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Various mt-conjugated polymers have been obtained by using organometallic polycondensations mediated by organo-
transition metal complexes. For example, Ni(0) complex-promoted dehalogenation polycondensation of dihaloaromatic
compounds X—Ar-X affords poly(arylene)s, €Ar},. Pd-catalyzed polycondensation gives poly(arylene—ethynylene)s,
€Ar-C=C—Ar'—C=C)». These polymers are electrochemically active, electrically conductive, and light-emitting. Their
well-characterized linear structure brings about unique packing of the polymer molecules. in the solid. In this paper, we
describe preparation by the organometallic polycondensations, basic properties, the ordered structure in the solid, and
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applications for electronic and optical devices of t-conjugated polymers.

Diorganonickel(Il) complexes NiR,L,, undergo reductive
coupling (or reductive elimination) reactions to give R-R
(Eg. 1).” Controlling factors of this coupling reaction have
long been studied by our research group and by others.

R
L,,,Ni(R ~—— R-R (1)

This basic C—C coupling on the metal introduced the con-
cept of “reductive elimination” to the field or organometallic
chemistry,'*='? and clear and quantitative support'® for the
concept of “back-donation to olefin'%'"” was given during
the study. The coordination of molecules leading to the
back-donation (e.g., electron-accepting olefin!® or aromatic
compound™) to the central metal facilitates the reductive
elimination of R-R, and the concepts of reductive elimina-
tion and back-donation are now widely accepted in chemistry.

The basic coupling reactions have been utilized for Ni-pro-
moted organic syntheses (e.g., RMgX+R'X—R-R’; 2RX +
Zn—R-R; 2RX+Ni(0) complex—R-R; X = halogen).? We
have developed further the utilization of this coupling reac-
tion for the polycondensation of dihaloaromatic compounds.

NX-ARX + N Mg ——= n X-ArMgx] N-COMPIOX, (. R
n X-Ar-X + nNi(O)L, — —éAr-); + n NXGLy, (3)4)

In some cases, Ni(0)L,, formed in situ by chemical (e.g., by
Zn) or electrochemical reduction of Ni(Il)-compounds are

also usable in this polycondensation, thus providing follow-
ing catalytic reactions (Eq. 4).>%% It was recently reported
that NaH was also usable as the reducing agents.®"

nX-ArX + nZnfor2e7) Ni-complex +Ar}: + nZnX, (or 2X) @)9

Polyarylenes can be prepared by the organometallic poly-
condensation as well as by chemical and electrochemical ox-
idation of aromatic compounds, and books and reviews have
been published concerning the preparation and properties of
polyarylenes.”

Organopalladium(ll) complexes also undergo C—C cou-
pling on Pd.® We applied the C~C coupling to the follow-
ing polycondensation,”™® which is based on Pd-promoted
synthetic reactions of arylacetylenes 88102109 Acetylenic li-
gands of Cu complexes can migrate to Pd.®>* These Ni- and
Pd-promoted polycondensations were first reported by us.

nX-ArX + n HC=C-Ar-C=CH P24 {ar-c=c-Ar-c=C}- (5)”
PAE-type polymer

Successful polycondensation usually requires highly ef-
fective basic coupling reactions. However, the polycon-
densations expressed by Eqgs. 2, 3, 4, and 5 give polymers
with high molecular weights even when the basic C-C cou-
pling reaction is not so effective. One of the reasons for
the successful polycondensation seems to be an energetistic
advantage of the polycondensation leading to poly(arylene)s
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which seems to be stabilized by forming the extended -
conjugation system along the polymer chain.

In relation to this, it was reported that polymerization
of propylene giving crystalline stereoregular poly(propyl-
ene) proceeded at a much faster velocity than that giving
amorphous stereo-irregular poly(propylene), presumably due
to the stabilization energy attained by forming the crystal in
the stereoregular polymerization.'%)

After the publication of our papers reporting that the
organometallic polycondensations can give the mt-conjugated
aromatic polymers effectively, various analogous polycon-
densations have been developed. For example, organostan-
nanes and organoborons undergo similar Pd-catalyzed C—C
coupling reactions.!'*="'% Pd-promoted coupling reactions
between ArX and olefin are also known.''*!'® They have
also been applied to the polymerization,'? e.g.,

nX-ArX + nm-Ar-m —— {Ar-Ar}- 6)?

m : SnR3 or B(OR),

The polymerization expressed by Eq. 2 is applicable to di-
haloalkanes (e.g., X-CH,3;,X) by using Cu catalyst.® Use
of C-OY (Y =tosyl, etc.) compounds, instead of C-X com-
pounds (OY = leaving group or pseudo-halogen), is also pos-
sible for the polycondensation,’®* which is considered to
proceed through oxidative addition of C-OY to a transition
metal studied here previously.'¥ 1%

BrMg{ CHy)-MgBr + TsO-+CH3-0Ts —S4— —+CHk- (1)

n TsO—Ar—0Ts NiOLg,. '(*Af');

Ts = tosyl

O

When the polymerization is carried out by using Ni(0)L,,
(Eq. 3), the polymerization is considered to proceed through
the following fundamental reactions:***

oxidative X

addon | N/
" I\-(Ar);X ©)

Complex !

Ni(O)Ly, + XtArkX

disproportionation : ; f( Ar),fx
—_— NiX, + L, Ni (10)
Fa b MAnkx

Complex Il

N'/X N'/X

] + |l

b MArkx b MArkX

Complex | Complex I
reductive
elimination

Complex I L,Ni + X'(Ar);X (1 1)

P

i+

The oxidative addition of C—X?13—130 and C-OY3*—1% to
Ni(0)L,, (Eq. 9) is well known, and the disproportionation
reaction'® is also known. When the Ni—C bond has high sta-
bility, the Complexes I and II'*' as well as a complex of a
type Lm(X)Ni—Ar—Ni(X)Lm'® can be isolated. Thus, the ba-
sic concepts (reductive elimination, back-donation, oxdative
addition) and the basic reactions in organometallic chemistry
studied by us support the organometallic polycondensation.

