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ABSTRACT: x-Conjugated poly(hydroquinone)s and poly(p-benzoquinone)s have been prepared, and their
optical and redox behaviors have been studied. Poly(hydroquinone-2,5-diyl), PPP-2,5-OH, with a weight-
average molecular weight of 8500 (determined by the light scattering method) was soluble in DMF. The
w—aa* absorption peak of hydroquinone at 296 nm is shifted to 345 nm in PPP-2,5-OH. PPP-2,5-OH
underwent electrochemical two-step oxidation at about 0.5 and 0.8 V versus Ag/Ag*. Another type of
poly(p-hydroquinone)s in an acetylenic main chain was also prepared, and the polymer underwent
oxidation with the first oxidation peak at about 1.0 V versus Ag/Ag*. Optical and X-ray diffraction data
of the polymers and their precursor polymers suggest stacking of the polymer molecules.

Introduction

m-Conjugated polymers constituted of redox-active
units are the subject of many recent papers.! Quinones
and hydroquinones belong to typical redox-active spe-
cies, and their chemical behavior has been extensively
studied.?2 However, examples of well-characterized main-
chain-type polyquinones and investigation of their redox
behavior have been limited.3

p-Benzoquinone is the simplest quinone, and reveal-
ing the chemical properties of the following benzo-
quinone and hydroquinone polymers is considered in-
teresting.

(o] OH

22y o2

o HO

poly(hydroquinone)
or poly(2,5-dihydroxy-p-phenylene)

poly(p-benzoquinone)

PPBQ PPP-2,5-OH

Dordick and co-workers?3?2 reported the preparation of
meta-bonded poly(hydroquinone) and its interesting
electrochemical response. Yamamoto and co-workers?*
reported the preparation of a film of poly(dihydroxy-
phenylene) (or poly(hydroquinone)) by electrooxidative
polymerization of hydroquinone. However, in this case,
the bonding mode between the monomeric units in the
polymer is not controlled (e.g., the polymer may contain
1,2-bonding?), and the preparation of soluble poly-
(hydroquinone) by electrochemical polymerization has
not been reported.

On the other hand, recently developed organometallic
polycondensation®~8 of dihaloaromatic compounds
X—Ar—X gives m-conjugated polymers with well-char-
acterized bonds.

nX-ArX +nNiOLn ——  —{ar} (1
zerovalent poly(arylene)
nickel complex
Pd 7.8
nX-Ar-X + n HEC-Ar-=C:CH ——> -éAr- GC-Ar- GC% )"

poly(arylene ethynylene)
PAE
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Application of the polycondensation expressed by eq
1 to 2,5-diacetoxy-p-dihalobenzene (as X—Ar—X) gives
the following precursor z-conjugated polymers, PPP-2,5-
OAc, that can be converted into the main-chain-type
poly(hydroquinone) and poly(p-benzoquinone).

OAc OH O
electrochemical
—_—
n n oxidation n
AcO HO o
PPP-2,5-OAc PPP-2,5-OH PPBQ
(byeq 1) (poly(hydroquinone))

Solubility of the PPP-2,5-OH shown above can be
controlled by the kind of solvent used, and studies on
the redox behavior of PPP-2,5-OH both in the solid state
(film) and in solutions become possible.

An acetylenic polymer containing the hydroquinone
unit (—Ar— = hydroquinone unit: —p-CgH2(OH),—) has
also been obtained through eq 2.

Herein, we report the preparation of these two kinds
of redox-active polymers and their optical and redox
properties. Electrochemical responses of molecules hav-
ing a large w-conjugation system and polymer-modified
electrodes have been the subject of many recent papers.®
The electrochemical behavior of non-z-conjugated poly-
mers of quinonel®ab and its analogue (tetracyanoquino-
dimethane)!%d has been reported.

Results and Discussion

Preparation of Polymers with Diacetoxy-p-
phenylene Unit. Polymers containing the 2,5-di-
acetoxy-p-phenylene unit were prepared according to
the following reaction:

R' OAc R' OAc

n Br—QBr +nNi(OLm —— -G-Q_)» 3
n
AcO  R? AcO  R?
Monomer-a Poly-p-phenylenes (PPP)

R! =R?=H: PPP-2,5-OAc
R! = H, R? =n-C¢H,; : PPP-2,5-OAc(Hex)

R'=R?’=H
R! =H,R?=n-C¢H,5

The following polymers were also prepared:
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OAc

Monomer-c

R' OAc

@c— Q—c c)— @)
AcO  R?

Poly(arylene ethynylene) (PAE)

Pd(PPh@)4+CuX

in loluene + NEt3
60 °C, 24 h

Monomer-b

R' =R?=H, R = n-0OC,H,5 PAE-1

R'=R?=H, R = n-OC¢H,3: PAE-2

R' =R?=CN, R = n-OC ,H,s: PAE-3

R! =R?=CN, R = n-OC¢H,3: PAE-4

Pd(PPh;), = tetrakis(triphenylphosphine)palladium(0)

These polymerization gave the corresponding polymers
in 72—100% yield. Table 1 summarizes the results of
the polymerizations.

For the zerovalent nickel complex, Ni(O)Lm, a mixture
of bis(1,5-cyclooctadiene)nickel(0) and 2,2'-bipyridyl was
used in DMF.5 Thus, PPP-2,5-OAc was obtained. The
polymer showed a M, value of 3400 (M/M, = 1.6) in
the GPC analysis (polystyrene standards), although the
polymer may have a strong interaction with the GPC
column and the GPC analysis may give a seemingly
lower molecular weight than a real molecular weight.
PPP-2,5-OH prepared by hydrolysis of PPP-2,5-OAc
showed a higher molecular weight in its light scattering
analysis (vide infra).

The molecular weight of PPP-2,5-OAc obtained in the
GPC analysis is comparable to that observed with
polypyridine (M, = 4300)5" prepared analogously. The
precipitation of the polymer may prevent further elon-
gation of the polymer chain, although it has been
reported that Ni-promoted organometallic polyconden-
sations give polymers with higher molecular weights
when applied to the preparation of alkylated or alkoxyl-
ated z-conjugated polymers. Thus, the polycondensa-
tions have given sz-conjugated poly(alkylpyridine)s (M,
= 12 000—36 000),5 poly(alkylthiophene)s (M,, = 26 000—
35 000),1 poly(alkylthiazole)s (M, or M,, = 11 000—
21 000),6de1112a gnd poly(alkylquinoxaline)s (M, =
14 000—44 000)20 with higher molecular weights.

