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ABSTRACT: New z-conjugated polymers (2) with the thioketene dimer unit were prepared by cycload-
dition polymerization of bis(thioketene) derived from bis(triphenylphosphonium chloride) (1). The
structures of the polymers were compared with that of 2,4-dibenzylidene-1,3-dithietane (3), which was
prepared by dimerization of phenylthioketene derived from benzyltriphenylphosphonium chloride, by
use of IR and *H NMR. The lower energy absorption edges of 2 were located at longer wavelengths than
that of the model compound 3, due to developments of zz-conjugations in 2. The cyclic voltammogram of
3 showed irreversible two-step oxidation peaks at 0.25 and 0.61 V vs Ag/Ag", indicating that the electron-
donating ability of 3 is stronger than that of tetrathiafulvalene (TTF). The electron-donating properties
of the polymers 2 were also confirmed by cyclic voltammetry and were found to depend on aromatic
structures in 2. The polymer 2 formed charge-transfer (CT) complexes with TCNQ (1:1 ratio of the
repeating unit in 2 to TCNQ) in DMSO. The degrees of CT in the complex were investigated by UV and
IR measurements. In the solid state, the complex of 2b contained partially charge-transferred TCNQ

(degree of CT = 0.59), resulting in higher conductivity than that of 2a.

Introduction

Thioketenes are important and highly reactive inter-
mediates. The reactivity of thioketenes shows features
of the analogous ketene chemistry and has been exten-
sively studied for a long time.l Recently, thioketene
chemistry has noticeably grown in the field of the
coordination of transition metals? and metabolism.3 It
has been suggested that thioketenes are potential
biological reactive intermediates and induce DNA strand
breaks.*

Thioketenes readily reacted with protic nucleophiles
to give thiocarboxylic acid derivatives® or undergo
cycloadditions across the C=C bond.® In addition to the
ketene-type chemistry, the presence of sulfur atom
allows thioketene reactions reminiscent of thiocarbonyl
congeners; typical examples are the formation of S-
oxides,” thiophilic attack of organometallics,® or cycload-
ditions across the C=S bond.2° The most common
example of (2 + 2) cycloadditions between thioketenes
and C=S compounds is a dimerization of thioketenes
to give 2,4-bis(alkylidene)-1,3-dithietanes.6210 Such
dimers have been known for more than 100 years and
synthesized by various methods.

There is a long-standing interest in the chemistry and
properties of cyclic compounds containing sulfur atom
in modern material chemistry due to their redox chem-
istry. Especially, the focus has been on dithiole deriva-
tives, e.g., dithiafulvenes and tetrathiafulvalenes,'t
since the finding of metallic conductivity!? and low-
temperature superconductivity? in radical cation salts.
The quite low oxidation potentials of 1,4-dithiin com-
pounds have recently been reported.’* Therefore, the
potential electronic property of the thioketene dimer
moiety is considerably attractive with the aim of ap-
plication to a new and better z-donor. Even though
these dimer compounds have been characterized spec-
troscopically, no physical investigation including electric
and magnetic properties of the thioketene dimers has
been reported up to date.

From a viewpoint of polymerizations, the direct use
of thioketenes in polymer synthesis has been very
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limited,6215 although ketenes have been employed in
many kinds of polymerizations.1® In the past few years,
we have developed polymer syntheses by use of a
cycloaddition reaction between an aldothioketene and
its alkynethiol tautomer affording an electron-donating
dithiafulvene moiety.l” Recently, we reported initial
studies on a synthesis of a new z-conjugated polymer
with 2,4-diylidene-1,3-dithietane unit by cycloaddition
polymerization of bis(thioketene)s derived from a bis-
(phosphonium salt).’® That was the first example of a
polymer containing the thioketene dimer unit in the
structure. In this paper, we describe the synthesis,
optical properties, and electrochemical analysis of s-con-
jugated polymers having electron-donating thioketene
dimer units in the main chain. Formations of charge-
transfer (CT) complexes of the polymers with tetracy-
anoquinodimethane (TCNQ) were also studied.

