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Ring-Opening Polymerization of Aromatic 6-Membered
Cyclic Disulfide and Characterization of the Polymer

By Hidenobu ISHIDA, Atsushi KISANUKI, and Kiyoshi ENDO*

Synthesis and characterization of polymers obtained from polymerization of 1,4-dihydro-2,3-benzodithine (XDS) were
investigated. The polymerization of XDS proceeded at reaction temperatures above the melting points of XDS to give
polymers, and the molecular weight, which determined by GPC was high. From the structural analysis of poly(XDS), the
polymer was found to have cyclic structure, in contrast to their linear polymer (poly(XDS-XDT) obtained from the
polymerization of XDS in the presence of chain transfer thiol compounds such as «,’-mercapto-o-xylene (XDT). From TGA

and DSC measurements, poly(XDS) with benzene rings in the main chain is more thermal stable than the polymer obtained
from the polymerization of 1,2-dithiane (DT). From dynamic viscoelastic measurements, poly(XDS) showed a rubbery
plateau under the molten state even though poly(XDS) has no crosslinking system. The difference in solubility between
poly(XDS) and poly(XDS-XDT) was also observed. On the basis of the polymer characterizations, it may be concluded that
the poly(XDS) obtained from thermal ring-opening polymerization of XDS includes a polycatenane structure.

KEY WORDS: Ring-Opening Polymerization / 1,4-Dihydro-2,3-Benzodithine / Cyclic Polymer / Polycatenane Structure / Cyclic
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Recently, much attention has been paid to topologically
unique macromolecules containing a single cyclic and multi-
cyclic polymer unit from the viewpoints of not only their
distinctive properties that is different from linear polymers, but
also elements of architecturally complex polymers and inter-
locked macromolecules such as polyrotaxanes and polycate-
nanes.'”!! Many studies on synthesis of cyclic polymers in the
polymerizations have been also reported.'>?2® Although effi-
cient synthesis of rotaxanes and catenanes have been achiev-
ed,””7 a high molecular weight polycatenane which consists
of only ring components has not been synthesized. Recently,
Takata et al. reported that the Diels-Alder polymerization of
[2]catenane bearing diene and dienophile moieties on each ring
afforded a “bridged polycatenane” with a poly[2]catenane
skeleton.*

Many approaches have been reported to prepare polymers
containing disulfide linkages in the main chain.3*#® Ring-
opening polymerization of cyclic disulfide compounds is one
method for synthesizing such polymers. Although many studies
on the polymerizations of cyclic disulfides were reported since
the second half of the 1940s,%%0 the detailed structural
analyses and characterizations of the resulting polymers have
not been investigated for a long time. Recently, we reported the
thermal polymerization of 1,2-dithiane (DT) and detailed
structural analyses and characterizations of the resulting
polymers. From analyses of the polymer, the cyclic structure
was formed mainly by a backbiting reaction of propagating
species. 440

We also reported that a polycatenane structure composed of
interlocking system by entanglements with cyclic polymers
was formed during the thermal polymerization of DT in bulk,

which was concluded by the results of the solubility and the
photodecomposition behavior of the resulting polymer, the
polymerization in the presence of other cyclic polymers,
and the thermal and physical properties of the polymers
(Scheme 1).4346

The thermal polymerization of aromatic cyclic disulfides
without initiators was not investigated. If benzene rings are
introduced in the main chain, it is expected that more rigid
polymers will be synthesized in comparison with aliphatic
disulfide polymers. In this article, we synthesized o-xylenedi-
sulfide (XDS), i.e., 1,4-dihydro-2,3-benzodithiine, a six-mem-
bered cyclic disulfide containing a benzene ring, and the
polymerization of XDS was examined to elucidate the structure
of the polymer.

EXPERIMENTAL

Materials

0-Xylene (Wako Pure Chemical), N-bromosuccinimide
(NBS) (Wako Pure Chemical), thiourea (Wako Pure Chemical)
and poly(ethylene glycol) (PEG: M;, = 1000, ALDRICH) were
used without further purification.

a,o’-Dibromo-o-xylene was synthesized from o-xylene in
the following procedure.*’ o-Xylene (25.06 g, 236 mmol) and
NBS (84.12 g, 473 mmol) were dissolved in 250 mL of cyclo-
hexane containing AIBN (2.1 g, 13 mmol), and the mixture was
heated at reflux for 12 h, cooled, and all floating materials were
filtered off. After the solution was extracted with chloroform,
the organic layer was washed with water several times, and
dried over anhydrous sodium carbonate. After evaporating the
solvents, the resulting pale yellow oil was recrystallized from
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Scheme 1. Synthesis of Polycatenane by Polymerization of DT.

