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Affinities of poly(thienylene) type polymers toward electron acceptors (iodine and SO,) and electric con-
ductivities of the polymer-electron acceptor adducts have been investigated. 7-Conjugated poly(2,5-thienylene)
has a high affinity toward iodine to absorb 60 wt%, of iodine per the polymer. Poly(3-methyl-2,5-thienylene)
has a higher affinity toward iodine and absorbs 136 wt%, of iodine per the polymer. In the case of copolymer
composed of 2,5- and 2,4-thienylene units the affinity against iodine increases with increase in the proportion
of the 2,5-thienylene unit in the copolymer. The poly(2,5-thienylene)-iodine and poly(3-methyl-2,5-thienylene)—
iodine adducts show electric conductivities of 5x 10~2S cm~! and 4 x 10-1 S cm~1, respectively, at room tem-
perature. The activation energies of the electric conduction are 10 kJ/mol and 7.6 kJ/mol for the poly(2,5-
thienylene)—iodine adduct (wt% of iodine=60) and poly(3-methyl-2 5-thienylene)-iodine adduct (wt% of
iodine=136), respectively. The electric conductivity of the copolymer—iodine adduct sharply decreases on
introduction of the 2,4-thienylene unit into the copolymer. The electric conductivity of the iodine adduct of the
copolymer containing only 69, of 2,4-thienylene unit drops to ca. 1/100 of that of the iodine adduct of pure poly-
(2,5-thienylene). The activation energy of the electric conduction of the polymer-iodine adducts decreases with
increase in the content of the 2,5-thienylene unit as well as with the increase in the amount of iodine absorbed.
Every poly(thienylene) type polymer has a high affinity toward SO,, a stronger electron acceptor than iodine,
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to absorb about 70 wt%, of SO, per the polymer.
104 S cm—1.

Synthesizing electric conducting n-conjugated poly-
mers and revealing the mechanism of the electric
conduction are subjects of recent interest. Several
polymers including poly(acetylene), poly(p-phenyl-
ene),? poly(pyrrolylene),® and poly(phenylene sul-
fide)? have been found to have high electric conduc-
tivities when they form adducts with electron acceptors
or electron donors.

In the preceding paper® we reported preparation
of poly(2,5-thienylene) having conjugated thiophene
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rings and compared its properties with those of poly-
(2,4-thienylene). It was revealed that the n-electrons
in poly(2,5-thienylene) are extensively delocalized
whereas the conjugation in poly(2,4-thienylene) is very
limited. The difference in the electron delocalization
is expected to be reflected in the chemical reactivities
of these polymers toward electron acceptors and hence
in their development of electric conductivities. In
the present paper we wish to report on the reactions
of these polymers with electron acceptors such as
iodine and SO, and on the enhancement of electric
conductivities on their adduct formation. Since the
polymers employed in the present study are structurally
better defined than electrochemically prepared poly-
mers having similar z-conjugation systems (poly(pyr-
role),® poly(thiophene),® and poly(furan)®), one can
investigate effects of the structure of the polymers
(e.g., effect of the bonding between the thienylene
units in the polymer chain, effect of the CHj-substit-
uent, and effect of the composition of the copolymer)
on the affinity toward electron acceptors and electric
conductivities of the adducts. This is taken as one
of advantages of the present study.

The SO,-polymer adducts have electric conductivities of ca.

Results and Discussion

Formation of Adducts with Electron Acceptors. As
described in the preceding paper, poly(2,5-thienylene)
is colored dark reddish brown with its 1,,, in CHCI,
at 418 nm. When exposed to the vapor of I,, the
color of poly(2,5-thienylene) changes from deep brown
to black, indicating the formation of an adduct be-
tween the polymer and iodine. Figure 1 shows time
course of the absorption of iodine by CHCl,-unex-
tractable poly(2,5-thienylene), and copolymers com-
posed of 2,5- and 2,4-thienylene units on exposure to
the vapor of I, at room temperature (29—31 °C).
Pure poly(2,5-thienylene) has a high affinity toward
iodine and it absorbs about 60 wt9%, of iodine on its
prolonged exposure to the iodine vapor. Most of
the iodine once absorbed by poly(2,5-thienylene) are
not removed by evacuation at room temperature. A
copolymer composed of 949 of 2,5-thienylene and 69,
of 2,4-thienylene units has almost the same affinity
toward iodine as the 2 5-thienylene homopolymer,
whereas further increase in the fraction of 2,4-thienylene
unit in the copolymer strongly decreases the affinity
toward iodine. Thus, the final amount of iodine ab-
sorbed by a copolymer containing 139, of 2,4-thienyl-
ene unit ((3) in Fig. 1) decreases to about 30 wt%,.

