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ABSTRACT: The radical reaction between hexaphenylcyclohexaarsine (1) and acetylenic compounds with
various substituents (2a—d) using a catalytic amount of AIBN provided the corresponding alternating
copolymer, poly(vinylene—arsine). The copolymers obtained were soluble in common organic solvents such
as THF, chloroform, benzene, and toluene. From gel permeation chromatographic analysis (chloroform,
PSt standards), the number-average molecular weights of the copolymers were found to be several
thousands. Structural characterization of the copolymers was provided by *H and *C NMR spectroscopies.
The measurement of the conversion rate of 2a—d during the copolymerization by using gas chromatog-
raphy gave an evidence to support the assumption that the formation of vinyl radicals by addition of
arsenic radicals to acetylenic compounds was the rate-determining step in this copolymerization system.
The copolymer obtained showed fluorescence properties which were influenced by the substituents of the

acetylenic compounds.

Introduction

Polymers containing inorganic elements in the main
chain structure are of current interest as a result of
their unique properties.! For example, phosphorus-
containing polymers have found a variety of important
uses including flame retardants,? ionic conducting ma-
terials,® and easily separable supports for metal cata-
lysts.* Recently, conjugated organophosphorus polymers
were synthesized and showed interesting features such
as significant extension of conjugation along the polymer
backbone via the lone pair on P, fluorescent properties,
and electron-donating character.> On the other hand,
the organoarsenic chemistry has a long history that
dates back to the synthesis and discovery in 1760 of the
first organometallic compound, Me,AsAsMe;, by L. C.
Cadet de Gassicourt.® The discovery of the medicinal
action of organoarsenicals on syphilis in 1910 led to a
rapid expansion of the work on arsenic derivatives.
Since an alternative cure was developed in 1940s, less
attention has been paid to chemotherapy roles and more
to structures, stereochemistry, and donor properties of
organoarsenic compounds. In the abundant accumula-
tion of the organoarsenic chemistry, however, the
incorporation of arsenic into polymer backbones has
been limited.”

The development of a new polymerization reaction
makes it possible to create polymers having a unique
structure which is difficult to construct by conventional
procedures. As a part of our program to explore the
synthesis and properties of inorganic and organometallic
polymers,58 we recently reported the radical alternating
copolymerization of arsenic homocycle (1) as arsenic
atomic biradical equivalent with phenylacetylene (2a)
to yield a first soluble organoarsenic polymer, poly-
(vinylene—arsine) (3a).° This was quite different from
conventional radical alternating copolymerizations, which
are achieved by donor—acceptor monomer pairs!®l In
this paper, in addition to 2a, we employed new comono-
mers—4-cyanophenylacetylene (2b), 4-methoxyphenyl-
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acetylene (2c), 1-naphthylacetylene (2d), and 1-hexyne
(2e)—and investigated copolymerization behaviors of
2a—e with hexaphenylcyclohexaarsine (1) to consider
the copolymerization mechanism. In addition, we report
here interesting optical properties of the copolymers
obtained.

Results and Discussion

Synthesis and Characterization of Polymers.
Copolymerization of 1 and 2a—d was carried out in
refluxing benzene using 2,2'-azobis(isobutyronitrile)
(AIBN) as a radical initiator (Scheme 1). The copolymers
obtained were purified by reprecipitation from benzene
to n-hexane. The results of the copolymerization are
summarized in Table 1. In the case that 1-hexyne (2e)
was treated with 1 and AIBN in refluxing benzene, no
high-molecular-weight material was obtained after stir-
ring for 12 h. The structures of polymers 2a—d were
confirmed by 'H and 13C NMR spectra. The 'TH NMR
spectrum of 2b showed broadened peaks around 5.9—
7.8 ppm which were assigned to aromatic protons and
vinyl proton. The signal due to the acetylenic proton of
the monomer 2b'2 completely disappeared, indicating
that the ethynyl group of 2b was converted to vinyl
groups in the main chain of copolymer 3b. To confirm
that the cyano group of 2b has no reactivity toward 1
or AIBN, we treated a mixture of 1 and benzonitrile
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Table 1. Syntheses and Optical Properties of Polymers 3a—e

run 2 M2 Mp?2 Mw/Mp2 yield (%)P DP¢ emission Amax (NmM)d excitation Amax (Nm)4
1 2a 5600 3900 1.4 35 15 437 375
2 2b 15100 8400 1.8 29 30 443, 466 394
3 2c 5100 3700 1.4 22 13 402 341
4 2d 9900 7600 1.3 33 25 350 315
5 2e no polymer

a GPC (CHCIs). Polystyrene standards. P Isolated yields after reprecipitation into n-hexane. ¢ Degree of polymerization. 9 Recorded in