Polymerization

The z-conjugated poly(thioketene dimer)s were pre-
pared by the cycloaddition polymerization of bis-
(thioketene)s derived from bis(triphenylphosphonium
salt)s (1). Treatment of 1 with phenyllithium and carbon
disulfide in Et,O generated bis(betaine)s. The resulting
mixture was poured into a large amount of MeOH to
afford the bis(thioketene)s and left for 12 h to effect
polymerization. An insufficient amount of MeOH led to
a recovery of the monomer, suggesting that this reaction
was much affected by the polarity of the reaction
medium. Polymers 2 were obtained as yellow precipi-
tates and soluble in DMF and DMSO. The molecular
weight measurement of 2a as a representative polymer
was performed by GPC in eluent DMF with polystyrene
standards. The weight-average molecular weight (My)
and the number-average molecular weight (M) were
10 280 and 2690, respectively. The molecular weight
distribution (M\/M;) of the polymer was 3.82.

The structures of 2 were confirmed by IR and 'H NMR
spectroscopies, compared with those of 2,4-dibenzylidene-
1,3-dithietane (3) as a model compound. A model dimer-
ization of phenylthioketene derived from benzyltriphe-
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Figure 1. 'H NMR spectrum of 2a in DMSO-de.

nylphosphonium chloride gave 3 in a high yield.1% The
IR spectrum of 3 showed a peak at 1652 cm~* due to a
C=C vibration of the ylidene unit. The polymer 2a, for
example, had the same peak at 1653 cm™! in the
spectrum, suggesting the thioketene dimer unit in the
polymer. In the 'H NMR spectrum of 2a (Figure 1), a
broad peak for the benzylidene proton in the repeating
unit appeared from 7.1 to 7.5 ppm. The spectrum also
showed a peak due to the terminal benzyl protons at
5.1 ppm. Therefore, it is possible to compare the peak
intensities of the repeating unit with that of terminal
moiety in order to estimate the degree of polymerization
(DP) of polymer 2. The DP values of 2a and 2b were
determined as 8.3 (M, = 2290) and 7.1 (M, = 2700),
respectively. These results are consistent with the
values from GPC data.

QHC=(2>=CH—© ©\[z>= CH _@

3 4

Optical Study

Figure 2 shows UV—vis absorption spectra of the
thioketene dimers. The model compound 3 had an
absorption maximum due to the 7—x* transition at 364
nm in CH3CN. The spectrum of 2a in the same solvent
exhibited no absorption maximum; however, it was
tailing beyond 550 nm. The lower energy absorption
edge of 2a was largely bathochromic shifted in com-
parison with that of the model compound 3, which was
located around 420 nm. This red shift indicated an
effective expansion of the m-conjugation system in 2a.
The smaller bathochromic shift of 2b than that of 2a
was due to a steric distortion of the biphenyl moiety.

Electrochemical Study

Cyclic voltammetry was performed in order to eluci-
date the electric property of the thioketene dimer 3. The
cyclic voltammogram of 3 showed irreversible two-step
oxidation peaks at 0.25 and 0.61 V vs Ag/Ag* (Figure
3A). The first oxidation potential of 3 is remarkably
lower than those of 2,6-bisphenyl-1,4-dithiafulvene (4)17°
(Epa = 0.40 V) and TTF (Epa = 0.39 V) obtained in the
same conditions, indicating that 3 acts as a stronger
electron donor than the dithiafulvene and TTF. As
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Figure 2. UV-vis absorption spectra of 2a (bold line), 2b
(plain line), and 3 (O) in CH3;CN.

shown in Figure 3B, the cast film of 2a gave two-step
broad oxidation peaks at 0.39 and 0.90 V vs Ag/Ag™. The
oxidation potentials of 2a are higher and broader than
those of 3, indicating the apparent electronic interaction
between the repeating thioketene dimer units in the
s-conjugated system. Such anodic shifts and broaden-
ings of the peaks have been observed in other electro-
chemically active z-conjugated polymers. The cast film
of 2b also gave similar broad oxidation peaks (Epa =
0.43 and 0.92 V vs Ag/Ag™) to those of 2a (Figure 3C).
An apparent broad oxidation peak for 2 compared with
that of 3 suggested the interaction between thioketene
dimer units along the w-conjugated polymer main chain.