The delocalization of z-electrons along the recurring
2,5-thienylene units is expected to raise the energy
level of HOMO as shown in Fig. 5 of our preceding
paper® and this makes poly(2,5-thienylene) strongly
interact with an electron acceptor, iodine in this case.
On the other hand such delocalization is absent in
poly(2,4-thienylene) as we observed in the electronic
spectra. ‘Thus, intervention of the 2,4-thienylene unit
into the 2,5-thienylene polymer will break the delo-
calization and the interaction between the polymer
and iodine then decreases in accord with the data
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Fig. 1. Time course of absorption of iodine by poly-
(2,5-thienylene) and copolymers composed of 2,5-
and 2,4-thienylene units. Exposed to vapor of I,
in a vacuum line at room temperature. 2,5-Thien-
ylene: 2,4-thienylene=100:0 (O, (1)); 94:6 (@, (2));
87:13 ([, (3)); 62:38 (A, (4)). In Figs. 1, 3, 4, and
5 the number attached to a curve or line corresponds
to the number of Run in Table 2 of our preceding
paper.®)

shown in Fig. 1.

Although the CHCI;-unextractable poly(2,5-thienyl-
ene) has a strong affinity toward iodine, CHCl;-soluble
(M, =1370) and methanol-soluble (M, =600) fractions
have considerably weaker affinities (especially in the
case of the methanol-soluble fraction) toward iodine
(Fig. 2), indicating that the extent of delocalization
in the polymers is not sufficient to lend the polymer
strong affinity toward iodine.

The methyl-substituted polymer, poly(3-methyl-2,5-
thienylene), has a higher affinity toward iodine
than poly(2,5-thienylene). Thus, CHCl;-soluble and
CHCl;-unextractable poly(3-methyl-2,5-thienylene)
absorb 116 and 136 wt9, of iodine, respectively, after
exposure to the vapor of iodine for 10 h, the amounts
being more than twice of the amounts of iodine ab-
sorbed by the CHCl;-soluble and CHCl,-unextractable
unsubstituted poly(2,5-thienylene), respectively. En-
hancement of electron-donating ability of poly(2,5-
thienylene) by the methyl substitution accounts for
the higher affinity of poly(3-methyl-2,5-thienylene) to-
ward iodine. The iodine adducts of the poly(thienyl-
ene) type polymers have high stabilities in air, which
provide an advantage in using the iodine adducts as
semiconductors or positive electrodes in galvanic
cells.”

In IR spectra of the polymers, the absorption bands
are generally broadened on the complex formation
with iodine. The IR spectra of the adducts generally
show four major peaks in a region of 1000—1400 cm—1
which are assignable to skeletal deformation vibration
of the thienylene group. The poly(2,5-thienylene)-
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Fig. 2. Time course of absorption of iodine by poly-
(2,5-thienylene). O: CHCl;-unextractable fraction,
(»: CHCl;-soluble fraction (M, =1370), @: CH;OH-
soluble fraction (M, =0600).
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iodine adduct has an apparent specific gravity of 2.2.
An ESR spectrum of the adduct shows an absorption
signal at g=2.008.

When the polymers are exposed to a vapor of SO,,
a stronger electron acceptor, every poly(thienylene)
type polymer absorbs about 50—60 wt%, of SO,.
Since thiophene itself has donor properties, such a
strong acceptor as SO, seems to be able to interact
even with nonconjugated poly(2,4-thienylene). The
CHCl;-soluble poly(2,5-thienylene) is soluble in concd
H,SO, and the fluorescing blue solution gives rise to
an absorption band at 850 nm (e,,,=6x10%) which
may be assigned to a CT band.

In contrast to the facile formation of adducts with
iodine and SOy, poly(2,5-thienylene) and its related
polymer did not form adducts with tetracyanoquino-
dimethan, a typical organic electron acceptor. Since
it is known that tetracyanoquinodimethan forms a
stable 1:1 adduct with thiophene,® the low affinity
of the polymers against tetracyanoquinodimethan seems
to be due to difficulty in entry of the electron acceptor
into microcrystals of the polymers or due to sterical
non-fitting of tetracyanoquinodimethan with the poly-
mers. Kossmehl and Chatzitheodorou reported forma-
tion of adducts of poly(2,5-thienylene) prepared by
our method with AsF;, one of the strongest electron
acceptors, and electric conductivity of the adducts.?

When poly(2,5-thienylene) was dipped into a THF
solution of potassium naphthalenide, color of the poly-
mer changed from deep reddish brown to black, sug-
gesting formation of an adduct of the polymer with
potassium similar to the reported adduct of poly(acet-
ylene) with alkali metals.1:1?) However, characteriza-
tion of the adduct was not feasible due to the high
air-sensitivity of the adduct (explosive in air).