dilute CHCI; solutions at room temperature.
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with AIBN in refluxing benzene. After stirring for 12
h, benzonitrile remained intact according to gas chro-
matography. Consistently, the 23C NMR spectrum of 3b
showed no peaks corresponding to the ethynyl group
(around 81 ppm),2 but the peaks of vinyl group at 136
(—CH=C-) and 158 ppm (—CH=C-). The molecular
weight measurements were performed by gel perme-
ation chromatography (GPC) in CHCI; eluent using a
calibration curve of polystyrene standards (Table 1). The
number-average molecular weight (M) of 3b was
estimated to be 8400, which corresponds to a degree of
polymerization of 30, with M/M, = 1.8. All the copoly-
mers 3a—d were soluble in common organic solvents
such as THF, CHCIs, benzene, and toluene. These
polymers were stable to oxygen and water on exposure
to air for several months.

Discussion of the Copolymerization Mechanism.
The reaction mechanism in Scheme 2 was proposed for
the radical alternating copolymerization as discussed
in the previous report.® First, AIBN cleaved arsenic—
arsenic bonds of 1 to produce arsenic radicals. Second,
the homolysis of the other arsenic—arsenic bonds pro-
ceeded spontaneously due to their instability by the
destruction of the quite stable six-membered-ring struc-
ture. In competition with this reaction, an arsenic radi-
cal added to an acetylenic compound to give a vinyl
radical. Next, a vinyl radical reacted immediately with
an arsenic—arsenic bond or with an arsenic radical to
form a new carbon—arsenic bond. Although the carbon—
arsenic bond formation seems to result in losing a
growing radical and no chain growth proceeds anymore,
the labile As—As bonds in the product caused homolysis
easily to produce a new arsine radical, and the chain
growth could restart. In this manner, repeating produc-
tion of the arsine radical by the As—As bond cleavage
and its addition to the acetylenic compound leads to a
polymer with a simple main-chain structure, poly(vin-
ylene—arsine). Since the vinyl radicals are more instable

and reactive than the arsenic radicals, formation of the
vinyl radicals (eq 3) should be relatively slower than
creation of the arsine radical (eq 2) and of a carbon—
arsenic bond (eq 4). One of the propagating radicals in
this copolymerization system is the vinyl radical, which
might not cause recombination due to the low concen-
tration. The vinyl radical might not react with the
acetylenic compound to produce a new vinyl radical
because of its instability but reacts with an arsenic
radical or an arsenic—arsenic bond. The other propagat-
ing radical is the arsenic radical which cannot cause
disproportionation as a termination reaction. A recom-
bination of the arsenic radical generates an As—As bond
which is easily cleaved under the benzene refluxing
condition to reproduce the propagating arsenic radicals.

Radical reaction of 1-hexyne (2e) with 1 provided no
high molecular weight materials (Table 1), suggesting
that the alkyl-substituted vinyl radical was too unstable
to be formed. The aromatic stabilization of the vinyl
radical is essential for the copolymerization. We specu-
late that the more effectively aromatic stabilization acts
on the vinyl radical, the more smoothly the copolymer-
ization progresses. Here are shown the examination of
the rates of conversion of monomers 2a—d during the
copolymerization with 1. The radical copolymerization
of 2a—d with 1 was carried out in the presence of
n-alkane as a reference material to monitor the amount
of consumption of monomers 2a—d by using gas chro-
matography (GC). In each experiment, the same con-
centrations of AIBN (0.006 mol/L), 1 (0.060 mol/L),
acetylenic compound (0.36 mol/L), and n-alkane (0.04
g/L) were used in benzene at 78 °C. The moment of
feeding AIBN to the mixture of 1 and acetylenic
compounds 2a—d in refluxing benzene was defined as
initiating point (O min) of the copolymerization. All of
the experiments were performed three times, and the
average values are presented with error bars in Figure
1. In every copolymerization, the consumption of acety-
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Figure 1. Time—conversion plots of 2a—d during the copo-
lymerization with 1.
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Figure 2. UV-vis absorption spectrum of 2b in CHCI; at
room temperature.

lenic monomers 2a—d was induced smoothly by addition
of AIBN and almost ceased in 4 h. In the case of using
cyano-substituted phenylacetylene 2b, the polymeriza-
tion proceeded to reach nearly quantitative conversion.
The rate increased in the order 2c < 2a < 2d < 2b.
The copolymerization of 1 with 2b or 2d was faster than
that with 2a because the aromatic stabilization of the
vinyl radical by 4-cyanophenyl or naphthyl group is
stronger than that by phenyl group. The copolymeriza-
tion of 1 with 2c was slightly slower than that with 2a,
suggesting that electrostatic effect of the substituent
might affect the reaction between arsenic radical and
carbon—carbon triple bond. The arsenic radical may
prefer to react with electron-accepting monomers rather
than electron-donating monomers due to the lone pair
on the arsenic atom. Both conjugative and electrostatic
effects of the 4-cyanophenyl group made the fastest
consumption of 2b during the copolymerization with 1
among the acetylenic monomers employed here. The GC
analyses suggest that the less activation energy of
reaction 3 (formation of the vinyl radical) results in the
more rapid progress of the total copolymerization. These
results are consistent with our speculation and therefore
support the mechanism of the copolymerization as
proposed above.