Charge-Transfer Complexes with TCNQ and
Their Electrical Conductivities

Interestingly, DMSO solution of the model compound
3 turned to a clear green homogeneous solution after
adding an excess amount of 7,7,8,8-tetracyanoquin-
odimethane (TCNQ) against 3, indicating the formation
of charge-transfer (CT) complex. Then the precipitated
TCNQ, which was not reacted with 3, was filtered off,
and the filtrate was evaporated to give a green powder.
This CT complex contained a 1:1 ratio of 3 to TCNQ,
determined by elemental analysis. Polymers 2a and b
also formed green CT complexes with TCNQ in DMSO
(Scheme 2), prepared in the same manner as 3. The 1H
NMR spectra of the polymer CT complexes in DMSO-
ds as well as the elemental analyses also showed the
formation of the complex containing 1:1 ratio of the
repeating unit in 2 to TCNQ.

The UV—vis absorption spectrum of the anion radical
of TCNQ exhibits absorption at 420 nm and between
600 and 900 nm.1® The neutral TCNQ shows a strong
absorption at 392 nm. The UV—vis absorptions of the
CT complexes of 2 and 3 with TCNQ in CH3;CN
contained the total band assignable to the anion radical
and the neutral TCNQ. The spectrum of the CT complex
of 2a is largely different from that of 2b (Figure 4).
Comparison of both spectra suggested that 2a preferred
the formation of anion radical TCNQ in the CT state;
on the contrary, the CT complex of 2b was mainly
composed of the neutral TCNQ. The CT states of the
complexes may be explained by the oxidation potentials
of 2 determined by CV analysis. Predominant formation
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Figure 3. Cyclic voltammograms of 3 (A), a film of 2a (B),
and a film of 2b (C) in CH3CN solution of 0.1 M [NEt4]BF,4 at
100 mV/s.

of TCNQ anion radical in 2a complex is caused by the
strong electron-donating ability of 2a.

The CT complexes of 2 and 3 were measured by FT-
IR to investigate the degree of CT in the solid state. The
degree of CT can be determined by the frequency of the
nitrile stretching band of TCNQ in the complex.?° The
spectrum of the CT complexes of the model compound
3 showed a C=N band at 2178 cm~!. This value
indicates a fully ionic state (anion radical) of TCNQ in
the sample. As is similar to the model compounds, the
IR spectrum of the complex of 2a with TCNQ showed
one C=N band at 2178 cm, which is characteristic of
TCNQ anion radical. The polymer CT complex of 2b
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Figure 4. UV-vis absorption spectra of the 2a—TCNQ
complex (—) and 2b—TCNQ complex (O) in CH3CN.
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with TCNQ had a major band at 2178 cm~! and a minor
band at 2202 cm~1, showing that the complex contains
two different species of charge-transferred TCNQ. The
former peak is corresponding to the anion radical of
TCNQ, and the latter was due to a partially charge-
transferred TCNQ (degree of CT = 0.59).2° As is similar
to UV analysis, only the complex of 2b contains the
partially charge-transferred TCNQ in the solid state due
to the weak electron-donating property. However, the
degree of CT between 0.5 and 1.0 is necessary for such
complexes to achieve a high conductivity.

The conductivity of the polymer was investigated at
room temperature by the conventional two-probe tech-
nique. The polymer—TCNQ complexes of 2a and 2b
showed the electrical conductivities of 9.5 x 1075 and
2.0 x 1073 S/cm, respectively, at room temperature. A
higher conductivity of 2b than that of 2a might result
from the existence of the partially charge-transferred
TCNQ. Polymer 2a doped with iodine showed a con-
ductivity of 1.8 x 1072 S/cm.