Electric Conductivity. lodine Adduct: All the poly-
(thienylene) type polymers are insulators having elec-
tric conductivity of 10-14—10-11 S cm-1. The electric
conductivity, however, increases markedly on the ad-
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Fig. 3. Electric conductivities of the iodine adducts of
poly(2,5-thienylene) and the copolymers vs. amount
of iodine absorbed. The numbering of the curve
corresponds to that in Fig. 1.

duct formation with the electron acceptors as observed
in the other m-conjugated polymers such as poly(acet-
ylene)V) and poly(p-phenylene).?) Figure 3 shows the
increase of the electric conductivities of poly(2,5-thi-
enylene) and the copolymers on interaction with iodine.

The following observations are made from experi-
ments related to Fig. 3.

(1) The electric conductivity, ¢, increases with in-
crease in the amount of iodine absorbed. The electric
conductivity of the poly(2,5-thienylene)-iodine adduct
is comparable to those of commercially used inorganic
semiconductors such as doped Si and Ge (6=10-4—
101 S cm™1).

(2) The composition of the copolymer strongly in-
fluences the electric conductivity, incorporation of only
69, of 2,4-thienylene unit causes decrease in the elec-
‘tric conductivity by a factor of 10% ((2) in Fig. 3),
although the incorporation of only 6%, of 2,4-thienylene
unit does not affect the electronic spectrum® and the
affinity of the polymer toward iodine. The steep de-
crease in the electric conductivity by the contamination
with only a small amount of 2,4-thienylene unit indi-
cates that the electric conductivity is strongly influenced
by the extent of the delocalization of z-electrons along
the polymer chain. However, it is inferred from these
results that the random incorporation of considerable
proportion of insulating 2,4-thienylene unit, roughly
one part per two parts of the 2,5-thienylene units,
still leaves appreciable conductivity in the polymer
((4) in Fig. 3).

(3) A 1:1 mixture of poly(2,5-thienylene) and poly-
(2,4-thienylene) on treatment with iodine shows much

Electric Conductivities of Poly(thienylene)-Electron Acceptor Adducts
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Fig. 4. Activation energy of the electric conduction of
the iodine adducts of poly(2,5-thienylene) and copoly-
mers vs. logarism of the amount of iodine absorbed
(X=mass of iodine/mass of polymer). For numbering
of the line, see a caption of Fig. 1.

higher electric conductivity (see a double circle in
Fig. 3) than the copolymer containing 2,5- and 2,4-
thienylene units in about 1:1 ratio. Although the
electronic spectral data reported in our preceding
paper have afforded evidence that the polymer ob-
tained by the dehalogenative polycondensation of a
mixture of 2,5- and 2,4-dibromothiophene is not a
mixture of two homopolymers, the present result ren-
ders additional evidence for the formation of the co-
polymer. In the absorption of iodine by the 1: 1 mix-
ture of pure poly(2,5-thienylene) and poly(2,4-thienyl-
ene), iodine is absorbed only by poly(2,5-thienylene).
Therefore, the 1:1:0.27 mixture of poly(2,5-thienylene),
poly(2,4-thienylene), and iodine shown by the double
circle in Fig. 3 is considered to be a mixture of poly-
(2,5-thienylene) absorbing 54 wt9%, of iodine and pure
poly(2,4-thienylene). On this basis it may be con-
cluded that electric conductivity of 2x10-2S cm—1
of poly(2,5-thienylene) containing 54 wt%, of iodine
has decreased to 4x10-3 S cm~! (datum shown by the
double circle) by mixing with the insulating poly(2,4-
thienylene).

Poly(3-methyl-2,5-thienylene)-iodine adducts show
somewhat higher electric conductivities than the poly-
(2,5-thienylene)—iodine adducts: for example, poly(3-
methyl-2,5-thienylene) absorbing 136 wt9, of iodine
has an electric conductivity of 4x10-1S cm™*.

The electric conductivities, ¢, of the iodine-adducts
varies with temperature according to the following
equation,

0 = ogexp(—E,/RT). (1)

Figure 4 shows plots of the activation energy, E,, of
the electric conduction against logarithm of the amount
iodine absorbed, log X. As shown in Fig. 4 a linear
correlation holds between E, and log X for each poly-
mer. A similar linear correlation between E, and
log X has been observed concerning the electric con-
duction of poly(acetylene) absorbing moderate amounts

of iodine (3—30 wt9, per poly(acetylene)). This de-
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Fig. 5. Electric conductivities of the SO, adducts of
poly(2,5-thienylene) (1), poly(2,4-thienylene) (6), and
a copolymer composed of 529, of 2,5-thienylene and
489, of 2,4-thienylene units (5).