The monomer with a hexyl group (R! = H, R? =
hexyl), however, gave only an oligomeric product in the
present polymerization, presumably due to a large steric
repulsion between the monomeric units. Use of the
monomers with Rl = R2 = n-CgHi3 and R = R2 = CN
in eq 3 gave analogous results.

The phenyl—OAc bond sometimes oxidatively adds to
the Ni(0) complexes to be cleaved.l® However, in the
present polymerization expressed by eq 3, the phenyl—
Br bond seems to have a much higher reactivity toward
Ni(0)L, than does the phenyl—OAc bond, and hence,
the phenyl—OAc bond remains intact.

The IR and 'H NMR spectra (cf. Supporting Informa-
tion) and data from elemental analysis agree with the
proposed structure of PPP-2,5-OAc.™* The IR spectrum
of PPP-2,5-OAc resembles that of monomer a (eq 3; R?
= R2 = H), except for the disappearance of the v(C—Br)
band of the monomer a at 1060 cm~* after the polymer-
ization. The peak area ratio between the OAc and
aromatic protons in the 'H NMR spectrum is consistent
with the structure of the polymer, although the peaks
appear as a multiplet, suggesting the presence of
rotamers.1* PPP-2,5-OAc is soluble in chloroform, DMF,
and DMSO and partly soluble in toluene and THF;
however, it is not soluble in methanol.
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Table 1. Preparation of Polymers Having the
2,5-Diacetoxy-p-phenylene Unit? or Benzodithiophene
Unit

monomer®
run R! R?Z RinOR solvent® yield M, (My/Mp)d
polymerization according to eq 3

1 H DMF 72 3400 (1.6)
2 H hex DMF 100 530 (1.2)
polymerization according to eq 4¢
3 H H dod C;Hg + NEt3 89 7000 (1.7)f
4 H H hex  C/Hg+ NEts 96 4600 (2.3)f

5 CN CN dod C7Hs + NEt3 84 9
6 CN CN hex C7Hs + NEts 98 2400 (1.5)f

a At 60 °C for 24 h. P Key: hex = hexyl, oct = octyl, dec = decyl,
and dod = dodecyl. ¢ C;Hg = toluene. 9 Determined by GPC (vs
polystyrene standards). Eluent = DMF for runs 1 and 2; CHCI;
for runs 3—5. ¢ At a lower temperature or a shorter reaction time,
only oligomeric products were obtained, as judged from their UV—
vis spectra. f For the CHCIs-soluble part. 9 Not measured.

The polymerization expressed by eq 4 proceeded
smoothly at 60 °C to give PAE-type polymers (runs 3—6
in Table 1). The following model reaction also gave
compounds 1 and 2 in good yields. IR spectra of the

OAc
Pd(PPh), + Cul

Br Br + 2 HC=C —_—
OAc R
R OAc
0. R
1and 2
R=H 1)
R=CN (2

model compounds and the PAE-type polymers showed
a v(C=0) band at about 1750 (1 and PAE-1) or 1780
cm™! (2 and PAE-3) and a v(C=C) band at about 2200
cm~1. Their strong »(C=N) bands for 2 and PAE-3
overlap the »(C=C) band. Polymers PAE-1—4 showed
only low solubility in organic solvents. They were only
partly soluble in chloroform, DMF, NMP, and carbon
disulfide, and the chloroform-soluble parts exhibited M
values of 2400—7000 (runs 3—5 in Table 1), as deter-
mined by GPC (polystyrene standards). The molecular
weights of the soluble parts were lower than those of
previously reported PAE-type polymers.’®¢8 The in-
soluble parts are considered to have higher molecular
weights and possess essentially the same molecular
structures as those of the soluble parts because both of
them show the same IR spectra. The low solubility of
the polymers is considered to arise from a strong CT
packing interaction, which is discussed below. Occur-
rence of Glaser-type oxidative coupling'® between the
acetylenic monomers (monomer c) or oligomers is un-
likely because the polymerization was carried out under
an atmosphere of nitrogen. Formation of an ordered
structure, as judged from powder X-ray diffraction
patterns of the polymers, supports this view (vide infra).

Figure 1 shows the molecular structure of model
compound 1 as determined by X-ray crystallography.
The molecule adopts the linear and coplanar structure,
and the C(8)—C(9) distance (1.16 A) is normal for the
C=C triple bond.

PPP-2,5-OAc (eq 3) did not contain halogen, indicating
that they are H-terminated, similar to poly(anthraqui-
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Figure 1. Molecular structure of the model compound 1.
Views from two directions are depicted. Selected bond lengths
(A) and angle (deg): O(1)—C(11) 1.40(1); O(2)—C(13) 1.14;
C(5)—C(8) 1.44(2); C(8)—C(9) 1.16(1); C(9)—C(10) 1.45(2); C(1)—
C(2) 1.51(1); C(13)—C(14) 1.50(2); C(11)—0(1)—C(13) 116.1(10);
C(1)—C(2)—C(7) 123(1); C(4)—C(5)—C(6) 116(1); C(6)—C(5)—
C(8) 119(1); C(8)—C(9)—C(10) 177; C(9)—C(10)—C(12) 116(1);
0(1)—C(11)—C(10) 113(1); O(1)—C(13)—0(2) 123(1); O(2)—
C(13)—C(14) 127(10); C(4)—C(5)—C(8) 124 (1); C(5)—C(8)—C(9)
177(1); C(9)—C(10)—C(11) 124(1).

none)s3® and poly(pyridine-2,5-diyl)>% prepared by analo-
gous methods. The H-terminated unit is considered to
be formed by acidolysis of an Ni-terminated unit during
the workup of the polymer:

«+—C—Ni+H"— -—C—-H (6)