cold methanol using a dry ice/methanol bath. A white
precipitate was obtained in a 37% yield: '"H NMR (CDCl;,
400 MHz) § (ppm) 4.65 (s, Br-CH,-Ph, 4H), 7.24-7.31 (m,
phenyl-H3, -H6, 2H), 7.33-7.36 (m, phenyl-H4, -HS5, 2H);
13C NMR (CDCl3, 100 MHz) § (ppm) 29.9 (Br-CH,-Ph), 129.3
(phenyl-C4, -C5), 131.0 (phenyl-C3, -C6), 136.5 (phenyl-C1,
-C2); m.p. 92-94 (lit.*8 92-93°C).

a,o’ -Mercapto-o-xylene (XDT) was synthesized from o,o'-
dibromo-o-xylene in the following procedure.*’ a,o’-Dibromo-
o-xylene (30.02g, 102.1mmol) and thiourea (17.40g,
228.6 mmol) were dissolved in 230 mL of ethanol and heated
at reflux for 3h. A white product was formed, and filtered off.
The product was added to an aqueous solution of NaOH (10 g,
0.25 mol) in 100 mL water. After refluxing for 2 h, the mixture
was neutralized with a dilute H,SO4 aqueous solution (5 mL/
35mL). The solution was extracted with chloroform. The
organic layer was washed with water several times, and dried
over anhydrous sodium carbonate. After evaporating the
solvents, the resulting off-white oil was recrystallized from
cold methanol using dry ice/methanol. A white precipitate was
obtained in a 91% yield, m.p. 44-45°C (lit.’° m.p. 44°C).
'H NMR (CDCl3, 400 MHz) § (ppm) 1.83, 1.85, 1.87 (t, HS-
CH,-Ph, 2H), 3.84, 3.86 (d, HS-CH,-Ph, 4H), 7.20-7.22 (m,
phenyl-H3, -H6, 2H), 7.26-7.28 (m, phenyl-H4, -HS5, 2H);
I3C NMR (CDCl;, 100MHz) § (ppm) 25.9 (HS-CH,-Ph),
127.7 (phenyl-C4, -C5), 129.6 (phenyl-C3, -C6), 138.5
(phenyl-C1, -C2).

1,4-Dihydro-2,3-benzodithiine (XDS) was synthesized from
a,o/-mercapto-o-xylene in the following procedure.’! Concen-
trated hydrochloric acid (1 mL) was added to a dimethyl
sulfoxide solution (25mL) containing XDT (0.85g, 4.99
mmol). The solution was stirred at room temperature for
24 h, and poured into a large amount of ice-water with vigorous
stirring, and extracted with chloroform. The organic layer was
washed with water several times, and dried over anhydrous
sodium carbonate. The product was concentrated in vacuum to
remove the solvent, yielding XDS as pale yellow oil. The XDS
was purified by recrystallization from diethyl ether and n-
hexane several times to remove contaminants such as XDT,
oligomers and polymers completely. A white precipitate was
obtained in a 30% yield: m.p. 76.6-77.7°C (lit. m.p. 77 °C>?);

"H NMR (CDCl;3, 400 MHz) § (ppm) 4.07 (s, S-CH,-Ph, 4H),
7.07-7.10 (m, phenyl-H3, -H6, 2H), 7.15-7.19 (m, phenyl-H4,
-H5, 2H); 3C NMR (CDCl3, 100 MHz) § (ppm) 34.5 (S-CH,-
Ph), 126.8 (phenyl-C4, -C5), 130.1 (phenyl-C3, -C6), 132.8
(phenyl-C1, -C2).

Cyclic poly(oxyethylene) was synthesized from commer-
cially available «o,w-hydroxy-terminated poly(oxyethylene)
according to the literature.>® The product was characterized
as follows: m.p. 47.9-48.9°C; 3C NMR (CDCl;, 100MHz)
8 (ppm) 66.8 (CH,-O-CH,-0), 70.3-70.7 (CH,-CH,-0), 95.5
(O-CH;-0); (M, = 825, M /M, = 1.01(determined by GPC in
THF).