Syntheses of n-Conjugated Polymers

By using the organometallic polycondensations expressed
by Egs. 2, 3, 4, and 5, various m-conjugated poly(arylene)s
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have been prepared. Figure 1 shows examples of the m-
conjugated poly(arylene)s prepared by the organometallic
polycondensation in our group. Many of the m-conjugated
polymers shown in the figure were first prepared by the
author’s group and patented as materials (e.g., poly(thio-
phene-2,5-diyl) PTh'*® and poly(3-alkylthiophene-2,5-diyl)
P3RTh!*149) under the name of our university. PPP3**® and
PFc**3%™ with high crystallinity and well-defined bonding
between the monomer units were also first prepared by the
polycondensation.

PTh was designed as the first well-characterized and stable
n-conjugated conducting polymer composed of a five-mem-
bered ring.'> It was first reported in 1982 that introduction
of the alkyl group to PTh led to enhancement of solubility
of PTh without losing the essential st-conjugation system of
PTh." 118 Due to the increase in solubility, NMR analysis
of microstructure of P3RTh became possible.'***!? For ex-
ample, the microstructure of P3RTh (R = CH3) was discussed
in term of head-to-tail and head-to-head joints (Chart 1).14¢159)

Recently it became possible to prepare P3RThs which
possess a highly controlled regioregularity by modified
organometallic polymerization methods. McCullough and
his co-workers introduced Grignard reagent selectively to the
5-position of RTh ring and polymerized it with Ni-catalyst.'’

(_{‘; 1.LDA R R
/ \ 2. MgBr; - OEt, I\ S [\
s~ B T3 Ni()-catalyst s~ \ [/ s a2
n
R
HT-P3RTh

On the other hand, Rieke and his co-workers reported that
regiocontrolled organozinc reagent was obtained with highly
activated zinc (Rieke zinc) and that the organozinc reagent
afforded regioregular P3RTh, in which the head-to-tail joint
predominated as high as 98.5%.'™

R R
Brﬂ'Br 20 (Rieke Zine), Banﬂ—Br
S S
R R R
U Ni(ll)-catalyst N A (13)
Brzn S Br —mm— g \ / s /
R

These regioregular P3RThs exhibit higher crystallinity and
higher electrical conductivity values compared with those of
regio-irregular P3RThs, as expected. They form a stacked
structure, as discussed later. Syntheses of regioregular PAE-
type polymers (e.g., PAE-6 in Fig. 1) are also possible.**®

%-Ar-c=CH FICU {a-c=c)- (14)

For some of the m-conjugated polymers (e.g., RTh and

R R R R
[y S [y S [ N\
R R

s-trans (head-to-tail) s-trans (head-to-head)

Chart 1. Microstructures of P3RTh.

s-cis (head-to-tail)
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P3RTh) depicted in Fig. 1, other preparative methods (e.g.,
_ oxdative polymerizatrion)” have also been developed later.

Use of 4-chlorobenzy!l chloride in the polycondensation
using Mg (Eq. 15) also seems to give a regiocontrolled poly-
mer due to a large difference in the reactivity between the
two C—Cl bonds.

cu—@—cmzcl Mg CI—@—CHZMgCI N —(@-CHZ%
n

15
The polymer gives rise to sharp X-ray diffraction peaks, sup-
porting its crystalline structure.’®* The polycondensation
proceeds well even by addition of the transition metal com-
plex prior to the formation of the Grignard reagent (Eq. 2);*
in this case, Mg may serve as a reducing reagent for the
catalyst, similar to Zn in Eq. 4. For the catalyst of the poly-
condensations, Ni-compounds are usually most effective,
however, other transition metal (e.g., Pd and Fe) compounds
sometimes exhibit the catalytic activity.?”

The molecular weight of the 7t-conjugated poly(arylene)s
prepared by the organometallic polycondensation seems to
depend on solubility and crystallinity of the polymers. The
polymerization is considered to proceed even in slurrys
of oligomeric or polymeric propagating species deposited
from the solvent.***? There is a trend that crystalline poly-
mers have a lower molecular weight whereas less crystalline
species (especially those with alkyl chain) propagate to form
a higher molecular weight polymer. For example the poly-
(arylene)s prepared by using Ni(0)L,, have the following
molecular weights:

PPy  : M, =4300,* 6300'%2

PBpy :3200

PRPy :12000—27000 (R = CHj3),36000 (R = 2-hexyl)
PRBpy : 21000 (R = 2-hexyl)

P3RTh : 190000 (R = hexyl)

P(2-Me-1,4-AQ): 190000

Copoly 3: ca. 5x10*—5 x 10°

For PPy, its recent preparation'® in a larger (50 g) scale gave
the polymer with a higher molecular weight (M, = 6300) than
the previously reported*® preparation in a 1 g scale, which
afforded the polymer with My, of 4300. Data from elemental
analyses agreed with the structure of the polymers. Worked-
up PPy prepared by Ni(O)L,, (Eq. 3) contained Ni only in
13 ppm'® and contained negligible halogen. The polymers
prepared by Ni(0)L,, usually possess an H-terminated end
group,*® which is considered to be formed from Ni-termi-
nated aryl groups’¢?® during the work-up including treatment
with HCI.

All of the poly(arylene)s shown in Fig. 1, except for PPr*®
and PCyh, are stable in air, which is in contrast to the highly
air sensitive polyacetylene. For example, PTh and P3RTh
which have been stored for 19 and 17 years,'* ' respec-
tively, in an open atmosphere underwent virtually no change,
although after 18 years certain IR changes suggesting occur-
rence of p-doping by oxygen in air were observed with PTh.
PPr receives chemical redox reactions,” and PCyh is air-
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sensitive (vide infra). Many of the m-conjugated polymers
shown in Fig. 1 are soluble in solvents, however, PPP, PTh,
and PCyh are insoluble. Syntheses of the most of the poly-
mers shown in Fig. 1 were reported in papers cited in our re-
view articles:* "8 however, the following polymers (last
15 polymers) have recently been prepared and reported in the
following papers.'*?® PDPA, %% PAzb, 1% P(2,7-Phzn),'*
PPP-2,5-OAc,”® P(2,6-Th,Bq(diR)),'*® P(4,7-Bim(R)),"?
PBpym,'?® PAE-3,%9 PAE-4,» PAE-5,29 PAE-6,%%°" P(5,
8-OR-1,4-AQ),*» PBPV,2 PPympym(4,3-NHR),>*® and
PEDQTh.>®

Optical Properties

UV-vis. Due to the expansion of the 7t-conjugation sys-
tem, ;T—t* absorption bands of the poly(arylene)s show red
shifts from the bands of their corresponding monomeric com-
pounds. The degree of the red shift reflects steric hindrance
around the bond connecting the monomeric units. Thus PTh,
P3RTh (R = CHj3), and PARBTz (R = CH3) which all inher-
ently have minor steric hindrances in their intramonomer
bonds accordingly show large red shifts:3¢-3H18021

Degree of red shift (Chart 2):

Thiophene-PTh :ca. 21000 cm™!
3-Methylthiophene-P3RTh (R = CH3) : 19700 cm !
4-Methylthiazole-P4RBTz (R = CH3) : 21600 cm™!