The nickel compound formed in the polymerization was
removed by treating the polymer with ethylenedi-
amminetetraacetate (cf. the Experimental Section).
Nickel compounds that might remain in the polymer
were not detected. If the polymer contained a significant
amount of paramagnetict®® NiX;(bpy), the H NMR
spectrum of PPP-2,5-OAc was considered to be broad-
ened. However, the 'H NMR peaks of PPP-2,5-OAc were
sharp (cf. Supporting Information). A test with di-
methylglyoxime!® did not detect nickel in a burned
sample of PPP-2,5-OAc. It was recently found that
polypyridine®f prepared by analogous Ni(O)Lm-promoted
polycondensation contained 13 ppm of nickel after
reprecipitation.16 Powder X-ray diffraction pattern of
PPP-2,5-OAc showed three peaks atd = 11.1, 4.90, and
4.03 A. In contrast to the case of PPP-2,5-OAc, the PAE-
type polymers contained terminal Br, as is usually
observed with similar PAE-type polymers.7¢80d
Transformation of OAc to OH. The OAc group in
PPP-2,5-OAc and PAE-4 is readily transformed into the
OH group via reactions with LiAlH4Y” and KOH, re-
spectively. The »(C=0) band of the original polymers
completely disappears after the reactions. The OAc
group in the PAE-type polymer can be hydrolyzed to the
OH group (eq 8). The hydrolysis seems to proceed more
easily with PAE-3, PAE-4, and 2 with the electron-
withdrawing CN group, as is usually observed in organic
chemistry (cf. the Experimental Section). Data from
elemental analysis indicate that PPP-2,5-OH is obtained
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OAc OH
/ 1) LiAlH,, 2) HCI /
7\ 7\ %)
— n — n
OAc HO
PPP-2,5-Ac PPP-2,5-OH

(poly(hydroquinone))

NC OH /0C6H13
1) KOH, 2) HCI VR
PAE4 ———————— > Ccz=C c=ca ®)
— n
OH CN OC¢H,;
PAE-5

as a hydrate (C¢H402°H20),. The IR spectrum of PPP-
2,5-OH essentially agrees with that of poly(dihydroxy-
phenylene)* prepared by electrochemical oxidation of
hydroquinone. The 'H NMR spectrum of PPP-2,5-OH
in DMF-dy is also reasonable for the structure exhibited
above and shows a multiplet!* at about ¢ 9 for the OH
group. The OH signal shows a temperature-dependent
shift characteristic of the hydrogen-bonded OH group
(cf. the Experimental Section).

PPP-2,5-OH is soluble in DMF (about 20 mg/mL) and
partly soluble in DMSO. However, it is insoluble in
chloroform, CH3;CN, toluene, THF, and methanol.

The GPC trace (in DMF) of PPP-2,5-OH gives M, and
My, (weight-average molecular weight) of 3400 and 4800
(polystyrene standards), respectively, and light scatter-
ing analysis (in DMF with He—Ne laser (632.8 nm))
reveals that it has a larger M,, of 8500. Because PPP-
2,5-OH does not show absorbance at the wavelength of
the irradiated He—Ne laser and z-conjugated polymers
give a large refractive index increment,5t16d the M,,
value obtained in the light scattering analysis is reli-
able. The lower My, given in the GPC analysis may be
due to a strong interaction of PPP-2,5-OH with the GPC
column. In DMF, PPP-2,5-OH shows an [5] value of 0.12
dL g=1. Because of the controllability of the solubility
of PPP-2,5-OH by changing the solvent, studies of its
redox behaviors both in solutions and in the solid state
(film) become possible.

UV-vis and Photoluminescence Data. PPP-2,5-
OH. The z—x* absorption peak of hydroquinone!® is
shifted to a longer wavelength region in the polymer,
due to the expansion of the sz-conjugation system (see
Chart 1). UV—vis and photoluminescence data of the
polymers are given in Table 2.

Addition of NaOH leads to the formation of salts of
the polymer, and the UV—vis spectrum of PPP-2,5-OH
continuously changes with increasing concentration of
NaOH in DMF (cf. Supporting Information), showing
an intermediate peak at 382 nm.1% Finally, PPP-2,5-
OH in alkaline DMF gives a peak at 415 nm (no. 2 in
Table 2) that is assigned to a dianion species of PPP-
2,5-0OH.

In air, the dianion species of PPP-2,5-OH is unstable,
similar to dianion of hydroquinones!® and gives peaks
at 323, 380, and 500 nm at an early stage of oxidation
in air. However, at the neutral state, PPP-2,5-OH was
rather stable.

Figure 2 exhibits photoluminescence and excitation
spectra of PPP-2,5-OH in DMF. The photoluminescence
peak appears near the onset position (ca. 420 nm) of
the 7—a* absorption band of PPP-2,5-OH, as usually
observed with s-conjugated polymers.®.7b The excitation
spectrum essentially agrees with the absorption spec-
trum of PPP-2,5-OH (cf. Supporting Information). How-
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Chart 1. Absorption Peaks of Hydroquinone and

Polymers
OH OH (o
Q E >’:/< } n E ;:j ; n
HO HO 0
296 nm 345 nm 415 nm

L ]
shift (AE) = 4790 cm™!

(no. 2 in Table 2)

Table 2. UV—Vis and Photoluminescence Data of the

Polymers
photoluminescence
quantum
# polymer Amax (nm) Aph (NmM)2 yield (%)
1 PPP-2,5-OAc 325,° 380 (DMF)
2 PPP-2,5-OH 345 (DMF) 420 (DMF)

415 (DMF/NaOH)

331 (film)

3 PAE-1 418 (CHCl3) 455, 490° (CHCls) 25
470, 503 (film)

4 PAE—2 417 (CHClg) 458, 485¢ (CHCls) 29
470, 510 (film)

5 PAE-3 500, 564 (CHCIls)® 530, 580° (CHCls) 31
492, 535 (film)

6 PAE—4 511,570 (CHCI;) 539, 580° (CHCls) 41
500, 570 (film)

7 PAE-5 475 (NMP) 559 (NMP)
447 (film)

a Jph = peak wavelength of the photoluminescence. ® Shoulder
peak. ¢ Shoulder peak. 9 Essentially the same spectrum is obtained
in DMF.

(a.u.)

