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ABSTRACT: Copolymerization of lipoic acid (LPA) and 1,2-dithiane (DT) and characterization of the resulting
product were investigated. The copolymerization induced readily to give high-molecular-weight polymers in high
yields. The difference in the polymerization reactivity between the two monomers may originate from the strain
energies of the monomers. The mechanical properties of poly@dB¥) demonstrated that the polymers contains
polycatenane structures. The molecular weight entanglerivehof poly(LPA-co-DT) estimated from a dynamic
viscoelasticity measurement was in good agreement with the half value of the molecular weight of a noninterlocked
cyclic polymer estimated from the photodecomposition of poly (L&D T).

Introduction 1940s'® characterization and structural analyses of the polymers
have not been investigated in detail for a long time. Since 1,2-

Recently, much attention has been paid to topologically "¢V . ¢ .
y P polagica’y dithiane (DT) is relative stable monomer, we studied on

unique macromolecules containing a single cyclic or multicyclic L e . .
polymer unit from the viewpoints of not only the distinctive polymerization of 1,2-dithiane (DT) to investigate a structure

A7 izati -
properties from linear polymers but also elements of architectur- of the_ formed p(_)lymeréfé Ffo”? the po_lymerlzatlon mec_h_a
ally complex polymers and interlocked macromolecules such MSM N polymerization of .DT W'thou.t initiators, the solubility
as polyrotaxanes and polycatenaties and the photodecomposition behavior of the formed polymer,

For synthesizing cyclic polymers, many approaches such asthe polymerization in the presence of other cyclic polymer, th_e
backbiti)rllg procesg']s gy rin%cr?ain equilibr?/umpspof poly(dim- pr opertles_ qf the polymers esumateql from DSC and d_yna_mlc
ethylsiloxane)$, the cyclization by intermolecular coupling vscoelgstl(:lty, gpd the pplymgr obtalngd from polymerlza.tlon
reaction of a bifunctionally living anionic polymer precursor of DT without initiators using highly purlfl_ed monomer contains
with a complementarily reactive bifunctional reageftand polycatenane structure composed of interlocking system by

unimolecular process such as the cyclization by intramolecular erl'ganglements with cyclic polymers, as illustrated in Scheme
reactions of ano,w-heterobifunctional telechelic polymer ) . o

precursof® have been developed. Other methods using the Such structure will be maintained even when the copolym-
anionic polymerization g6-bL-butyrolactone oL -lactide with erization between cyclic disulfides. Moreover, if we use lipoic

cyclic dibutyltin initiators? the “electrostatic self-assembly and acid (LPA) which is five_-membgred cyclic disulfide with a
covalent fixation"%11 and ring-opening metathesis polymeri- carboxyl group at the side chain, such a copolymer can be

zation of cis-cyclooctene using the cyclic type of the Ru aPPlied as a functional copolymer to develop new polymer
complext2 were also reported structures. In this article, we report on copolymerization of LPA

Although many methods of the syntheses of cyclic polymers with _DT and the characterization of the resulting copolymer in
have been investigated, characteristic functions for cyclic detail.
polymers have been hardly found in the literattifé:813
Although it is expected to show specific characters based on
the structured? it is difficult to synthesize polymers with

Experimental Section

Reagentsl1,4-Butanedithiol (BDT, Tokyo Kasei Kogyo, Japan)
éand p-toluenesulfonyN-methylN-nitrosoamide (Tokyo Kasei Ko-

polycatenane structure, because the formation of a catenan Gyo, Japan) were used without further purification. LPA (Tokyo
structure should be followed by an intramolecluar cyclization Kasei Kogyo, Japan) was purified by recrystallization from cyclo-

aftgr the chain .pas_sed through a inside of cyclg chain fqrmed hexane: mp 61:362.0°C (lit.18 mp 6162 °C). Other reagents

during polymerization. Namely, we have to design a suitable ang solvents were purified by conventional methods. DT was

polymerization system, in which a cyclization by backbiting synthesized from BDT as described in a previous pabend the

and coupling reactions is induced frequently to form catenane. purity of DT determined by HPLC was above 99.9%.

