption band at 826 cm™!
assignable to a C-H out-of-plane vibration. Strong
absorption bands at 1583 and 1475 cm-! are assigned to
the skeletal vibration of the quinolinering. The IR spectra
of P(2,6-Q) are very similar to that of 2,6-Cly-Q except for
a »(C-Cl) band at 1090 em-!. The 'H-NMR spectra of
electrochemically and chemically prepared P(2,6-Q)’s in
trifluoroacetic acid-d show peaks in the range 6 8-10 due
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Figure 3. IR spectra of (a) chemically prepared P(2,6-Q) and
(b) electrochemically prepared P(2,6-Q).
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Figure 4. 3C CP/MAS spectrum of chemically prepared P(2,6-
Q).

to the aromatic protons of the quinoline ring. Figure 4
shows the 33C CP/MAS NMR spectrum of chemically
prepared P(2,6-Q) in the solid state. The peaks of the
carbon groups have been assigned on the basis of solution
13C-NMR spectral data of quinoline and 2,6-dichloro-
quinoline. The peaks at 6 155, 147, and 136 are assigned
to the 2-C, 8a-C, and 4-C carbons of the quinoline ring,
respectively, and the peak at 6 129 is assigned to an
overlapped peak of the 3-C, 4a-C, 5-C, 6-C, 7-C, and 8-C
carbons.

The UV-visible spectrum of electrochemically prepared
P(2,6-Q) measured in formic acid shows 7—=x* absorption
peaks at 288 and 403 nm. The absorption peaks of P(2,6-
Q) are shifted to longer wavelength compared with those
(Amax = 258, 322, and 343 nm) of P(5,8-Q),* suggesting that
P(2,6-Q) has a longer effective =-conjugation system than
P(5,8-Q), presumably due to a better coplanarity of the
polymer because of the smaller steric repulsion between
the monomer units; not only the non-ortho-substituted
structure but also the absence of o-H at the nitrogen of
the quinoline ring are expected to give the longer effective
w-conjugation system in P(2,6-Q). The formicacid solution
and the cast film of chemically prepared P(2,6-Q) give a
broad fluorescence peak at 550 and 580 nm, when
irradiated by 435- and 415-nm light, respectively, and these
values are shifted to longer wavelength compared with
that of P(5,8-Q) (fluorescence peak at 503 nm when
irradiated by 340-nm light in formic acid).
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Figure 5. Cyclic voltammogram of electrochemically prepared
P(2,6-Q) film in an acetonitrile solution of [Et,NI{ClO,] (0.1 M).
Sweep rate = 5 mV g1,

The TGA curve of the chemically prepared P(2,6-Q)
reveals a very high thermal stability with only 30 % weight
loss at 900 °C under nitrogen, and this weight loss is
comparable to those of substituted polyquinolines pre-
pared by the acid-catalyzed Friedlander reaction.!® The
small difference between the found value and the calcu-
lated value in elemental analysis may arise from the high
thermal stability of the polymer. Powder X-ray diffraction
patterns of both the electrochemically and chemically
prepared P(2,6-Q)’s show broad diffraction peaks at 26-
(Cu Ka) =15.3,18.0,24.5,27.2,and 44.3°. The broadening
of the peaks suggests the presence of both the head-to-
head and head-to-tail structures in the polymer.

The electrochemically prepared P(4,7-Q) exhibits es-
sentially the same 'H-NMR and IR spectra of those of
chemically prepared P(4,7-Q).4

Electrical and Electrochemical Properties of P(2,6-
Q). Figure 5 shows a CV curve of P(2,6-Q) film electro-
chemically deposited on the platinum electrode. Asshown
inFigure 5, P(2,6-Q) film gives rise to an electrochemically
active cycle in the reduction region with an n-doping peak
at-2.25 Vs Ag/Ag* and an undoping peak at—-1.96 V (eq
7).

225 V X .
+ nx E4YN + nx e o= x Ei,N N
N ~ <196 V N n

P(2,6-Q) n-doped-P(2,6-Q)
yellow dark blue

The P(2,6-Q) film is electrochemically inert in the oxidation
region, and only a weak electric current due to electro-
chemical decomposition of solvent is observed.

The polymer film is stable during repeated scanning,
showing essentially the same CV. These doping and
undoping processes are accompanied by a reversible color
change. The color of the P(2,6-Q) film changes from yellow
to dark blue during doping. A platinum electrode coated
with a film of chemically prepared P(2,6-Q) can also be
prepared by spreading the formic acid solution of the
polymer on the electrode and evaporating the solvent under
vacuum, and the polymer film shows the same CV curve
and color change as those described above.