Intensity of photoluminescence

200 300 400 500 600 700
Wavelength/ nm
Figure 2. Photoluminescence spectrum of PPP-2,5-OH in
DMF: (a) wavelength of irradiated light = 342 nm and (b)
excitation spectrum monitored at 419 nm. Irradiation with 277
nm light gives essentially the same photoluminescence spec-
trum.

ever, it shows a shoulder peak at about 280 nm, which
seems to be related to the absorption by a single
hydroquinone unit (cf. Chart 1). Irradiation of PPP-2,5-
OH with 277 nm light also leads to emission of light at
420 nm, suggesting occurrence of energy transfer from
the photoactivated monomeric unit to the main-chain
m-conjugated system, as sometimes observed with s-con-
jugated polymers.5¢:20

PAE-Type Polymers. Figure 3 shows UV—vis spec-
tra of the PAE-type polymers. The peak position of the
a—m* absorption band of PAE-1 (Amax = 418 nm; part a
of Figure 3) is comparable to those of previously reported
PAE-type polymers (ArC=CAr'C=C),."821

Usual PAE-type polymer films give m—a* absorption
peaks at essentially the same position as those of their
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475 nm

Absorbance

300 400 500 600 700

Wavelength/nm

Figure 3. UV-—uvis spectra for (a) PAE-1, (b) PAE-4, and (c)
PAE-5. — in solution (CHCI; for PAE-1 and —4 and NMP for
PAE-5). - - -1 in the solid state (film).

solutions. However, the film of PAE-1, which has long
alkoxy side chains, shows two z—a* absorption peaks??
at considerably longer wavelength regions. Recently, an
analogous bathochromic shift has been observed with
regioregular m-conjugated poly(3-alkylthiophene)s with
long alkyl side chains!'f23.24 and this has been attributed
to stacking of the polymer molecules in the solid state.

Similar stacking of coplanar PAE-1, assisted by the
long OR side chain and interchain CT interaction, is
conceivable. PAE-1 contains both electron-accepting
p-CsH2(OAC), and electron-donating p-CsH2(OR),, and
the following stacking mode (Chart 2) having an inter-
molecular CT interaction®>26 seems reasonable: Wa-
tanabe and co-workers proposed a similar face-to-face
stacking of an all-aromatic polyester composed of an
electron-accepting pyromellitic unit with long side
chains.2%2 Coates and co-workers proposed an analogous
solid packing for arylene—vinylene-type oligomers.2° As
described above, 1 assumes a linear and coplanar
structure (see Figure 1 and Chart 2).

The shift (about 70 nm or AE = 3500 cm™! on
changing the solution system to the film system; No. 3
in Table 2) observed for PAE-1 is larger than that
(approximately 45 nm) observed for a previously re-
ported CT-type copolymer of electron-accepting qui-
noxaline and electron-donating thiophene.25

In the case of PAE-4 having a stronger electron-
accepting unit containing the CN substituent, both its
solution and film give the 7—a* absorption band at a
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®

Intensity of photoluminescence (a.u.)
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Figure 4. Photoluminescence data of (A) PAE-1 and (B) PAE-4 in chloroform. Lines a and b exhibit the excitation and
photoluminescence spectra, respectively. The photoluminescence of PAE-4 was measured at (b-1) lower concentration (4.7 x 107
M of the repeating unit) and (b-2) higher concentration (5.7 x 10~3 M of the repeating unit).

Chart 2. A Stacking Model Proposed for CT-Type
PAE-1 in Film

OAc OR
Cc:C C:iC—
AcO RO
OR OAc
Cc:zC CiC—
RO AcO
(donor) (acceptor)

considerably longer wavelength region than those of
CHCIj3 solutions of PAE-1 (part a in Figure 3) and the
usual PAE-type polymers.?2t This shift to a longer
wavelength region may originate from its stronger
intermolecular CT structure and its taking a stacked
aggregated structure even in solution, similar to the
case of head-to-tail-type poly(3-alkylthiophene-2,5-diyl),
HT-P3RTh, in poor solvents.lf Such stacking in the
solution, however, does not seem to occur for oligomeric
products of PAE-4.27 X-ray diffraction data of the
polymers suggest a stacked structure and will be
described later in this paper. The absorption bands (o)
and (p) of PAE-4 (Figure 3b) may originate from single
PAE-4 molecule and from the stacked mass composed
of PAE-4 molecules, respectively. In this case, the
appearance of the absorption band (o) at a longer
wavelength than that of the 7—x* absorption band of
PAE-1 in CHCI; is attributed to an intramolecular,
highly charge-transferred structure of PAE-4.

According to the transformation of the OAc group into
the OH groups (eq 8), the acceptor unit in PAE-4 (cf.
Chart 2) is considered to lose its strong electron-
accepting ability, and both the intramolecular and
intermolecular CTs seem to be weakened in PAE-5. The
absorption peaks of PAE-5, in both solution and film,
shift to a shorter wavelength region (part ¢ of Figure
3).

PAE-1—4 give considerably strong photoluminescence
with a quantum yield of 25—41% in chloroform (Table
2). As shown in Figure 4, the photoluminescence spec-
trum exhibits a main peak and a shoulder peak, similar
to the photoluminescence spectra of previously reported
PAE-type polymers™:¢821 and poly(arylenevinylene)-
type polymers.?® The data shown in Figure 4 and Table

2 reveal the following features of the photoluminescence
of the polymers.

(i) The main photoluminescence peaks of PAE-1 and
PAE-4 (Figure 4) seem to appear at the onset positions
of the m—x* absorption band of PAE-1 and the band (o)
of PAE-4 (Figure 3b), respectively. The photolumines-
cence of PAE-1 is considered to originate from single
PAE-1 molecule. The photoluminescence data of PAE-4
suggest that the main photoluminescence of PAE-4 is
associated with the absorption band (o) that may arise
from the single PAE molecule as discussed above.

(i) The excitation spectrum of PAE-1 (Figure 4A)
agree with the absorption spectrum of PAE-1 in chloro-
form (Figure 3a). On the other hand, the excitation
spectrum of PAE-4 (Figure 4B) corresponds to the band
(o) of PAE-4, and no peak is observed at the position of
the band (B). This feature and feature i suggest that the
main photoluminescence is concerned with a photo-
process of single PAE molecules and that the photo-
excitation of PAE-4 leads to dissociation of the stacked
molecules. If this dissociation takes place, emission of
light from the stacked mass, which is sometimes ob-
served with stacked z-conjugated polymers,*1f will not
occur.