On the other hand benzene (255 nm)-PPP (375 nm)*® and
pyridine (248 nm)-PPy (373 nm)*® couples give somewhat
smaller red shifts of about 13000 cm~!, partly due to a larger
mi-conjugation system of the basic unit and to the steric repul-
sion caused by the 0o-CH group. For an anthraquinone—P(1,
4-AQ) couple, the red shift becomes much smaller (3500
cm~ 1) owing to analogous reasons.

In the case of copolymers composed of electron-donating
arylene and electron-withdrawing arylene units (see below),
the copolymers are considered to have an intramolecular
charge transfer structure. Copoly 1 gives rise to an absorp-
tion band at wavelengths longer than the Ay, of the corre-
sponding homopolymers PPy and PTh. 225239

CHg CH,
(S VR i S g ()
S S /, S S/,
Amax =231 nm ca. 420-480 nm Amax =230 nm 420 nm
43300 cm’™ 22000 em™ 43500 cm’™” 23800 cm™
ca. 21000 cm™ 19700 cm™
HsG Hs CHs
3 388y
s S s”/,
Amax = 241 nm 502 nm
41500 cm™ 19900 cm™’
21600 cm’™
Chart 2.
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©OF {0

poly(pphenyiene) poly(ﬂuophena-zs-
FTh"bM
OH
s /n : N ;“
poly{3-(3,5-d-t-butyl
-4-hyrdoxyphenyl) poly(pyrrole-2,5-diyi)
thiophene-2,5-diyl] pprit)
P(3-Bu,OHPTh)* 59
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o™
C 2

(o] (o]

R OR E j}

( :S: }n E :s: ;n s /n
poly(3-alkyl poly(3-alkoxy- poly(crownether
thiophene-2,5-diyl) thiophene-2,5-diyl) thiophene-2,5-diyl)
P3RTh* #14150.16) P3ORTH>33) PCrTh* 33

R

N n N/mn N/n

R

poly(N-alkyl- poly(pyridine-2,5-diyl) poly(alkyl
pyrrole-2,5-diyl) PPy* 3b4a,c,d) pyridine-2,5-diyl)
PRPré"239) PRPy* 4X)

poIY(2,2'-bipyridine-5,5'—din) poty(dnakyl-z 2. poly(pyrlmdlne—z 5-diyl) poly(9,10-dihydro-
Ppr bipyridine-5,5'-diyl) PPyrim* 4j,190) phenanthrene-2,7-diyl)
PRBpy* 4X) PH,Ph* 62)
.S,

& e S

poly(quinoline poly(quinoline-2,6-diyl) poly(isoquinoline poly(isoquinoline poly(benzo-[d][2,1,3]
-5,8-diyl) P(2,6-Q)* 6b,26a) -1,4-diyl) -5,8-diyl) thiadiazole-4,7-diyl)
P(5,8-Q)* P(1,4Q) 4 P(5,8-iq)* & P(4,7-Btd)* ™
Ar Ar
@ @ @ Ty €y
S \N S
poly(qumoxalme poly(2,. 3—d|arquunoxallne poly(quinoxaline poly(1,5-naphthyridine
:mndazole~4 7- dlyl) -5,8. -2,6-diyl) -2,6-diyl)
P(4,7-Bim)* 4™ 19f) P, B-Qx)' 5ta) P(5, s_m W). sta) | p(2,6-Gx)* 26a,51a) P(2,6-Nap)* 60,262)
() - o3 0
(o oo #ﬁ
Wn s § )7
Mé 0 NO,
poly(1,3-cyciohexadiene poly(anthraquinone poly(2-methyl- poly(4,8-dinitro
-1,4-diyl) -1,4-diyl) anthraquinone-1,4-diyl) anthraquinone-1,5-diyl)
PCyh* 22c) P(1,4-AQ)* 220,323) P(2-Me-1,4-AQ)* 22b,32a) P(4,8-NO,-1,5-AQ)* 20d,32b,¢)

[\ ¢
Copoly 1* 120,23a,b)
and its analogues

o™
(o]

4 / \ \

\ N S N 77
Copoly 2+ 12e2320)
and its analogues

Copoly 3* 12623
and its analogues

2 9 Hex
(L), == {3 =)=}
S s ’n S n S N n

Copoly 4* )
and its analogues

Fig. 1.
in the author’s group.

PAE 1* %P
and its analogues

PAE 2* 9¢,d)
and its analogues

7-Conjugated polymers prepared by the organometallic processes in our group. Polymers with * mark were first prepared
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n
poly(ferrocene-1,1-diyl)  poly(6,6'-biquincline-2,2'-diyl) PPy-I* ¥
PFc 35a3%m) P(2,2"-bQ)* *

R R

. }/ \'\

N N

Se Se Se S n
block type copolymer* 28} Copoly 5* %)

and its analogues

poly(4,4*dialkyl-2,2'

~bithiazole-5,5'"-diyl) poly(1,10-phenanthroline-3,8-diyl)  poly(m-phenylene) poly(thiophene
P4ARBTz* 212380 PPhen* 2® pMp* ) -2,4-diyl)
P(2,4-Thy* 159
avras H
N=N
s /m\ g " "
Copoly 6* 1% poly(diphenylamine-4,4"-diyl) poly(azobenzene-4,4'-diyl)
PDPA 192.0) PAzb* 199
OAc R 9
/N /
. V4
N n n
n AcO o} R
poly(phenazine-2,7-diyl) poly(2,5-diacetoxy-p-phenylene) poly(3,7-dialkylbenzo[1,2-b:4,5-d]
P(2,7-Phzn)* 19 PPP-2,5-OAc* 199:260) dithiophene-4,8-dione-2,6-diyl)
and its derivatives
P(2,6-Th,Bq(diR))* 19259
OH
X
N”"NH N’ NH
=N N=
KF A AO—O—=)
n N n n
poly(benzimidazole-4,7-di poly(2,2-bipyrimidine-5,5'"-diyl) PAE 3* 2%
yl) and its derivatives PBPym* %91 and its analogues