Optical Properties of Polymers 3a—d. The elec-
tronic structures of polymers 3a—d were studied by
UV—vis spectroscopy. Figure 2 shows an absorption
spectrum of 3b recorded in chloroform at room temper-
ature. Not only strong absorption in the UV region
derived from z—x* transition of the benzene ring but
also small absorption in the visible region was observed.
The absorption edge located at around 480 nm. We
assume that n—s* transition in the main chain brought
about the lower energy absorption as seen in poly-
(phenylene—phosphine)s.5d

Polymers 3a—d showed fluorescent properties. The
fluorescence and excitation spectra of a dilute chloro-
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Figure 3. (a) Fluorescence spectrum of 3b excited at 394 nm.
(b) Excitation spectrum of 3b emitted at 466 nm. Both
measurements were carried out in CHCI; at room temperature.
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form solution of 3b measured at room temperature are
shown in Figure 3 as a typical representative example.
The emission was observed in the visible blue-purple
region with a peak at 443 and 466 nm. The emission
peak maximum was independent of the concentration
of polymer 3b. In the excitation spectrum of 3b moni-
tored at 470 nm, the absorption was not observed in the
shorter wavelength region but in the longer wavelength
region with a peak at 394 nm. This means that the
absorption of 3b in the higher energy region and the
absorption in the lower energy region originated from
the different absorbing species: 7—xa* and n—z* transi-
tion. The emission of 3b results from only the absorption
of the latter transition. Table 1 also summarizes emis-
sion and excitation spectral data. Each emission peak
maximum of 3a—c was red-shifted in the order 3c <
3a < 3b, which coincides with the order of strength of
electron-withdrawing properties of the substituents.
This indicates that the donor—acceptor (arsenic atom
with a lone pair and vinylene unit with electron-
accepting group) repeating units made the band gap
narrower and resulted in the lower energy of the
emission. The optical properties of poly(vinylene—ars-
ine)s were tuned by changing the substituents of the
acetylenic compounds. In the case of 3d, the naphthyl
group itself has a fluorescent property which is stronger
than that derived from the n—z* transition in the main
chain of the polymer, and therefore the emission peak
due to the main chain was hidden. The absorption peaks
in the excitation spectra of 3a—d showed the same order
as the emission peaks because of the same reason
discussed above.

Calculation of HOMO and LUMO of dimer models
(4a—c) of 3a—c (Chart 1) was carried out using the
CNDO/S Hamiltonians. The arsenic atom of 4a bears
large electron density of lone pair at HOMO, while no
electron density of lone pair is observed at LUMO
(Figure 4). LUMO of 4a shows electron density of z* of
styrene unit. These results support the assumption that
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Figure 4. HOMO and LUMO density surface of 4a.

the lower energy absorption is attributable to n—za*
transition in the main chain of the polymer. The
HOMO—-LUMO band gaps of the dimers increase in the
order 5b < 5a < 5c. The cyano groups of 5b enhance
the electron-withdrawing ability of the z-electron sys-
tem and lower the level of LUMO. The electron-donating
methoxy groups of 5¢ brought about the much higher
LUMO level compared to that of 5a or 5b. The sub-
stituent group of the acetylenic compounds influenced
the LUMO levels of the dimers more than HOMO levels.
These results are consistent with the emission or
excitation spectral data of polymers 3a—c (Table 1)
where the higher electron-accepting ability leads to the
more red-shifted emission or absorption peak.

Conclusion

We have synthesized the organoarsenic polymers,
poly(vinylene—arsine)s, by the radical copolymerization
of hexaphenylcyclohexaarsine (1) with acetylenic com-
pounds with various substituents (2a—d). The analyses
of the conversion rate of the acetylenic monomers during
the copolymerization supported the reaction mechanism
we proposed before. The poly(vinylene—arsine)s ob-
tained showed the unique optical properties which were
tunable by changing the substituent of the acetylenic
compound. Further studies on the reactivities of orga-
noarsenic homocycles with a variety of comonomers
including common vinyl monomers are in progress.