(iii) The intensity of the shoulder photoluminescence
of PAE-4 increases with increases in the concentration
of the polymer, as exhibited in Figure 4B. This result
suggests that the photoexcited PAE-4 molecule forms
an excimer-like adduct with other PAE-4 molecule(s),
especially at the higher concentration of the polymer.
Formation of such an excimer-like adduct is sometimes
observed with z-conjugated polymers.6f However, the
position of the shoulder peak apparently deviates from
the onset position of the band (5) of PAE-4, suggesting
that the intermolecular interaction in the excimer-like
adduct is different from that in the stacked mass of
PAE-4 in the ground state.

PAE-5 gives its photoluminescence peak (559 nm)
near the onset position of its absorption peak. However,
the intensity of the photoluminescence is much weaker
than those of the other PAE-type polymers. The excita-
tion spectrum of PAE-5 agrees with the UV—vis absorp-
tion spectrum of the polymer.

Electrochemical Response. PPP-2,5-OH in Solu-

tion. Part a of Figure 5 exhibits the CV chart of a DMF
solution of PPP-2,5-OH under N,. The CV chart shows
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Anodic

Cathodic

(a) PPP-2,5-0H
Ey £ ([INBuyIPF¢)
| N 1 : | L f
-1.6 -0.8 0 0.8

EIV vs AgTiAg

Figure 5. Cyclic voltammograms of (a) PPP-2,5-OH (1.8 mM
monomer unit) in a DMF solution of 0.1 M [NBu4]PFs and (b)
PPP-2,5-OH (1.8 mM monomer unit) in a DMF solution of 0.10
M [NBu4]CIQ,. Scan velocity = 50 mV s72, electrode = 1 x 1
cm? Pt plate at room temperature (about 25 °C).

Chart 3. Redox Processes in Solution

Q Q-
-e, E, Rt
E;HQ —— H,Q* ——= HQ (9 HQ-= (or )
+e fast
OH OH
-e, E, . -H*
Ep: HQ e Ha fast Q (10 Q = p-benzoquinone-2,5-diyl
+e, Ey . +H* .
EgQ —— Q° ——= Hae (11)
-e fast Q=
+e,E, +H* o
E,: HQe HQ® —— H,Q (12)
-e fast

two oxidation peaks at E; and E; and two reduction
peaks at E3 and E4. The CV data are accounted for by
the following electrochemical reactions, including H*-
transfer, which are based on previous reports on the
electrochemical behavior of hydroquinone!”-2° (see Chart
3). Repeated scanning gave almost the same CV curve
(e.g., in the fifth scanning), suggesting that the polymer
was stable in the solution and did not undergo compli-
cated reactions.

As depicted in Figure 6, the oxidation peak (e.g., E>
peak) current is roughly proportional to v¥/2 (v = sweep
velocity), revealing that the diffusion process of PPP-
2,5-OH is an important factor in controlling the electric
current for the oxidation of PPP-2,5-OH. A similar
relationship between the oxidation peak current and v*2
was reported for a PAE-type polymer containing fer-
rocene units.”

PPP-2,5-OH in Film. In contrast to the solution
system, the CV curve of the PPP-2,5-OH film in a
CH3CN solution strongly depends on the repeating
number of scans performed. As shown in parts a and b
of Figure 7, the large oxidation peaks at E; and E,,
which are observed at the first scan and correspond to
the oxidation of PPP-2,5-OH to PPBQ (poly(p-benzo-
quinone)), become very small in the second scan.

The steep decrease in E; and E; currents in the second
scan is reasonably well accounted'” for by assuming that
(i) the film can release H' generated by the oxidation
process (egs 9 and 10) into the solution, whereas (ii) the
Q species formed in the film cannot capture H* from
the solution easily during its reduction processes even
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Figure 6. Linear dependence of ipa(Ez) on v¥2 (v = scan
velocity) for PPP-2,5-OH (1.8 mM monomer unit) in a DMF
solution of 0.1 M [NBu,]PFs. Electrode = 1 x 1 cm? Pt plate.

at the slow scan rate of 20 mV st (Figure 7). If the
quinone unit Q in the film cannot capture H*, the
hydroquinone species H,Q is not regenerated and peaks
E; and E, will become weaker in the second scan.

In the film, the Q—"(eq 11) and Q2™ species formed
during the reduction processes at E; and E4 seem to
capture NR," existing at high concentration, instead of
H*, to give the n-doped states3® depicted in Chart 4.
Thus, as shown in eq 14, processes Ez and E4 in Figure
7 are expressed by the n-doping of PPBQ, and peaks Es
and Eg are due to n-undoping peaks.3° When [NBu4]CIO4
is used, processes Es and Eg seem to overlap (part b of
Figure 7).

Although peaks E; and E; overlap, the total electric
charge used for the oxidation (eq 13) can be roughly
calculated from the CV chart, and the degree of oxida-
tion of PPBQ is obtained from the total electric charge
and the assumed two-electron oxidation. Table 3 gives
a summary of the results, which indicate that the
oxidation proceeds to a greater degree with a thinner
PPP-2,5-OH film and at a slower scan. Employment of
LiBF4 as the electrolyte gives complicated CV results
different from those obtained with NBu,* salts (part ¢
of Figure 7), probably due to the known strong interac-
tion of Li* with the reduced form of quinones.3?3!

Linear Free-Energy Relationship. The reduction
potential E;eq of 7-conjugated poly(arylene)s, Arn, nor-
mally reflects the electron-accepting properties of the
monomeric unit, HArH.32® For example,

easier to reduce

‘<>’ _€</\>>_
n =N /N
) )

(PPP (PPy

O
=\'/n
(PPyrim)

Ered -2.6 2.2 -1.7
(V vs Ag/Agh)

The average of E; and Eg in Figure 7 is taken as Eyeq
of PPBQ, similar to the case of poly(anthraquinone).32b
Figure 8 indicates that plots of E.qg of PPP, PPy,
PPyrim, and PPBQ against EA3? of the corresponding
monomeric compound give a linear relationship for
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(c) PPP-2,5-OH (film)
(LiBF)

(0.4 mA

(b) PPP-2,5-OH (film)
(INBu]CIO)

Anodic

Cathodic

1st

2nd

(a) PPP-2,5-OH (film)
(INBuyJPF)

EIN vs AgTIAg

Figure 7. Cyclic voltammograms of the film of PPP-2,5-OH in CH3CN containing 0.10 M (a) [NBu4]PFs, (b) [NBu4]ClO,, and (c)