P(4,7-Bim(R))* "

A OR O
o =g O
| | ’
n
L < - on 0
PAE 4+ 200) PAE 5+ 200 poly(5,8-dialkoxy-

and its analogues and its analogues anthraquinone-1,4-diyl)
P(5,8-OR-1,4-AQ)* 29

R! R R o}

@cnzzc#—@‘ I\ [\
R' R s " S
PEDOTh 29

poly(p-biphenytenevinylene) PAE 6* %9
and its analogues

PBPV 2%)

PPympym(4,8-NHR)* 20f) and its Py analoguessc)

Fig. 1.
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....... [6\ (5 \—... Copolyl : Amu =490 nm (PThPy)
s~ \_/ PP . -
N y * Amax = 370 nm
Copolyl
and Copoly 5 (R =Ph) * Amax = 603 nm
Homopolymer : P (5,8-diArQx) : Amax = 444 nm
:PTh : Amax =420 — 480 nm

More recently, preparation of similar CT type copolymers,
which also give An.x at a longer wavelength, have been re-
ported by several research groups.?®

Selenophene has electron-donating properties similar to
those of thiophene. The following copolymerization affords
block-type copolymers (Scheme 1).

As shown in Fig. 2, the block-type copolymers give rise to
absorption bands assigned to the PPy block, the PSe block,
and the CT unit formed between the two blocks. On the
other hand, the alternating copolymer PSePy gives only the
CT absorption band.!*

For poly(naphthylene)-type polymers, a difference in the
degree of the red shift has been noted between poly(naph-

Br—(}Br + Brﬂ—Br + NiQ)L, £0°C.16h W

: 1 PNSe41 (a:b = 80:20)
1 : 1 PNSe11 (ath = 48:52)

== . 60°C, 16 h =
Br—Q—Q}Br + N, ——=10 Wy

PSePy
Scheme 1.
{b) PNSe41
(a) PSePy
“
0}
Q
[=}
o
a 1
5| () PNSel |
7} <1
< i
i
\——(d)PNS11
\  Copoly-1
1|
PPy PSe
| 1 | |

600 700 800

Wavelength / nm

Fig. 2. UV-visible spectra of copolymers: (a) PSePy; (b)
PNSe41; (c) PNSell; (d) PNS11 (1:1 random copolymer
of pyridine and thiophene).'*® Ay, positions of PPy and
PSe are also shown. The peak at about 500 nm is due to the
CT unit (cf. the text). Solvent: HCOOH for PPy, PNSe,
PSePy, and PNS; CHCI; for PSe.
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thalene-2,6-diyl)-type and poly(naphthalene-1,4-diyl)-type
polymers: 0625262

red shift = about 7500 cm !
red shift = 2500 cm ™!

Quinoline-P(2,6-Q) :
Quinoline-P(5,8-Q) :

It was reported that o-substitution of PPP caused a shift of
the m—m™* absorption band to a shorter wavelength.7226026¢)
PPympym(4,8-NHR) has no o-CH group, which gives the
steric repulsion and may cause some twisting out of the main
chain, and shows the i—* absorption band at a longer wave-
length than that of P(2,6-Q):2%

Awax : PPympym(4,8-NHOct) > P(2,6 — Q)

Oct = octyl

452 nm 403 nm (both for film)

In the case of PCyh, its color (black) indicates the forma-
tion of an effective t-conjugation system along the polymer
chain, presumably due to the coplanarity of the polymer
chain in the following s-trans conformation (Chart 3).22°
In this conformation, the =C—H hydrogen of the diene unit
can get between the —CH, hydrogens to form the coplanar
chain. PCyh is highly reactive to oxygen in air,”>® similar
to polyacetylene,?*??? which may be due to the presence
of the coplanar expanded m-conjugation system without the
aromatic stabilization.

Photoluminescence. = Most of the polymers shown in
Fig. 1 exhibit photoluminescence with an emission peak ap-
pearing at the onset of m—* absorption. Linear rod-like
polymers such as PPy,*) PPhen (Fig. 3)*® and PAE-2°9 of-
ten show excimer-like emission in films and solutions with
high concentrations. Among PAE-1-type polymers, those
containing an anthracene unit shows especially strong fluo-
rescence (Table 1).°?

In several cases, especially those concerned with
PPy,'*% energy transfer from a photoactivated m-conju-
gated unit to an energy-accepting st-conjugated unit has been
observed during fluorescence (Scheme 2). The block struc-
ture of the above copolymer (Py—Se copolymer; Scheme 1)
is confirmed by its UV-visible spectrum (Fig. 2) and sol-
ubility, and it undergoes such energy transfer. Transfer of
photoenergy accepted by the monomeric unit of P(5,8-di-
ArQx) to the main chain s-conjugated system also take place
(Chart 4).2>%9 When PBpy forms a Ru complex (vide in-
fra), the photoenergy accepted by the PBpy main chain is
transferred into the Ru complex, and the photoemission oc-
curs from the Ru complex.?®® Recently, many examples of
similar energy transfers have been reported.?*%%

Other Optical Properties. An interesting finding with

t“H H H!
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(a) ()
3
v A
Q b
g 0.5 / o
2 s
o (9]
2 o
[Kal
< 55
=}
L)
=
400 500 600 700
Wavelength/nm
Fig. 3. UV-visible spectra of PPhen in formic acid (a), flu-
orescence of PPhen in formic acid (b), and fluorescence of
PPhen film on a quartz glass plate.
Table 1. Visible Features of Poly(arylene ethynylene)s®®
Polymer Color Fluorescence
= = Yellow  Bluish purple
n
= \ = Yellow  Bluish purple
s n
Red Green
= | = Light yellow Purple
n
= C—O—c—:% White None
[o] o n
Ha Hy
= c—@-c = Yellow Purple
n
Energy Transfer
PPy block PSe block