Experimental Section

Equipment. *H and *C NMR spectra were obtained using
a JEOL JNM-EX270 instrument (270 and 67.5 MHz, respec-
tively) for solutions in CDClI; and were referenced to SiMe,
(TMS). UV—vis spectra were measured on a JASCO V-530
spectrometer, and the samples were analyzed in CHCI; at room
temperature. Fluorescence emission spectra were recorded on
a Perkin-Elmer LS50B luminescence spectrometer, and samples
were analyzed in CHCI; at room temperature. Gel permeation
chromatography was carried out on a TOSOH UV-8011 and
R1-8000 (Shodex K-803L column) using CHCI; as an eluent
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after calibration with standard polystyrene. GC analyses were
carried out on a SHIMADZU GC-12A using helium gas as a
carrier gas. Fourier transform infrared (FT-IR) spectra were
obtained on a Perkin-Elmer 2000 spectrometer. Geometry
optimization was performed using the MOPAC2000 program
with the AM1 Hamiltonians.*® Calculations for HOMO and
LUMO levels were carried out using the Fujitsu MOS-F
program packages!* with CNDO/S Hamiltonians.

Materials. Benzene was dried over CaH,, distilled, and
bubbled with a stream of nitrogen before use. 2,2'-Azobis-
(isobutyronitrile) (AIBN) was recrystallized from methanol.
Phenylacetylene (2a) was distilled under reduced pressure.
1-Hexyne (2e) was distilled from NaBH.. n-Dodecane and
n-pentadecane were obtained commercially and used without
further purification. Hexaphenylcyclohexaarsine (1), 4-cy-
anophenylacetylene (2b),*617 4-methoxyphenylacetylene (2c),!6:18
and 1-naphthylacetylene (2d)'%'°® were synthesized using
literature procedures.

Polymerization. A typical experimental procedure is as
follows. Under a nitrogen atmosphere, a benzene solution (0.4
mL) of a catalytic amount of 2,2'-azobis(isobutyronitrile) (0.005
g, 0.030 mmol) was added to a refluxing benzene solution (4.6
mL) of 2b (0.229 g, 1.8 mmol) and hexaphenylhexacycloarsine
(1) (0.273 g, 0.3 mmol). The mixture was stirred for 10 h and
then poured into n-hexane to precipitate the product. After
three times reprecipitation from benzene into n-hexane, the
product was freeze-dried for 10 h and the corresponding
polymer 3b was obtained as a light-yellow powder. Yield:
0.145 g, 29%.

3b. *H NMR (0 in CDCls, ppm): 5.8—6.7 [C=CH], 6.7-8.0
[Ar—H]. 3C NMR (6 in CDCl3, ppm): 109.8—110.1 [Car—CN],
117.4 [CN], 126.5 [Car—Car—C=C], 127.0—129.4 [Ca—As,
m-Car—As], 130.6—132.5 [p-Car—As, Car—Car—CN], 132.8—
140.0 [CH=C, 0-Car—As], 143.9 [CAo—C=C], 156.0—159.0 [C=
CH]. IR (cm™1): 2228 [-CN].

3c. 'H NMR (8 in CDCls, ppm): 3.4—3.9 [CH30], 6.2—6.4
[C=CH], 6.4—7.9 [Ar—H]. 3C NMR (4 in CDCls, ppm): 55.3
[CH30], 113.2 [CaAr—Car—OCHg], 128.5 [Car—C=C, Car—Car—
C=C], 129.1 [CH=C], 130.8 [0-Car—As], 132.0—133.5 [m-Car—
As, p-Ca—As], 140.6—141.1 [Ca—As], 158.5—158.8 [C=CH],
159.8—160.0 [Car—OCHg]. Yield: 22%.

3d. 'H NMR (6 in CDCls, ppm): 5.6—6.2 [C=CH], 6.2—8.1
[Ar—H]. 3C NMR (6 in CDCls, ppm): 123.5—124.1 [3-Cnapl,
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124.1-125.2 [2-Cnap, 6-Cnap, 7-Cnapl, 125.6—126.6 [4-Cnapl,
126.9-127.3 [5-Cnap,8-Cnapl, 128.9-129.7 [ ], 130.1-133.4
[0-Car—As, m-Car—As, p-Car—As], 136.0—138.0 [CH=C], 137.2—
138.2[], 138.2—139.7 [1-Cnap], 139.8—140.6 [Ca—As], 157.4—
158.5 [C=CH]. Yield: 33%.

Measurement of the Rate of Monomer Consumption.
In the presence of 0.2 L/L of n-dodecane (2a—c) or n-penta-
decane (2d), the copolymerization was carried out under the
same conditions as described above. During the copolymeri-
zation, the amount of 2a—d relative to that of n-alkane was
monitored by using gas chromatography.
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