LiBF,4. Electrode =1 x 1 cm?2at20 mV s L

Chart 4. Oxidation of PPP-2,5-OH (eq 13) and Redox
Processes (n-doping and n-undoping) of PPBQ in

Film (eq 14)
(0]
-2e (E, Ey), -2H"
PPP-2,5-OH - (13)
irreversible n
[¢]
PPBQ
o o O
E5 Ey
-NR‘+---- A
. = X A ==
o o of
PPBQ

O O O
n-x X-y y
(0] O- o

various Ar,. The slope of this line, p = 0.75, is compa-
rable to those observed with poly(naphthalene)-type
polymers.32b

PAE—5. As depicted in Figure 9, a film of PAE-5 gives
rise to a CV chart similar to that of the PPP-2,5-OH
film. However, processes E; and E, take place at higher
potentials compared with those observed with PPP-2,5-
OH, reflecting the known electron-withdrawing ability
of the —C=C—" and CN groups. The height of the E;
peak decreases during repeated scanning, and peaks Es
and Eg become stronger, similar to the case of the PPP-
2,5-OH film. However, in contrast, peak E; of the PAE-5
film remains even after repeated scanning, and the CV
pattern in the reduction region (the region of peaks E3
and E,) varies with the scanning repetition number.
Although detailed electrochemical processes have not
been revealed, these results suggest that H™ can partly
move into the PAE-5 film and the reduced quinone, Q%-,
can, at least partly, capture H*. Movement of H*
through organic media is considered to be an important
process in living systems and has attracted the attention
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Table 3. Degree of Oxidation of PPP-2,5-OH to PPBQ at
Various Thicknesses of the PPP-2,5-OH Film and Sweep

Rates?
thicknessP sweep rate degree of
(10=7 mol cm~2) (mV s™1) oxidation (%)
0.925 30 96
0.925 50 83
0.925 70 83
0.925 90 59
1.85 30 58
1.85 50 54
1.85 90 57
2.76 30 55
2.76 90 57
3.70 30 55
3.70 70 42
3.70 90 33

aln a CH3CN solution of [NBug]PFs (0.10 M). ® Thickness of
the film is given in mole of the monomeric unit of PPP-2,5-OH on
al x 1 cm? Pt electrode.

|
—
T

]
[\
I

Froq of Poly(arylene) /V vs Ag'/Ag

3 1 ! 1
-2 -1 0 1 2

EA of Monomer unit / eV

Figure 8. Plots of Ereq 0f (—Ar—), vs EA of HArH. A linear
correlation with a slope of 0.75 is obtained.

[0.1 mA
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}
L L
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Figure 9. CV chart of a film of PAE-5 laid on a Pt plate (1 x
1 cm?) in a CH3CN solution of [NBuy]BF4 at 20 mV s
of biochemists.33 Recently, quinone-assisted transport
of H and production of ATP in an artificial membrane
have been reported.33@ Oxidation of PAE-5 with NO, in
DMF gave a dark brown product whose IR spectrum
showed a strong peak at 1720 cm~1, which indicated
transformation of the hydroquinone unit of PAE-5 into
a p-quinone unit.

XRD Data of PAE-Type Polymers. Molecular as-
sembly of organic and inorganic molecules is a subject
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Figure 10. Powder X-ray diffraction patterns of PAE-type
polymers. The peak of PAE-1 at d = 8.8 A may be assigned to
the second peak of d = 17.5 A.

Chart 5. Distance between the Core Main Chains in
the Postulated Solid Structure

— - long alkoxy group

— : short OH, CN, or OAc¢
d group

of recent interest.3* Aromatic polymers with long side
chains often assume a face-to-face stacked structure2%2
assisted by side-chain crystallinity.3> Preparation of
n-conjugated poly(arylene)s with side chains5¢:11f.23-25
and their stacking properties have also attracted the
attention of chemists. Figure 10 shows X-ray diffraction
patterns of PAE-type polymers having long side chains.
All of these polymers give clear X-ray diffraction peaks,
indicating that they form certain ordered structures in
the solid state. If the polymer takes a linear and
coplanar structure similar to that of 1, a peak in the
low-angle region from about 260 = 2.5 to 7.5° may be
assigned to the distance between the core polymer
chains separated by the long OR chain, which is similar
to cases of aromatic polymers with such long side
Chains_llf,23,24,26,34

In this case (see Chart 5), the data exhibited in Figure
10 and additional experimental data reveal the following
features of PAE-type polymers.

(1) The postulated core-to-core distance estimated
from the position of the peak at the low angle is
determined not only by the length of the OR group but
also by the presence or absence of the CN group. The
polymers with the CN group (PAE-3 and PAE-4) have
a longer core-to-core distance than the corresponding
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polymers without the CN group.

(2) PAE-5 gives a diffraction pattern analogous to that
of PAE-4, revealing that the packing mode of PAE-4 is
maintained even after transformation of the OAc group
into the OH group. The OAc and OH groups in PAE-4
and PAE-5, respectively, are considered not to disturb
the coplanar mw-conjugated structure of the main chain,
and the basic packing style of PAE-4 seems to be
maintained even after the chemical change of the OAc
group to the OH group.

(3) The PAE-type polymers (PAE-1—4) prepared at
low temperature or at short reaction times (and conse-
guently having a lower molecular weight)?” do not give
sharp X-ray diffraction peaks. The PAE-type polymers
with the low molecular weights do not show the batho-
chromic shift in the solid state (vide ante).?” These
results support the belief that the bathochromic shift
in the solid state is caused by the CT interaction
between the ordered polymer molecules with a sufficient
chain length (cf. Chart 2).

Conclusion and Scope

Poly(hydroquinone)s have been prepared by organo-
metallic polycondensation. PPP-2,5-OH can be electro-
chemically oxidized to poly(p-benzoquinone). The elec-
trochemical reduction behavior of poly(p-benzoquinone)
depends strongly on the physical state of the polymer.
In the solution, the polymer undergoes the usual reduc-
tion to PPP-2,5-OH, whereas its reduction in the solid
state is understood in terms of n-doping. Because of the
presence of an expanded z-conjugation system, the UV—
vis spectra of the polymers show bathochromic shifts of
the 7—a* absorption band from the peak positions of
their corresponding monomeric compounds. In the solid
state, an additional shift to a longer wavelength region
is observed with the PAE-type polymers, presumably
due to an intermolecular CT interaction. The polymers
may be useful in preparing new polymer-modified
electrodes and electric devices!3637 that require electron-
accepting and electron-carrying organic layers.