Polymerization Procedure

Polymerization was carried out in a sealed glass tube. After
the required amounts of reagents were charged, the tube was
degassed and then sealed under high vacuum. After polymer-
ization at constant temperature for a given time in a thermostat,
the contents in the tube were poured into a large amount of
methanol or n-hexane to precipitate the polymer. The polymer
was washed well with a large amount of acetone, n-hexane
or methanol, and dried in vacuo at room temperature
overnight. The isolated polymer yield was determined gravi-
metrically.

Degradation of Polymers

Photodecomposition of polymers was carried out in THF
(0.02wt %) solution at room temperature for a given time
under UV irradiation using a high-pressure mercury lamp
(Toshiba SHL-100-2, 100 W). The molecular weight of product
was measured by GPC.

Preparation of Casting Sample

The casting sample was prepared from a chloroform
solution. The solution of poly(XDS) was poured into a glass
mold whose size 50 (L) x 10 (W) x 5 (T) mm in dark, and the
solvent was dried at atmospheric pressure at room temperature
in dark. The samples were dried under high reduced pressure
(about 10~2torr) at room temperature overnight until the
sample weight kept constant.

Polymer Characterization

The number-average molecular weight (M,), the weight-
average molecular weight (M) and the molecular weight
distributions (M,,/M,) of the polymer were determined by GPC
at 38°C in THF using a Tosoh GPC-8000 or 8020 series
system. The molecular weight of polymers was calibrated with
standard polystyrenes. 'H and '*C NMR spectra were recorded
on a JEOL A-400 spectrometer in CDCls with tetramethylsi-
lane as an internal standard at room temperature. Wide-angle
X-ray diffraction patterns in the range 26 = 10-40° were
measured on a Rigaku X-ray diffractometer Rint-Ultima with
Cu K, radiation. MADLI-MS was measured on a Kratos PC
Axima CFR with linear mode under the conditions of 2,5-
Dihydroxybenzoic acid (DHBA) as a matrix and AgTFA as a
cationization reagent.
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Thermal and Mechanical Properties

Differential scanning calorimeter (DSC) measurement was
carried out with a SEIKO Instruments Inc. DSC 6200 in
nitrogen atmosphere at a heating rate of 10°C/min. Thermo-
gravimetric/Differential thermal analyses (TG/DTA) were
carried out with a SEIKO Instruments Inc. TG/DTA 6200 in
nitrogen atmosphere at a heating rate of 10 °C/min in the range
from 25 to 500°C.

Dynamic mechanical measurement of poly(XDS) was
performed by use of a SEIKO Instruments Inc. DMS 6100
in the shear mode operating at a frequency of 10Hz. The
dimensions of the samples were 20 (L) x 8 (W) x 1 (T) mm.
Nitrogen gas was circulated in the environmental chamber to
prevent degradation during the measurement. The shear storage
modulus (E), the shear loss modulus (E”) and the loss factor
(tan §) were obtained at a heating rate of 2 °C/min in the range
from —100 to 150°C.

RESULTS AND DISCUSSION

Thermal Polymerization of XDS

Previously, it was reported that cyclic disulfides underwent
thermal polymerizations without initiators above the melting
points, but they did not polymerize when the polymerizations
were carried out below their melting points.*#6* Thermal
polymerizations of XDS in bulk without any initiator at
different temperature were examined and the results are listed
in Table I. Although the thermal polymerization of XDS in
bulk hardly proceeded below 60 °C, the polymerization of XDS
was induced readily above ca. melting point of XDS to give
a high molecular weight polymer, and the polymer yield
increased with the rise of reaction temperature. The polymer
obtained from the polymerization of highly purified XDS is
referred to as poly(XDS) in this article.

Structure of the Polymer

The structure of the resulting polymer was checked by
'H NMR spectroscopy. Figure 1 shows the 'H NMR spectra of
the polymer and XDS. In the spectrum of the polymer, the peaks
based on the monomer disappeared and new peaks appeared at
3.67,7.09-7.13 and 7.21-7.25 ppm based on the methylene and
phenyl protons in the main chain of the polymer. On the other
hand, signals based on the thiol proton which may be introduced
at the chain end groups were not observed. The results
indicates that the polymer consisted of repeating XDS units.

Table I. Bulk Polymerization of XDS for 2 h without Added Initiator?
No. Temp. (°C) Yield (%) Mh x 1074 My /M,
1 0 — — —
2 40 — — —
3 60 trace — —
4 70 17 30.7 3.23
5 80 25 19.6 2.44
6 90 79 11.8 1.95

aM, and M, were determined by GPC calibrated with standard
polystyrenes.
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Figure 1. 400MHz '"H NMR spectra of XDS and poly(XDS) in CDCl; at

25°C.