crease in E, with the increase in the amount of iodine
absorbed by poly(acetylene) is called ‘“‘semiconductor-
metal transition’ since further increase in the amount
of iodine absorbed gives the poly(acetylene)-iodine
adduct a metallic conductivity (¢>10%S cm™1) with
small E, 1% However, in cases of poly(2,5-thienyl-
ene) and the copolymers the iodine adducts still show
appreciable activation energies even at a high con-
centration of iodine and metal-like conductivity has
not been attained, although a recent paper reported
that  electrochemically prepared poly(thienylene-
0.25BF,) have electric conductivity of 10—102S
cm-=-1.6b)

E, increases with increase in the proportion of 2,4-
thienylene unit in the copolymer. The iodine adduct
of the CHCl;-unextractable poly(3-methyl-2,5-thienyl-
ene) (iodine=136 wt%,) shows somewhat lower acti-
vation energy of the electric conduction (£,=7.6k]/
mol) than the iodine adduct of poly(2,5-thienylene).

8O3 Adduct: Figure 5 shows the electric conduc-
tivities of the SO, adducts of poly(2,5-thienylene),
poly(2,4-thienylene), and a copolymer containing 2,5-
and 2,4-thienylene units in about 1:1 ratio. Although
m-conjugated poly(2,5-thienylene), among the polymers,
shows the highest electric conductivity on the adduct
formation with SOjg, the structure of the polymer
affects the electric conductivity to a much less extent,
compared with the iodine adducts of the polymers.
The activation energy for the electric conduction of
the SO, adducts decreases with increase in the amount
of SO, absorbed (Fig. 6), but such a linear correlation
observed for the iodine adducts (Fig. 5) is not observed
for the SO, adducts. An ESR spectrum of the SO,
poly(2,5-thienylene) shows an absorption signal at g=
1.962.

Mechanism of the Electric Conduction. It is known
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Fig. 6. Activation energy of the electric conduction
of the SO, adducts of poly(2,5-thienylene) (O), poly-
(2,4-thienylene) (A), and a copolymer composed of
529, of 2,5-thienylene and 489, of 2,4-thienylene
units (). X=mass of SO/mass of polymer.

that a part of iodine absorbed by poly(acetylene)
exists in the form of I,~ and it is generally accepted
that the counter cation (hole) formed in poly(acet-
ylene) participates in the electric conduction.!®-°)
Since poly(thiophene) reportedly has ionization po-
tential of 0.7 V%) comparable to that of poly(acet-
ylene) (0.7 V), it will be reasonable to assume that
iodine can abstract an electron from poly(2,5-thienyl-
ene) to form an ion pair and the electron conduction
originates from the migration of the cation center
along the n-conjugated chain.!V) If the 2,4-thienylene
unit is incorporated into the polymer chain, the migra-
tion of the cation center will stop at the 2,4-thienylene
unit and thus the electric conduction will be hindered
in accord with the results described above.

The electric conductivity of the SOg—poly(2,4-thi-
enylene) adduct, however, is not explained by such
a simple mechanism and thinking of special mechanisms
of the electric conduction (for example, SO,~ assisted
migration of the cationic center or tunnel effect) seems
to be necessary.

Experimental

Materials. Poly (thienylene) type polymers were pre-
pared according to methods described in our preceding
paper.? Commercially available I, and SO, were used
without purification. Tetracyanoquinodimethan was puri-
fied by recrystallization before use. The THF solution of
potassium naphthalenide was prepared by a reaction of
naphthalene (2.0 g, 16 mmol) and potassium metal (1.5g,
38 mmol) in THF (15cm?®) for 21 h at room temperature.
Remaining potassium was filtered off.

Absorption of Electron Acceptors. Powdery poly(thienyl-
ene) type polymer placed in a glass vessel was exposed to
vapor of iodine at room temperature by using a vacuum
line. The amount of iodine absorbed was measured by
weighing the polymer-iodine adduct and halogen analysis
of the adduct. Both data coincided within an experimental
error. The reactions of the polymers with SO; (vapor)
were carried out analogously. When a pellet prepared by
pressing the powdery polymer at 600 kg/cm? was used, the
rate of absorption of iodine was considerably slower.

Measurement of the Electric Gonductivity. The powdery
polymer-electron acceptor adduct was molded into a pellet
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(diameter=1.3cm) by pressing it at 600 kg/cm?. From
the pellet a bar was obtained by cutting off other parts of
the pellet, and the electric conductivity was measured with
the bar using the four-point method. A Takeda Riken
TR-8651 electrometer was used to measure the electric
conductivity.

Measurement of Spectra. Electronic and IR spectra
were recorded on Hitachi model 200-20 and Hitachi model
295 spectrometers, respectively.
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