The redox potential value of P(2,6-Q) is shifted to the
positive side by ca. 0.4 V from that of poly(naphthalene-
2,6-diyl) (E° = -2.5 V vs Ag/Ag™"),!% consistent with the
general trend that the introduction of electron-withdraw-
ing imine nitrogen enhances the electron-accepting prop-
erties of the poly(arylene).3b620 It is noted that the redox
potential value of P(2,6-Q) is higher than that of P(5,8-Q)
(E° =-2.37 V)4 by 0.26 V. In the case of P(5,8-Q), it has
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Figure 6. Change of the UV-visible spectrum of chemically
prepared P(2,6-Q) film on an ITO electrode during electrochem-
ical doping in an acetonitrile solution of [Et;N][Cl0,] (0.1 M).

a poly(p-phenylene) backbone along the polymer chain
and a pyridine ring as a side chain, and consequently the
effect of the electron-withdrawing imine nitrogen is
considered indirect. On the other hand, in the case of
P(2,6-Q), the entire quinoline ring seems to participate
directly in the w-conjugation along the polymer chain to
enhance the electron-accepting properties of the polymer,
and the more effective 7-conjugation will also assist the
enhancement of the electron-accepting properties.

The change of the UV-visible absorption spectrum of
the chemically prepared P(2,6-Q) on an indium—tin oxide
(ITO) electrode during the electrochemical n-doping
processes is shown in Figure 6. At 0.0 V vs Ag/Ag™, the
neutral nondoped P(2,6-Q) gives rise to an absorption peak
at 403 nm. At-2.0V,the 7—n* transition peak decreases
and a new absorption peak appears at 580 nm. When
P(2,6-Q) film is highly doped with Et,N* at -2.2 V, the
m—m* transition peak at 403 nm further decreases and broad
peaks at ca. 500 and 800 nm appear. The color of the
heavily doped film is dark blue. The electrochemically
prepared P(2,6-Q) film shows essentially the same change
in the UV-visible spectrum during the n-doping. This
change of the UV-visible spectrum of P(2,6-Q) during the
cation doping is similar to those of poly(thiophene-2,5-
diyl)?! and poly(pyrrole-2,5-diyl)?? during anion doping
and that of poly(2,5-thienylenevinylene)? during cation
doping. Formation of electronic states like polaron and
bipolaron are suggested in the electrochemical cation
doping of P(2,6-Q); the absorption peak at 580 nm at the
intermediate reduction potential may be ascribed to
polaron whereas as those at 500 and 800 nm at higher
reduction potential may be ascribed to bipolaron.

The band gap (Eg) of P(2,6-Q) is estimated as 2.5 eV
from the onset of the optical absorption band, and the
polymer has ionization potentials (IP) of ca. 5.8 eV as
determined by ultraviolet photoelectron spectroscopy
(UPS) for its cast film. From these values, the electron
affinity (EA) of the polymer is estimated as 3.3 eV. This
indicates that P(2,6-Q) has large IP and EA values, and
the EA value of the polymer is larger than that of poly-
(p-phenylene) (2.1 eV) and poly(naphthalene-2,6-diyl) (2.5
eV),#* which are calculated by the valence effective
Hamiltonian (VEH) method. Brédas et al. have reported
that the E;, IP, and EA values of P(2,6-Q), which are
calculated by the VEH method, are 3.2, 6.0, and 2.8 ¢V,
respectively.?® These estimated values essentially agree
with the results described above and explain the facile
n-type doping properties of P(2,6-Q).
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The electrical conductivity (¢) of pristine chemically
prepared P(2,6-Q) film is less than 10-7 S cm-!. Sodium
doping of chemically prepared P(2,6-Q) film affords
semiconducting material with an electrical conductivity
0f 2.6 X 10-2S cm-!, supporting the n-type doping property
of P(2,6-Q). The o value of the Na-doped P(2,6-Q) ishigher
thanthat of the Na-doped P(5,8-Q) (¢ =3.5 X 104Sem),4
suggesting that the polymer has a longer effective w-con-
jugation system than the isomeric poly(quinolinediyl)s.

Conclusion

P(2,6-Q) is obtained in high yield by electrochemical
and chemical dehalogenation polycondensation of 2,6-
dichloroquinoline using Ni complexes. The polymer has
a well-defined linkage between the monomer units. The
electrochemically prepared polymer is obtained as a thin
film on the electrode. The polymer film is electrochem-
ically active and shows an n-type doping-undoping cycle
at-2.11 V vs Ag/Ag*. The UV-visible spectrum and CV
data indicate that P(2,6-Q) has a longer effective =-con-
jugation system along the polymer chain than other
isomeric poly(quinolinediyl)s and poly(isoquinolinediyl)s,
presumably due to its less sterically hindered structure to
form the w-conjugation. The color of the polymer film
changes from yellow to dark blue during n-type doping.
The electrical conductivity of sodium-doped polymer film
is 2.6 X 102 S cm-1.