Table Il. Bulk Polymerization of XDS in the Presence of XDT?
[XDT]/[XDS] Time Temp. Yield 4
No. x 102 (h) (DC) (%) M, x 10 My [ M,
7 1 2 80 21 9.2 1.63
8 2 48 90 19.6 1.6 2.51

aM, and M, were determined by GPC calibrated with standard
polystyrenes.

8= .88

Polymerization
Poly(XDS-XDT)

Scheme 2. Synthesis of linear polymer.

To clarify further the structure of the poly(XDS), thermal
polymerization of XDS was examined in the presence of o,o'-
mercapto-o-xylene (XDT). The results are listed in Table II.
The polymer yield and molecular weight of polymers became
low as compared to the polymerization in the absence of XDT.
If XDT acts as a strong chain-transfer agent, this polymeriza-
tion will give a liner poly(XDS-XDT) having dithiol groups at
the chain end as illustrated in Scheme 2.

The 'H NMR spectra of poly(XDS-XDT) and poly(XDS)
are shown in Figure 2. The triplet peaks based on the thiol
proton were observed at 1.76 ppm in addition to the methylene
protons in the main chain, but this peak was not observed
on the spectrum of poly(XDS). Namely, poly(XDS-XDT) is
clearly a liner polymer, and poly(XDS) was presumed to be a
cyclic structure.

Since it is difficult to confirm clearly the cyclic structure of
the poly(XDS) by NMR spectroscopy, the MALDI-MS of the
polymer was measured to confirm the structure. The charts are
shown in Figure 3. The observed peaks were in good agree-

©2009 The Society of Polymer Science, Japan
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"H 400 MHz "H NMR spectra of poly(XDS-XDT) and poly(XDS) in
CDCl3 at room temperature. Y-axis is x 100 times in the expanded
spectra at 1.6-2.0 ppm.

Figure 2.
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Figure 3. MALDI-MS charts of poly(XDS) (GPC data; M, = 2.6 x 10°, My, =
5.1 x 10%, My/M, =1.92), Matrix: 2,5-Dihydroxybenzoic acid,
Cationization reagent: AgTFA, (a) is observed chart and (b)
theory chart taking into isotopic effect.

ment with the cyclic poly(XDS) with repetition of 168 Da
intervals. The peaks expanded at near m/z 1453 are also shown
in Figure 3(a) and 3(b). The isotope distribution of a measured
ion accords with the theory value of the cyclic structure
[(CsHgS»)s + Ag]. Namely, the cyclic structure was confirmed
by the detected ion.

Polymerization of XDS in the Presence of Cyclic Poly(oxy-
ethylene)

Taking the polymerization mechanism of cyclic disulfides
into the consideration, it will be possible to synthesize an
interlocking product consisting of two different ring polymers
from thermal polymerization of XDS in the presence of another
cyclic polymer. For this purpose, thermal polymerization of
XDS was conducted at 90 °C for 15 h in the presence of cyclic
poly(oxyethylene) (CPO). The results are listed in Table III.
After the polymerization, the products were extracted with an
excess of methanol to remove the non-interlocking CPO,
because CPO dissolves easily in methanol.

Table lll. Bulk Polymerization of XDS

in the Presence of CPO at 90°C for 15h?
No. [CPO]/[XDS] x 102 Yield (%) M, x 104 My /M,
9 2.7 13.8 40.1 2.23

aM, and M, were determined by GPC calibrated with standard
polystyrenes.

Figure 4. 400MHz "H NMR spectrum of poly(XDS)-CPO in CDCl3 at room

tempe rature.
(a)
| | Il _ Il |
103 10* 10° 100 107
(b)
1 1 1 1 |
103 10* 10° 100 107

Molecular weight

Figure 5. GPC elution curves of (a) CPO (M,, = 825, M,,/M, = 1.01), and
(b) poly(XDS)-CPO (M, = 40.1 x 104, My /M, = 2.23) in THF.

The 'H NMR spectrum of the reaction product is shown in
Figure 4. Not only signals at 3.67, 7.09-7.13 and 7.21-
7.25 ppm based on methylene and phenyl protons in main chain
of poly(XDS), but also the signal based on methylene protons
in main chain of CPO were detected at 3.7 ppm. Although these
signals based on both polymers were observed in 'H NMR
spectrum of the polymeric product, these may be due to only
mixture of poly(XDS) and CPO.