/N,

v
(360 nm) (420 nm, ¢)

\

hv"
(510 nm, z)

Bull. Chem. Soc. Jpn., 72, No. 4 (1999) 627

Fundamental wavelength/ um

1.2

T

1.8 2.4

T T
H;3C(H,C)(H,CH,C CH,CH,(CH,)4CH;4

N N

[\

S n

1.0

Absorbance

0.5}

400

] 1 1
600 800 1000

Wavelength / nm
Fig. 4. UV-visible spectrum of an analogue of Copoly 5 in
CF3COOH and THG measured ¥ data with its film.

vis spectrum and x(3) profile of the CT-type copolymers.

mt-Conjugated polymers are considered to possess energy
band structure similar to that of inorganic semiconductor
(vide infra); photogeneration of carriers is therefore expected
to be possible in most kinds of m-conjugated polymers. In-
deed, P(5,8-diArQx) (Ar = p-tolyl) gives rise to a photocur-
rent, and it was proposed that photocarriers are generated by
the dissosiation of excitons.*"

Redox Behavior and Electrical Conductivity

Figure 5 shows a cyclic voltammogram of poly(pyridine-
2,5-diyl) PPy film on a Pt electrode.**® As shown in Fig. 5,
reduction (n-doping) of PPy attains a peak cathodic potential
E, of —2.43 V vs. Ag/Ag*; changing the scanning direction
leads to oxidation (n-undoping) of the reduced PPy, giving
rise to a peak anodic potential Ey, of —1.90 V. The n-doping
and n-undoping are accompanied by a color change, as shown
in Fig. 5 and Eq. 16; the doping level x in Eq. 16 is about 0.3.

Scheme 2. Energy transfer from excited PPy block to PSe block.

Ar Ar

hv :/ \<
i EN \energy tranfer

Copolys 1—3,'%% Copoly-5,'**2%) and PAE-2°"%% is that
they give large y(3) (third-order non-linear optical suscepti-
bility) values of 3—5x10~!! esu. Figure 4 shows the UV-

= 243V = :
p + nxNBus" + nxe =—=———= -X J—x NBug*
\ N /n 19V \ N - n
yellow vs. Ag/Ag* reddish purple

(16)

Figure 6 depicts CVs of P(2-Me-1,4-AQ) and its corre-

sponding low molecular weight quinone; the CV of P(2-

Me-1,4-AQ) is discussed based on a mixed oxidized state
(Eq 17).22b,323)
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Fig. 5. Cyclic voltammogram of PPy film laid on a Pt elec-
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On the other hand, P(4,8-NO,-1,5-AQ) bearing a strongly
electron-withdrawing NO, group shows an extremely low
reduction potential (E? = —0.74 vs. Ag/Ag"), as depicted
(Fig. 7).%%

Poly(p-benzoquinone) PPBQ prepared from PPP-2,5-OAc
receives the electrochemical reduction (or n-doping) at a
lower reduction potential (—0.5 V vs. Ag/Ag*) due to the di-
rect bonding of the p-benzoquinone unit in the 7-conjugation
system, 19426320

Anodic current

Cathodic current

-1 0
E/V vs. Ag/lAg*

Fig. 6. Cyclic voltammograms of P(2-Me-1,4-AQ) laid on
a Pt electrode in an acetonitrile solution of 0.1 M [N(n-
C+Ho)4][C1O4] at scanning rate of (a) 20 mV s~ ! and (b) 10
mV s~} respectively, and (c) that of 2x 10> M 2-methyl-9,
10-anthraquinone in an acetonitrile solution of 0.1 M [N(n-
C4Hj)4][ClO4] at scanning rate of 100 mV s~h

Anodic

Cathodic

reddish
brown

I1mA

-1.0 0

E/Vvs.Ag/Ag *

Fig. 7. Cyclic voltammogram of a film of P(4,8-NO,-1,5-
AQ) laid on a Pt electrode in an acetonitrile solution of
[NEt][BF4] (0.10 M) at a scanning rate of 50 mV s
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To our knowledge, this reduction potential is the lowest
among those so far reported for m-conjugated poly(arylene)s
(Table 2).

More interestingly, P(4,8-NO,-1,5-AQ) gives rise to some
electrical conductivity (0 =1.4x107% Scm™! at room tem-
perature) even at the non-doped state.’*** Recently, we
have found that several t-conjugated polymeric compounds
(e.g., PBpy—transition metal complex and poly(arylene)-N-
oxides) show similar electrical conductivity even at the non-
doped state (vide infra). The electrical conducting proper-
ties are considered to originate from generation of carrier by
MLCT or from participation of resonance structures. For
P(4,8-NO,-1,5-AQ), one possible mechanism for the carrier
generation is illustrated in Fig. 8.5

The ease of the electrochemical reduction of w-conjugated
polymers simply reflects the electron-accepting ability of the
monomeric repeating units.” As depicted in Fig. 9, linear
correlationships holds between the reduction potential Eeq of
the polymer and the electron affinity EA of the corresponding
monomeric compound HArH for a wide range of poly(p-
phenylene), poly(naphthalene-1,4-diyl), and poly(naphtha-
lene-2,6-diyl) type polymers. 919425260

T~ T

Fig. 8. Resonance structures of P(4,8-NO;-1,5-AQ).
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Eq of €A, =a+ p X E, of X—Ar-X (19)

p values of 0.75—0.8 have been obtained. A similar linear
correlationship is observed between oxidation (or p-doping)
potential Eqx of PPP, PTh, and PPr (cf. Fig. 1) and ionization
potential IP of the corresponding monomeric compounds,
although such a correlation is not observed between Eqx of
bulk metal in water and IP of atomic metal due to a strong
effect of solvation.”> A linear correlation between E.q of
various poly(anthraquinone)s and calculated EA of the cor-
responding monomeric compounds has also been observed
with a p value of about 0.8.2%9

PCrTh readily undergoes n-doping in contrast to the other
PTh analogues. The n-doped state is stabilized (even under
air to some extent) due to a strong interaction of cations with
ethereal oxygen, and n-undoping takes place at a potential
considerably different from that of n-doping (Eq. 20).3¥

PCrTh
D
[O
(o] (0
ﬂ + Na* + ¢ (')/\o/\'
s . (" Na*
or 2.2V Q
+03v  F\
5O vs. Ag/Ag* s .
.
© e |
A A : anion
S n

(20)
The CT-type copolymers (e.g., Copolys 1—3) show great
differences in p-doping and p-undoping potential (Fig. 9)
due to an EC mechanism.!?>***—2° Due to an electron-with-
drawing effect of the -C=C- unit, the PAE type polymers are
susceptible to electrochemical reduction.®**?