Experimental Section

Materials. Ni(cod),,%% Pd(PPhs)4,38 1,4-dibromo-2,5-hy-
droxybenzene,® 1,4-dimethoxy-2,5-dicyanobenzene,*° and 1,4-
dialkoxy-2,5-diethynylbenzene (R = n-Cy;H2s) (monomer c)2b
were prepared according to the literature. Commercially
available anhydrous acetonitrile and DMF were stored under
dry argon or nitrogen and used for CV. Salts for the CV
measurement were dried under vacuum.

Synthesis. 1,4-Dibromo-2,5-diacetoxybenzene (monomer a;
R! = R? = H). Monomer a was prepared by reaction of 1,4-
dibromo-2,5-hydroxybenzene with acetic anhydride in the
presence of a drop of perchloric acid. Yield: 44%. Anal.
Found: C, 34.1; H, 2.3; Br, 45.45. Calcd for C10HgBr,04: C,
34.2; H, 2.4; Br, 45.1%. IR(KBr, cm™%): 1750, 1060. *H NMR
(CDCl3): 6 7.40 (s, 2H), 2.35 (s, 6H). 1*C NMR(CDClg): 6 167.6,
146.1, 127.4, 114.9, 20.3. Monomer a with R! = H and R? =
n-CeHis was prepared analogously in 38% vyield. *H NMR
(CDClg): 0 7.28 (s, 1H), 2.69 (t, 2H), 2.37 (s, 3H), 2.35 (s, 3H),
1.31-1.55 (m, 8H), 0.90 (t, 3H). This compound was also
prepared by Kallitsis and co-workers recently via a different
route.*!

1,4-Dibromo-2,5-diacetoxy-3,6-dicyanobenzene (monomer b;
R! = R? = CN). 1,4-Dimethoxy-2,5-dicyanobenzene*° (5.50 g,
29.5 mmol), AICI; (27.5 g, 206 mmol), and NacCl (5.50 g, 94.0
mmol) were ground in an agate mortar under Ar. The mixture
was heated at 180—200 °C for 1 h under Ar. After extra AICl3
was quenched by distilled water, crude 1,4-dihydroxy-2,5-
dicyanobenzene was extracted with diethyl ether and dried
with MgSO,. Diethyl ether was removed by evaporation, and
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the crude product was recrystallized from water. Yield: 49%.
IR(KBr): 3248, 2292. 'H NMR (DMSO-dg): 6 11.04 (s, 2H,
OH), 7.20 (s, 2H).

To 1,4-dihydroxy-2,5-dicyanobenzene thus prepared (0.40 g,
2.5 mmol) were added glacial acetic acid (5 mL) and Br; (1.20
g, 7.5 mmol) slowly, and the reaction mixture was stirred for
2 h under reflux. The yellow precipitate was separated by
filtration and recrystallized from a mixture of ethanol and H,O
(3:7) to obtain 1,4-dibromo-2,5-dihydroxy-3,6-dicyanobenzene
in 71% yield. Anal. Found: C, 30.5; H, 0.6; N, 8.8; Br, 49.9%.
Calcd: C, 30.2; H,0.6; N, 8.8; Br, 50.3%. IR(KBr): 3296, 2244.
IH NMR (acetone-dg): 6 9.97 (s, 2H, OH). 3C NMR (acetone-
de): 6 152.3,114.7, 114.3, 111.2.

To 1,4-dibromo-2,5-dihydroxy-3,6-dicyanobenzene thus ob-
tained (1.0 g, 6.29 mmol) was added 30 mL of glacial acetic
acid slowly. After addition of a drop of perchloric acid, the
mixture was stirred for 48 h at room temperature. The reaction
mixture was poured into 300 g of ice—water, and the product
was extracted with 200 mL of chloroform. The extract was
washed with an aqueous solution of Na,CO3 thoroughly and
dried with MgSO,. The solution was condensed to obtain a
white solid, which was recrystallized from ethyl acetate to
obtain white needles of monomer b (R = R2 = CN). Anal.
Found: 36.3; H, 1.6; N, 7.1; Br, 39.5%. Calcd: C, 35.9; H, 1.5;
N, 7.0; Br, 39.8%. IR(KBr): 2244, 1790. *H NMR (CDCls): 6
2.53 (s). C NMR (DMSO-dg): ¢ 167.2, 149.4, 120.9, 116.8,
112.3, 20.0.

Monomer ¢. Monomer ¢ with R = n-CgH13 was prepared in
a manner similar to that reported in the literature.?' Anal.
Found: C, 49.4; H, 6.6; Br, 36.4%. Calcd: C, 49.6; H, 6.5; Br,
36.6%. X-ray crystallographic data: monoclinic; a = 9.460 (4),
b =6.773(2), and ¢ = 15.739 (5) A; g = 91.06 (3)°; space group
= P2i/n (no. 14); Dcaic = 1.075 g cm~3; R = 0.051; Ry, = 0.044.

Model Compound 1 (eq 5). To a mixture of 1,4-dibromo-2,5-
diacetoxybenzene (monomer b; Rt = R? = H) (0.50 g, 1.4 mmol),
Pd(PPhz)s (82 mg, 0.071 mmol), Cul (14 mg, 0.071 mmol),
toluene (3 mL), and NEt; (3 mL) was added 4-ethynyltoluene
(363 mg, 3.13 mmol) slowly, and the mixture was stirred for 6
h at 60 °C. The reaction mixture was poured into excess
methanol to obtain a white precipitate, which was purified by
column chromatography on SiO; (eluent = 1:1 mixture of
CH3COOC;Hs and toluene). Yield; 61%. Anal. Found: C, 79.4;
H, 5.3%. Calcd: C, 79.6; H, 5.3%. IR(KBr): 2216, 1758. *H
NMR (CDCl): 6 7.35—7.14 (m, 8H), 2.35 (12 H). The molecular
structure as determined by X-ray crystallography is given in
Figure 1.