Summary

In conclusion, we have prepared the polymers with
thioketene dimer unit in the z-conjugated main chain
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by cycloaddition polymerization of aldothioketene. The
UV—vis study indicated effective expansions of the
m-conjugation system in the polymers. The polymers
generally behaved as strong electron donors and formed
CT complexes with TCNQ. Oxidation potentials and the
CT states of the polymers were dependent on the
aromatic moieties of the polymers. The TCNQ complex
of 2b, which contained the partially charge-transferred
TCNQ, had higher conductivity than that of 2a. Possible
applications of the new CT complexes composed of the
thioketene dimers, including the low molecular weight
model compound, to electronic, magnetic, and conduct-
ing materials are interesting, instead of the dithiaful-
vene-based compounds.

Experimental Section

Materials. Unless stated otherwise, all reagents and chemi-
cals were obtained from commercial sources and used without
further purification. The solvents were dried and distilled
under Nz. Biphenyl-4,4'-bis(methyltriphenylphosphonium chlo-
ride) (1b) was synthesized according to the literature.?*

Measurements. *H NMR and IR spectra were recorded on
a JEOL JNM-EX270 spectrometer and a Perkin-Elmer 1600
spectrometer, respectively. GPC measurement was carried out
on TSK gel a-3000 by using DMF as an eluent at 40 °C after
calibration with standard polystyrene samples. UV—vis spec-
tra were obtained on a JASCO V-530 spectrophotometer. Cyclic
voltammetry was carried out with a BAS CV-50W electro-
chemical analyzer in CH3CN solution of 0.1 M [NEt4]BF, as a
supporting electrolyte. A platinum wire auxiliary electrode and
Ag/AgCl RE-5 reference electrode were used in the CV
measurements. For the CV of the polymers, thin polymer films
were prepared on indium tin oxide (ITO) coated glass elec-
trodes by casting from their solutions. The electrodes were
dried under vacuum. Electrical conductivity was measured at
room temperature by the two-probe technique using a Keithley
2400 source meter. The polymer films were prepared by
dropping of the polymer solutions onto glass plates equipped
with platinum electrodes, followed by drying in vacuo.

Polymerization. To a mixture of a bis(triphenylphospho-
nium chloride) (1.0 mmol) and Et,O (10 mL), a solution of
phenyllithium in cyclohexane—Et,O (ca. 17%, 1.1 mL) was
added dropwise at room temperature. After 0.5 h, carbon
disulfide (152 mg, 2.0 mmol) was added to the mixture. After
5 h, the resulting yellow mixture was poured into a large
guantity of MeOH (200 mL) and then left at room temperature
for 12 h to effect the polymerization. The precipitate was
collected and washed with Et,O several times to remove
impurities. After drying under reduced pressure, a brown
polymer was obtained.

2a. Yield: 138 mg (54%). *H NMR (270 MHz, DMSO-dg): ¢
5.1 (—CH2PPh3Cl, 4H), 6.7 (terminal benzene, 4H), 7.1-7.5
(repeating benzylidene proton, 2nH; n = 8.3), 7.6—7.8 (repeat-
ing benzene and triphenylphosphine, (4n + 18)H; n = 8.3),
7.9 (triphenylphosphine, 12H). IR (NaCl): 1653 cm™2.

2b. Yield: 113 mg (30%). *H NMR (270 MHz, DMSO-dg): ¢
5.1 (—CH:PPhsCl, 4H), 6.9—7.2 (repeating benzylidene proton,
2nH; n =7.1), 7.2—7.9 (repeating benzene and triphenylphos-
phine, (8n + 38)H, n = 7.1). IR (NaCl): 1655 cm™.

2,4-Dibenzylidene-1,3-dithietane (3). The model com-
pounds 3 were prepared according to ref 10c. *H NMR (270
MHz, DMSO-dg): ¢ 6.98 (m, 2H), 7.14 (m, 2H), 7.3—7.5 (m,
4H), 7.5—7.7 (m, 4H). IR (NaCl): 1652 cm™1.

CT Complexes of 2 with TCNQ. An excess amount of
TCNQ against repeating unit of 2 was added to the solution
of 2 in DMSO, and the mixture was stirred for 15 min. The
solution gradually became dark green. After the unreacted
TCNQ was filtered off, the solvent was evaporated to obtain a
dark green powder.
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