The m-conjugated polymers can also be chemically in-
duced to undergo redox reactions (e.g., oxidation (or p-dop-
ing) by I, and FeCl;**14— 172123423 anqd reduction (or n-
doping) by Na**44262512) ' The electrochemically and chem-
ically oxidized or reduced polymers shows electrical con-
ductivity in the 1072 to 10* Scm™! range, presumably due
to formed cationic (positive) or anionic (negative) carriers
along the m-conjugated system. Spectroscopic and XRD data
suppot that I, and FeCls are converted into Is~ and FeCls~
counter anions, respectively,®®?® in the chemical p-doping
to form an ionic pair with the cationic center generated in the
polymer chair. Oxidation of PFc with donor acceptors like
TCNQ also gives electrically conducting materials.>5%™

Table 2. Redox Potential of m-Conjugated Polymers

PTh PPP PPy PPyrim P(2-Me-1,4-AQ) P4,8-NO,-1,5-AQ) PPBQ
« Incresse in ease of oxidation
E/V 0.49 1.18 No No No No No
E/V -2.6 -2.1 —-1.7 —-13 —0.74 —0.50

Incresse in ease of reduction —

E,: oxidation (p-doping) potential versus Ag/Ag*. Ey: reduction (n-doping) potential versus Ag/Ag*.
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Fig. 9.

Relationship between Erq of €Ar ), and E, of H-Ar-H. (a) for poly (p-phenylene) type polymers (O). (b) for poly

(naphthalene-2,6-diyl) type polymers (L). (c) for poly (naphthalene-1,4-diyl) type polymers (A).

The concept of electric conduction in m-conjugated poly-
mers has been used to be explained in terms of “polaron”,
“bipolaron”, “soliton”, and “band model” (Scheme 3).”3%
The UPS spectrum of K-doped PBpy showed a peak assigned
to the polaron state.**® The iodine-doping of crystalline PTh
prepared by the organometallic method gives another crys-
talline material with an I, ~ (n: presumably 5) counter ion;"*®
the iodine-doped crystalline PTh gives the electrical conduc-
tivity (o) of 30 Scm™! whereas the introduction of thio-
phene-2.,4-diyl unit (Copoly 6) causes a large decrease in the
o value. Derivatives of PTh**%% and PPr**¥ are now used
as conducting materials (e.g., as electrodes of capacitor®®?¥)
industrially. In partially oxidized PFc, exchange of elec-
trons between Fe(Il) and Fe(Il) species, which is related to
the electrical conductivity, takes place on the Msbauer time
scale (1070 5).352

- neutral

- polaron

-- bipolaron

S S S S S S
Scheme 3. Schematic model of polaron and bipolaron.

Due to the stabilization of the n-doped state of PCrTh
(Eq. 20), Na-doped (n-doped) PCrTh exhibits stability under
air as indicated by small changes in conductivity and by the
IR spectrum of the Na-doped PCtTh under air. The n-doped
PPy and PCrTh have electrical conductivities of 1.1x107!
and 2x10™* Scm™!, respectively.

Linear Structure and Alignment on the Surface of Sub-
strates

Since the organometallic polycondensations attain a -
conjugated poly(arylene) system with a well-defined bond-
ing between the recurring arylene units, the polymers are
considered to assume interesting structures such as rigid lin-
ear and helical structures. Furthermore, they often take an
assembled structure. The rigid linear structure has been con-
firmed for several poly(arylene)s, based on the following
observations.

1) The light-scattering analysis of PPy, PBpy, and P(2,
6-Q) yields a very large degree of depolarization (p, =
0.2—0.33).424=2% For example PPy gives a theoretically
limiting py value of 0.33 when irradiated with Ar laser light,
indicating that it takes an ideally linear structure with a very
large anisotropy of polarizability (Chart 5).%4

2) Vacuum evaporation of PPP, PTh, and PBpy on car-
bon and metal substrates gives thin films in which the poly-
(arylene) molecules are aligned perpendicularly to the sur-
face of substrates (Fig. 11).3%44%2223% The alignment has
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Fig. 10. Cyclic voltammogram of Copoly 3 (m:n=3:1)

laid on an ITO electrode. In an acetonitrile solution [N(n-
C4Hy)41[BF,] (0.10 M). At 10 mV s~ at room temperature.
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PPy ’ o3
py =033
o >> 05, 03
Chart 5.

been analyzed by a clear electron diffraction pattern. After
the publication of the perpendicular alignment of PPP and
PTh,*® many papers®” followed to report that oligomers
(e.g., hexamer) of thiophene are also arranged perpendicu-
larly or somewhat tilted to the surface of substrates. The
ease of the perpendicular alignment of PPP increases in the
following order by changing the substrate:

|
1

i
&

) - < -

PPP layer
A

________

o
Substrate
(amorphous carbon,
aluminum, gold, etc.)
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Au,Ag < Al < C.

The order is considered to reflect the magnitude of the in-
terface energy between PPP and the substrate,?**% which
originates from a known metal-m-aromatic interaction for
the Group 11 metals (Au and Ag).

3) Many of the m-conjugated poly(arylene)s exhibit ex-
cimer-like emissions in films and high concentrated solu-
tions (Fig. 3), which can be attributed to a strong interaction
between the linear rod-like molecules.*c#¢9%2428)

4) PBpy molecules can be aligned in parallel with the
surface of a glass substrate due to coordination of the 2,2'-
bipyridyl unit with Si-O-H hydrogens on the surface of the
substrate >4

5) PPy, PBpy, and similar linear polymers give excellent
polarizing films when included in stretched polymer (e.g.,
poly(vinyl alcohol)) films.*12

Control of the alignment of the poly(arylene) molecule
may be crucial for the preparation of effective electronic and
optical devices.”