Figure 5 shows GPC elution curves of the polymeric product
and CPO. The GPC elution curve of CPO exhibited one large
peak. On the other hand, in the GPC elution curve of the
polymeric product, no peak corresponding to the molecular
weight of CPO was observed. This indicates that the polymeric
product obtained from thermal polymerization of XDS in the
presence of CPO maybe include a polycatenane structure
entangled by cyclic poly(XDS) and CPO each other. The yield
of the polycatenane estimated by the NMR spectrum of the
product was also very low like only 0.05%. Such very low yield
was reported by Wasermann on the [2] catenane formation.?’
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Figure 6. TG curves of poly(XDS) and poly(DT) at a heating rate of 10°C/
min in nitrogen atmosphere.
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Figure 7. DSC curve of (a) poly(XDS) and (b) linear poly(XDS) at a heating

rate of 10°C/min. under nitrogen atmosphere.

Thermal Poperties of Poly(XDS)

The thermal analyses of poly(XDS) and poly(DT) were
examined in detail. The TG/DTA charts are shown in Figure 6.
The initial decomposition temperature of the sample (i) is
defined as the temperature of 5% weight loss determined by
TG/DTA. The Tiy of poly(XDS) was found to be ca. 190°C
and that of poly(DT) was ca. 140°C.%¢

The Tiy of poly(XDS) was higher than of poly(DT). After
the initial decomposition, the residual weights of both
polymers rapidly decreased. The results of DSC measurement
are shown in Figure 7. The glass transition temperature (75)
and the melting point (7};,) of poly(XDS) were ca. 39°C and
ca. 95°C, respectively. For linear poly(XDS) obtained from
polymerization of XDS in the presence of dibenzyldisulfide
these values were 40°C and 82°C. Since the T, and T;, of
poly(DT) were reported to be ca. —55°C and ca. 42°C,
respectively,*® poly(XDS) is more rigid than poly(DT). This
may be related to the presence of benzene ring in the main
chain.

Wide-angle X-ray Diffraction Analysis

Wide-angle X-ray diffraction analysis of poly(XDS) and
poly(DT) were performed, and the patterns are shown in
Figure 8. The crystallinity of poly(XDS) was calculated to be

(a)

Intensity

(b)

10 20 30 40

2 6 Angle (degree) [CuK,]

Figure 8. Wide-angle X-ray diffraction patterns of (a) poly(DT) and (b)
poly(XDS).

log E', E" (Pa)

log tan &

-2

-100 -50 0 50 100 150
Temperature (°C)

Figure 9. Temperature dependence of E’, E” and tan§ for poly(XDS) at a
frequency of 10 Hz.

ca. 7% from the area ratio of the crystalline region to the total
regions. In the poly(DT), it was ca. 30%. Although the
difference in the crystallization mechanism for both polymers
is not clear, benzene rings in the main chain may change
crystallization.

Mechanical Properties of the Polymers

Mechanical properties would give useful information about
the polymer structure as reported previously.*® So temperature
dependences of storage modulus (E’), loss modulus (E”) and
tan$§ for poly(XDS) were investigated, and the results are
shown in Figure 9. The M, of poly(XDS) was determined by
GPC to be 8.4 x 10*. Above the temperature of ca. 39°C,
E' and E” values decreased significantly, and tan§ values
temporarily increased, which is in good agreement with the
glass transition temperature of poly(XDS) determined by DSC.
Interestingly, £’ and E” were constant above 100°C, ie.,
poly(XDS) showed a rubbery plateau even though the polymer
is molten state. Taking the unusual behavior of poly(XDS) at
molten state into consideration, the observed dynamic viscoe-
lasticity behavior of poly(XDS) above the melting point of the
polymer may be attributed to the catenane structure.

Solubility of the Polymer
In the dissolution process of poly(XDS), the polymer first
swells like a gel and the volume of poly(XDS) expands for a

©2009 The Society of Polymer Science, Japan
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Figure 10. 400MHz "H NMR spectra of poly(XDS) before and after decom-
position in CDCl; at room temperature.

long time, and eventually it dissolves in CHCl; and THF. On
the other hand, poly(XDS-XDT) with a similar molecular
weight dissolved instantly in THF and CHCl3, and a gel like
state during dissolution process was not observed. The differ-
ence in dissolution process between two polymers suggests that
poly(XDS) contains a spatially linked structure.