Model Compound 2. 2 was also prepared in 57% yield, and
its IR (2236, 2208, and 1778 cm™!) and *H NMR ((CDCl3): ¢
7.87—7.16 (m, 8H), 2.50—2.40 (6H)) agreed. However, repeated
recrystallizing of 2 from methylene chloride led to partial
hydrolysis of the OAc group, and obtaining a crystal suited
for the X-ray crystallography was not possible.

Preparation of Polymers. PPP-2,5-OAc. A mixture of
Ni(cod), (3.13 g, 11.4 mmol), cod (1.23 g, 11.4 mmol), bpy (1.77
g, 11.4 mmol), and 1,4-dibromo-2,5-diacetoxybenzene (2.0 g,
5.7 mmol) in 50 mL of DMF was stirred under N; for 48 h at
60 °C. The reaction mixture was condensed to 10 mL and
poured into dilute hydrochloric acid. The cream precipitate was
washed with dilute hydrochloric acid (twice), an aqueous
solution of disodium ethylenediamminetetraacetate (twice),
dilute hydrochloric acid (once) in this order and dried under
vacuum. Yield: 72%. Anal. Found: C, 61.5; H, 4.5; Br, 0%.
Calcd for CioHgO4: C, 62.5; H, 4.2%. Calcd for CioHgOs*
0.1H,0: C, 61.9; H, 4.3%. IR(KBr): 2932, 1762, 1207. *H NMR
(DMF-dy): 6 6.9—7.6 (m, 2H), 2.0—2.6 (m, 6H).

PPP-2,5-OH. A mixture of PPP-2,5-OAc (0.30 g, 1.6 mmol
monomer unit) and LiAIH, (0.25 g, 6.5 mmol) in 50 mL of THF
was stirred for 48 h at 40 °C. After removal of THF by
evaporation, the residue was washed with dilute hydrochloric
acid repeatedly to obtain a black solid of PPP-2,5-OH in 100%
yield. Anal. Found: C, 57.2; H, 5.2%. Calcd for (CsH4O>"
H,0)n: C, 57.1; H, 4.8%. *H NMR (DMF-d7; under N): 6 6.8—
7.6 (m, 2H, aromatic-H), 8.8—9.7 (m, 2H, OH) at 25 °C. At
100 °C, the OH signal was shifted to 6 8.1—9.2 (peak = 6 8.4)
and broadened, whereas the peak position of the aromatic-H
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was essentially unvaried at 100 °C. *H NMR spectrum of
hydroquinone in DMF-d; showed similar temperature depend-
ence, at 25 °C: 0 6.67 (s, 4H, aromatic-H), 8.76 (s, 2H, OH).
At 50 °C: ¢ 6.61, 8.58. At 100 °C: ¢ 6.65, 8.19.

PAE-Type Polymers. The polymerization was carried out
under N2 in a manner analogous to those previously re-
ported.”821 PAE—1 was prepared by using 1,4-dibromo-2,5-
diacetoxybenzene (200 mg, 0.57 mmol), 1,4-didodecyloxy-2,5-
diethynylbenzene (280 mg, 0.57 mmol), Pd(PPhs), (33 mg,
0.028 mmol), and Cul (5.4 mg, 0.028 mmol) in a 1:1 mixture
of toluene and NEt; at 60 °C for 24 h, and worked-up was done
in a manner similar to that previously reported.” Yields and
molecular weights are given in Table 1. Anal. Found: C, 74.3;
H, 86, Br, 3.7%. Calcd for Br(C44H6006)6C10H8028r: C, 743,
H, 8.4; Br, 3.6%. PAE-2—4 were prepared analogously. PAE—
4: Anal: Found: C, 69.8; H, 6.1; N, 4.8; Br, 2.8%. Calcd for
Br(C34H34N205)10012H5N204Br: C, 699, H, 5.8; N, 5.1; Br,
2.6%. PAE-5 was prepared by a reaction of PAE-4 with KOH
in a 1:2:2 mixture of H,O/DMF/THF at 50 °C for 40 h. The
product was neutralized with dilute hydrochloric acid and
dried. Its IR spectrum (see Supporting Information) revealed
complete hydrolysis of OAc.

Measurements. Electrochemical and optical data as well
as other analytical data were obtained in manners similar to
those previously reported.>” The quantum yield of the photo-
luminescence was calculated by using a diluted sulfuric acid
(0.50 M) solution of quinine. The polymer films for the CV
measurements were obtained by casting solutions of the
polymers. The CV charts were recorded by using a Hokuto
Denko HA-501 galvanostat/potentiostat and a Hokuto Denko
KB-104 function generator or a Hokuto Denko HABF501
Potential/FG set. Light scattering analysis was carried out
with an Otsuka Electronics DLS-700 dynamic light scattering
spectrophotometer.

X-ray Diffraction Analysis of 1. Crystal data: CzsH2204,
M, = 422.48; monoclinic; P2:/n (No. 14); a = 12.867 (7), b =
5.785 (6), and ¢ = 16.678 (8) A; p = 111.15 (4)°; V = 1157 (1)
A3, Z =2; u = 0.80 cm™1; F(000) = 444; Dearc = 1.212 Mg m~3,;
260 range = 6.0—50.0°; hkl ranges: 0 < h < 13; —16 < k < 6;
0 = | = 18; no. of unique reflections = 1972; no. of used
reflections (I > 30(l)) = 413; no. of variables = 145. The final
R(Fo) and Ry(F,) values were 0.045 and 0.044, respectively; R
= Y IFoll = IFel/Y|Fol; Rw = Yw|F, — Fol?yo|Fo|?]*2; weighting
scheme o = [{o(Fy)}?]™t. The unit cell parameters were
obtained by least-squares refinement of 26 value of 15 reflec-
tions with 6.8° < 26 < 12.4°.

Intensities were collected on a Rigaku AFC-5R automated
four-cycle diffractometer by using graphite-monochromated Mo
Ko radiation (1 = 0.71069 A) and the w-26 method. Empirical
absorption correction (i-scan method) of the collected data was
applied. Calculations were carried out by using the program
package teXsan on a VSX-IlI computer. Atomic scattering
factors were taken from the literature.*? A full-matrix least-
squares refinement was used for non-hydrogen atoms with
anisotropic thermal parameters. Hydrogen atoms were located
by assuming ideal positions and were included in the structure
calculation with further refinement of the parameters.
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