Stacking in the Solid and Colloid

Regioregular head-to-tail (HT)-P3RTh (Eqs. 12 and
13)'7® and head-to-head (HH)-P4RBTz>" with long R
chains form stacked structures (Fig. 12) both in the solid
and in colloidal solutions.'”?® HT-P3RTh,*® HH-P4RBTz,*®
P(2,6-ThyBq(diR)),'**** P(4,7-Bim(R)),"” P(5,8-OR-1,4-
AQ),2 PBPV,” (cf. Fig. 1) with long side chains all give a
sharp diffraction peak at a low angle region (20 =2——38° for

Fig. 12. Schematic illustration of intermolecular stacking of
P3RTh.

Parallel arrangement of PBpy
through coordination of the bpy

unit to the HO-Si group —{f}4:}‘
N
A

Fig. 11. Perpendicular orientation of PPP on substrate.
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CuKa), which is assigned to a distance between core main
chains separated by the long side chain (Scheme 4).

The number density along the polymer main chain seems
to determine the packing mode (the end-to-end or interdigi-
tation packing). Plots of the d value vs. number of carbons
in the R group of the above described polymers give straight
lines as shown in Fig. 13. When the slope is larger than the
height of the CH, group (1.25 A/C),® the polymer does
not have the interdigitation packing mode and is considered
to take the end-to-end packing mode. On the other hand,
the number density of the R group in P(2,6-Th,Bq(diR)) is
smaller than that in other polymers, and P(2,6-Th,Bq(diR))
affords a linear line with a slope of about 1.2 AJC, which
corresponds to the interdigitation packing mode.

The m-conjugated linear polymers take the packing mode
not only in the solid (film) but also in colloidal solutions,
whose light scattering analyses sometimes reveal assembling
of 103 polymer molecules.**” Revealing of the driving force
for the m-stacking of m-conjugated polymers is expected to
give basic information for controlling the force of similar -
stacking observed with various molecules including graphite
and DNA.

Chemical Reactivity and Catalysis

Metal Complexes and Modification of Nitrogen.
The N-containing poly(arylene)s, especially those with
the chelating units like a bpy or 2,2'-bipyridmi-
dine unit (PBpy and PBpym), form metal complexes
(Fig. 14)%e4e4t19%2%) SQince the first preparation of PBpy
and its metal complexes,** various m-conjugated chelat-
ing polymers and their metal complexes have been synthe-
sized and their electric and optical properties have been

LL Ll )
///////7 ‘ 0 i // //
A

end-to-end packing

Scheme 4. Packing modes of n-conjugated poly(arylene)
with long side chains. One layer is depited, and layers
are considered to form the stacked structure shown in
Fig. 12.

Q
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Fig. 13. Plots of the d value vs. number of carbon in the R
chain. (a) HT-P3RTh.** (b) PARBTz.>*» (c) P(2,6-Th,Bq
(diR)).”* (d) P(5,8-OR-1,4-AQ)).% (e) PPympym(4,8-
NHR).® A at m =9: PBPV (R! = octyl, R =H).*®v at
m=6: P(4,7-Bim (R)) (R = hexyl).'?

investigated.‘>1221.283%3%) Qther types of transition metal
complexes have also been synthesized using PPP and its
analogues,*™*® or ferrocene units.20e35%3%39m)

In the case of N-containing poly(arylene)s, chemical mod-
ification of imine nitrogen is also possible. For instance,
quaternization with RX (Eq. 21),*® N-oxidation with H,0,
(Eq. 22),*V and N-ylidation with tetracyanoethylene oxide*!®
have been carried out for these polymers.

nSatatint;:
\/

[Re(CO)3(MeCN)I*

o-coordinated complexes

S
7|

PF;

n-coordinated complex

Fig. 14. Polymer complexes using s-conjugated polymers as ligands.

3f,4¢,39a,39k)
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P(2, G-Q)-ox

(22)

These polymer complexes and N-modified polymers show
interesting electrochemical behaviors. For example, a cyclic
voltammogram of a film of a Ru—PBpy complex indicates
an electron-exchange between Ru species, presumably via
the m-conjugated system,*® and RX (CHsl, (CH30),S0,,
etc.) adducts of poly(quinoline)s show viologen-like redox
behavior including electrochromism (Eq. 23) (vide infra).*”

(23)
As described above, these N-modified polymers and the ni-
trated polymers give rise to some electrical conductivity even
at the non-doped state.

From the viewpoint that st-conjugated polymers can be re-
garded as organic semiconductors, numerous investigations
have been made to derive functions similar to those of inor-
ganic semiconductors (e.g. TiO,) from m-conjugated poly-
mers. For example, photoinduced enhancement of electrical
conductivity is observed for P(5,8-diArQx) (Ar = p-tolyl)*"
(vide supra). PPP and PPy prepared by the organometal-
lic polycondensation have been utilized for photcatalysts
by other researchers.*” On the other hand, PBpy serves
as a highly efficient photocatalyst for hydrogen evolution
from aqueous media.**® This catalytic efficiency is superior
to those of the other m-conjugated poly(arylene)s such as
PPP and PPy,*? and this is attributed to the chelating abil-
ity and high hydrophilicity of PBpy. Electronic structures
of PPP, PPy, and PBpy are compared with that of TiO; in
Flg 15_22@34,4321)

The metal complexes of the m-conjugated polymers some-
times show highly active and stable catalytic effect (e.g., for
oxidation reactions) which can not attained with low-molec-
ular-weight metal complexes and metal complexes of non -
conjugated polymers.**43
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Fig. 15. Electronic structures of PPP, PPy, PBpy, and TiO,.

Electronic and Optical Devices (ECD, Battery, EL,
Diode, Transistor, Nonlinear Optical Device, etc.)