Experimental Section

Materials. 2,6-Dichloroquinoline was synthesized by chlo-
rination of 6-chloroquinoline? according to a method reported
by Bobranski.?’ 5,8-Dibromoquinoline, 1,4-dibromoisoquinoline,
and 5,8-dibromoisoquinoline were prepared by methods reported
by de la Mare and co-workers,? Sanders and co-workers,?® and
Gordon and Pearson,3 respectively. Commercially available 4,7-
dichloroquinoline was used after recrystallization. Ni(cod),,®
[Ni(bpy)s]Brs,® NiBra(PPhg),3 and NiCly(dppe)3 were prepared
as reported in the literature. N,N-Dimethylformamide (DMF)
and acetonitrile were dried by CaHy, distilled, and stored under
nitrogen. [Ni(bpy)s1Br;and [Et{N][C10,] were dried before use.

Polymerization. Electrochemical polymerization was carried
outinanitrogen-filled H-shaped three-electrode cell with cathodic
and anodic compartments separated by a sintered glass disk.
Platinum plates (2 cm?) were used as working and counter
electrodes, and an Ag/0.1 M AgNO; electrode was used as a
reference electrode. In a typical experiment (run 1 in Table 1),
2,6-Cl;-Q (105 mg, 0.53 mmol) and [Ni(hpy)s]Br, (416 mg, 0.61
mmol) were added to a DMF (12 cm?) solution of [Et,N1{Cl10,]
(0.25 M). The working electrode was polarized at a potential of
-1.7 V vs Ag/Ag* for 48 h at 60 °C. The polymer film formed
on the working electrode surface was treated with aqueous
ammonia and an aqueous solution of ethylenediaminetetraacetic
acid to remove nickel compounds, then treated with methanol
and toluene to remove low molecular weight products, and dried;
yield = 86%. Anal. Found: C, 84.1; H, 4.0; N, 11.0; C], 0.0.
Caled for (CoHsN),: C, 85.0; H, 4.0; N, 11.0.

The polymerization of other monomers listed in Table 1 was
carried out analogously. Chemical polymerization of 2,6-Cl;-Q
using Ni(cod), was carried out in a manner similar to that reported
previously.!»*5 Under a nitrogen atmosphere, stirring 2,6-Cl;-Q
(315 mg, 1.59 mmol) with a mixture of Ni(cod), (530 mg, 1.93
mmol), 1.5-cyclooctadiene (0.35 cm?®), and 2,2’-bipyridine (300
mg, 1.92 mmol) in DMF (30 cm3) for 48 h at 60 °C yielded a
precipitate of the polymer. The polymer was treated with a series
of washing solutions and solvents in a manner similar to that
applied for the isolation of the electrochemically prepared P(2,6-
Q). The polymer was obtained as a yellow powder in 99% yield.
Anal. Found: C, 84.7; H, 3.9; N, 10.2; Cl, 0.0. Caled for
(CoHsN),: C, 85.0; H, 4.0; N, 11.0.

Attempted reaction of 2,6-Cly-Q (71 mg, 0.36 mmol) with Mg
grains (9.6 mg, 0.40 mmol), which were activated by vigorous
stirring under argon overnight, in THF (3 mL) under reflux did
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not cause any apparent decrease of the Mg grains even after 20
h. A catalytic amount of NiCl,(dppe) was added to the reaction
mixture, and the mixture was stirred for 15 h under reflux;
however, formation of P(2,6-Q) was not observed.
Measurements. IR spectra were recorded on a JASCO IR-
810 spectrometer with KBr pellets, UV-visible spectra, fluo-
rescence spectra, and TGA curves were recorded on a JASCO
Ubest-35 spectrometer, a Hitachi F-4010 fluorescence spectro-
photometer, and a Shimadzu DT-30 thermoanalyzer, respectively.
tH-NMR and 18C CP/MAS NMR spectra were taken with a JEOL
JNM-GX-500 spectrometer. X-ray diffraction and ultraviolet
photoelectron spectroscopy (UPS) measurements were carried

out with a Rigaku Geigerflex RAD-B system and a Rikenkagaku -

AC-1 system, respectively.

The intrinsic viscosity of P(2,6-Q) in formic acid was deter-
mined with a Ubbelohde viscometer in thermostated water, which
give a linear relation between 5/c (dL g-!) and the concentration
¢ (g dL, ¢ = 0.012-0.062 g dL-1) at 29 °C: n,/c = 0.44 + 2.52¢.

Cyclic voltammetry and the change of the absorption spectrum
during electrochemical doping were measured in an acetonitrile
solution containing 0.1 M [Et,N][C10,]. Electrolysis and cyclic
voltammetry were carried out with a Hokuto Denko HA-501
galvanostat/potentiostat and a Hokuto Denko HB-104 function
generator.

Films of P(2,6-Q) were cast from a formic acid solution of the
polymer onto glass plates. The P(2,6-Q) films on the glass plates
were doped by sodium naphthalide in THF at room temperature
and dried under vacuum. The electrical conductivities of the
sodium-doped samples were measured by a four-probe method
in the chamber filled with argon.
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