Degradation of the Polymer

On the thermal decomposition of poly(XDS) by TG analy-
sis, it was observed that rapid weight loss was observed at the
initial stage of the decomposition. After the decomposition
of poly(XDS) under UV irradiation in chloroform at room
temperature using a high-pressure Hg lamp, peaks of the
polymer and the monomer were only observed in the '"H NMR
spectrum of the reaction product of poly(XDS), as shown in
Figure 10. This suggests that depolymerization of poly(XDS)
finally gives XDS.

This indicates that the molecular weight of non-interlocking
cyclic polymers which are component of polycatenane is able
to be estimated. If the polymer consists of cyclic polymers
bearing similar molecular weights, the degradation of the
polymer will give a non-interlocking cyclic polymer with
similar molecular weight as illustrated in Scheme 3. In the
decomposition of the poly(XDS), the molecular weight of the
polymer estimated by GPC should rapidly decrease at the early
stage of the degradation reaction, there are the interlocked
structural entanglements. The S—S bonds should be cleaved by
UV irradiation. Actually, similar decomposition behavior was
reported in the case of poly(DT).**6 To elucidate the point
for the poly(XDS), the photodecompositions were carried out
under UV irradiation in THF at room temperature using a high-
pressure Hg lamp, and the results are shown in Figure 11. The
molecular weight decreased remarkably at the early stage of
the decomposition. After that, the molecular weights were
constant even for a prolonged irradiation time, which is similar
to that of the poly(DT) assumed to consist of polycatenane
structures.

hv
C——— > Monomer

Non-crosslinked cyclic
polymer or oligomer

Scheme 3. lllustration for Photodecomposition Process of Polycatenane
Structure.
X
=
0 .
0 1 2 3 4
Time(h)
Figure 11. Photodecomposition behaviors of poly(XDS) in THF (0.02 wt %)

with a high-pressure Hg lamp at room temperature.

Figure 12 shows the GPC elution curves of the photo-
decomposition products of poly(XDS). From the GPC elution
curves, it was found that the peak of the high molecular weight
region disappeared rapidly at the early stage of the decom-
position. After that, the peak converged on a certain low
molecular weight (ca. 2.0 x 10%). The converged region is
assumed to be a molecular weight of a non-linked cyclic
poly(XDS). On the basis of the results obtained, it would be
concluded that polycatenane structure is formed by the bulk
polymerization of XDS.

The formation of polycatenane from the ring opening-
polymerization of cyclic disulfides may be explanation by the
followings. The polymerization conditions of cyclic disulfides
are consider to prefer intermolecular reaction rather than
intramolecular reaction. Intermolecular reaction is typical
propagation process in the polymerization, leading to the
formation of linear polymers. The cyclic polymer can be
obtained mainly by a back biting reaction. It does not depend
on concentration of monomer. Thus the bulk polymerization
prefers to form cyclic ring rather than solution polymerization.
In addition, chain penetration in cyclic polymer is also
preferable in bulk polymerization, since many formed cyclic
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10° 10* 108 10°
Molecular weight
Figure 12. GPC elution curves for the photodecomposition products of

poly(XDS) in THF (0.02wt %) with a high-pressure Hg lamp at
25°C.

rings are present in the bulk polymerization system. Moreover,
the formed ring is able to attack again the active chain end to
give active chain, and such polymer is also possible to induce
back biting reaction to form a polycatenane structure.

CONCLUSION

The polymerization of highly purified XDS proceeded easily
at reaction temperatures above the melting point of XDS giving
high molecular weight polymer. From the structural analysis
of poly(XDS), the polymer was found to have cyclic structure,
in contrast to that linear polymer obtained from the polymer-
ization of XDS in the presence of thiol compounds such as
XDT.

TG Analysis and DSC measurement of poly(XDS) indicate
that the polymer is more thermal stable in comparison to
poly(DT). Wide-angle X-ray diffraction analysis showed that
the crystallinity of poly(XDS) was lower than that of poly(DT).

Dynamic viscoelastic measurement demonstrated that the
poly(XDS) showed a rubbery plateau in the melt state of the
polymer even though the polymer has no crosslinking structure.
A difference in solubility between poly(XDS) and poly(XDS-
XDT) for CHCl; or THF was also observed. Thus, we would
like to conclude that poly(XDS) obtained from thermal
polymerization of XDS includes a polycatenane structure,
and the molecular weight of non-interlocking cyclic polymers
was estimated to be ca. 2.0 x 10° from decomposition of the
original polymer.
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