Redox Functions. All m-conjugated poly(arylene)s
change their colors when electrochemically oxidized or re-
duced (cf. Egs. 16 and 17). This phenomenon is called
“electrochromism” and much effort has been made to de-
rive practical benefits from it. Poly(vinyl alcohol) having
a PTh pendant group serves as an excellent polymer elec-
trolyte which shows electrochromism;**** poly(vinyl al-
cohol) serves as an excellent matrix polymer for polymer
electrolytes.*“*% Figure 16 shows an example of a change
of UV-visible spectrum on electrochemical n-doping of P(5,
8-diArQx) (Ar = CgHs). 4% :

The electrochemical redox behavior of m-conjugated
polymers has been applied to batteries by many research
groups.***” The polymer batteries were first reported inde-

2.01 ( OV e A
a)—— 0.0 V vs. Ag/Agt
(b)--- 18V
(c)--—---20V
@
O
c
]
51.0
12
Ee)
<
(c)
\
\-
A \ ———————————————
1 | Rl e B
0.0 400 600 800 1000

Wavelength / nm

Fig. 16. Changes in absorption spectrum of a film of P(5,8-
diArQx) (Ar = CsHs) on an ITO-glass electrode during elec-
trochemical n-doping in an acetonitrile solution of [NEt]-
[C104] (0.1 M).
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pendently by two groups including the author’s group in
1981.#624Y PTh serves as a positive electrode material for
Li and Zn batteries.** 0 Li/Lil/PTh-I, solid electrolyte
cell was also fabricated and, due to the excellent electri-
cal conductivity of PTh-I,, the cell gave a high utilization
of iodine.***%¢) For a “storehouse of charge” not only the 7-
conjugated polymers but also graphite can be used. Dr. K.
Sanechika, who carried out his doctorate work in our group
and learned the concepts of the polymer battery developed
a graphite-based Li battery, which is now widely used as a
lithium ion cell.*® PDPA and its analogues serve as a sensor
of lead battery.'**#% The N-containing polymers like PPy can
transport H* in electrochemical processes,*™ and protonated
polymers exhibits electrochemical activity similar to that of
NAD and serves as an active material of an battery operating
in acidic media.**®

Electronic and Optical Devices.  Recently the utility
of m-conjugated polymers as a material for an electrolumi-
nescence device (EL device or light emitting diode, LED)
has been demonstrated.>® PTh, P(5,8-diArQx), and PARBTz
serve as materials for the EL device.??*¥4%5) PTh works as
an excellent material for the hole-transporting layer (HTL)
in the EL device.’™

The following LEDs have been prepared by using P(5,8-
diArQx) (Ar = CgHs):>'®

ITO/P(5,8-diArQx)/MgAg (Type T)
ITO/vd-PTh/P(5,8-diArQx)/MgAg (Type 1)
(vd: vacuum deposited)

ITO/P(5,8-diArQx) and TPD/MgAg (Type I)

Figure 17 shows structures of LEDs with and without HTL,
and Fig. 18 displays agreement of the photoluminescence and
electroluminescence (Type I) spectra of P(5,8-diArQx). As

—(-CH CHa )=

O

PVCz

1:@@

PdPhQx PPP

ITO  PdPhQxor ITO PdPhQx
PdPhQx containing TPD
Single-layer structure Double-layer structure

Fig. 17. Molecular structures of polymers and schematic
diagrams of the LEDs: (a) single-layer structure and (b)
double-layer structure. PdPhQx =P (5,8-diArQx) (Ar =
CsHs).
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Fig. 18. Photoluminescence spectrum of spin-cast film of
P (5,8-diArQx) (Ar = CsHs) (broken) and electrolumines-
cence spectrum of ITO/P(5,8-diArQx) (Ar = C¢Hs)/MgAg
LED at 11 V (solid).

400 700

J/mA cm™?
T

E/V
Fig. 19. Current density—voltage (J-V) characteristics of the
diodes: (O) ITO/PdPhQx/MgAg (Type I) and (@) ITO/vd-
PTh/PdPhQx/MgAg (Type II). PAPhQx = P(5,8-diArQx)
(Ar = CgHs).

shown in Fig. 19, an LED with HTL allows higher electric
current flow and gives a larger emission intensity*®'® as
usually observed with LEDs. Tuning of the EL light by an
additive (e.g., an aromatic amine, TPD)*'® is possible. In
PCrTh and Copoly 4, the peak position of EL is shifted to
a longer wavelength by insertion of the thiophene-2,5-diyl
unit between the bulky thiophene-2,5-diyl unit with the crown
ether substituent.®® An Auw/PTh/Al electric junction behaves
as a rectifying diode.??

Thin layer transistor (TLT) based on m-conjugated poly-
mers or organic molecules is another target device of
the m-conjugated polymers®>*® and PTh prepared by the
organometallic polycondensation also works as an active
layer for TLT.?25%
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Since the copolymers, Copoly 1—3,"24122%) and PAE-2
and its analogues®*% have large y® values, preparation
of nonlinear optical devices using the materials is expected.
Recently, a wave-guide using PAE-2 has been prepared.®®

Other Polymers

In addition to the st-conjugated poly(arylene)s prepared by
the organometallic processes, we have been concerned with
the chemistry of polyaniline PAn and its analogues.'**1%>54
Redox behaviour of PAn****39 and dynamic H exchange
of PAn on NMR time scale®**>*® have been reported. Poly-
merization of PAn and PPr on polymer latexes gives polymer
latexes covered with the conductive polymer. PAn and its
analogues seem to be useful materials for removing static
electricity and electrochemical devices, as investigated by
many researchers. -Conjugated polymers with hindered
phenoxy groups in the side chain (e.g., P(3-Bu,OHTh)*®)
and PAE-3%?) have also been prepared.’220%259

Conclusions

Organometallic polycondensations based on basic
organometallic chemistry carried out here have contributed
much to the preparation of m-conjugated polymers and
represented the first preparations of this kind (e.g., PTh
and P3RTh). The m-conjugated polymers prepared by the
organometallic polycondensations have a well-characterized
structure. They have contributed to understanding of basic
chemical and physical properties as well as structure elu-
cidation of the m-conjugated polymers. In addition, they
are useful materials for electric and optical devices and are
expected to be invaluable in their future application.

The author is grateful to emeritus professors S. Kambara,
the late S. Ikeda, and A. Yamamoto of our university for
their guidance to chemistry, discussion, and collaboration (cf.
personal history attached). Especially he thanks emeritus
professor S, Kambara for encouraging him for a long period
and emeritus professor A. Yamamoto. Thanks are also due to
professor K. Osakada and Dr. Maruyama (now at Yokohama
Rubber Co., Ltd.) of our university, professor T. Kanbara of
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