Taking these conditions into consideration, we investigate Polymerization Procedure.Polymerization was carried out in

polymerizations of cyclic disulfides. a sealed glass tube. After ca. 1.0 g of comonomer was charged,
Many approaches have been reported to prepare p0|ymersthe tube was degassed and then sealed under hlgh vacuum. After

containing disulfide linkages in the main chain have been POlymerization at constant temperature for a given time in
reportedts Among them, ring-opening polymerization of cyclic thermostat, the tube was opened, and the contents in the tube were

disulfides i int i thod f thesizi h poured into a large amount of cyclohexanadrexane to precipitate
Isuides 1 an interesting method for Synihesizing such y,o polymer formed. The polymer was washed well with a large

polymers. Although syntheses and polymerizations of cyclic 4mount of cyclohexane ar-héxane and dried in vacuo at room

d|SU|f|deS haVe been |nVest|gated since the Second half Of thetemperature for Overnight_ The isolated p0|ymer y|e|d was deter-

mined gravimetrically.

* Corresponding author: Fax and Te€B1-6-6605-2697; e-mail endo@a- Methyl Esterification of Polymers. The resulting polymer (0.5
chem.eng.osaka-cu.ac.jp. g) was dissolved or swollen in 50 mL of THF. To this, ca. 5 mL
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Scheme 1. Thermal Polymerization of DT and lllustration for Table 1. Thermal Copolymerization of LPA with DT in Bulk at 80

Polycatenane Structure °C for 6 h

[LPA]in [LPA]in

(‘) comonomer  polymer copolymer

(—> 4 () %\ (Mol %)  vyield (%)  (Mol%)  Mpyx 1042  My/M2
"N S ST\ T G\)\ N\ 100 80.3 100.0 416 2.35
1,2-Dithiane 0 70 70.1 77.9 55.0 2.10
on) 50 61.3 58.1 36.5 1.99
30 58.0 37.6 20.1 1.45
20 47.8 25.2 25.3 1.61
of diazomethane solution of diethyl ether, which was synthesized 0 35.8 0.0 16.8 1.43

from p-toluenesulfonylN-methyl-N-nitrosamide, was added under
stirring at room temperature, and then bubbles were generated. After
diazomethane solution was added until no bubbles from the solutiontaple 2. Solubilities of the Copolymers for Various Solvents at 25C
were generated, the reaction mixture was poured into a large amount before Methyl Esterification?

of methanol to precipitate the polymer. The polymers were washed
well with an excess of methanol and dried in vacuo at room

a Determined by GPC.

[LPA] content in comonomer (mol %)

temperature for overnight. solvent 100 70 50 30 20 0
Preparation of Casting Samples.The casting film of the THF o) 0 o) o o o
polymer was prepared from a chloroform solution of the polymer.  pyridine o) @) @) ¢ @) A
Poly(DT) washed well with a large amount wfhexane and dried DMF ) @) ) @) A X
completely was dissolved in chloroform-+2 wt %). The chloro- DMSO A A A A x X
form solution of poly(DT) was poured into a glass mold whose acetone S x x x x x
size 100 (L)x 5 (W) x 5 (T) mm in the dark. The solvent was  chloroform X X x X x O
methanol X X X X x X

dried in at atmospheric pressure at room temperature in the dark,

and then thin film was obtained. After such operation was repeated 2 Symbols: O = soluble,A = swelling, andx = insoluble.

to make samples with predetermined thickness, they were dried in

vacuo at room temperature for overnight. room temperature. The molecular weight of the isolated product
Polymer Characterization. The number-average molecular was measured by GPC.

weight M), the weight-average molecular weigi), and the

molecular weight distributionsM,/M,) of the obtained polymer Results and Discussion

were determined by GPC at 38 in tetrahydrofuran (THF) as an N . .

eluent using a Tosoh GPC-8000 series system. The calibration of . Thermal Copolymerization Oof i POIymegza'

molecular weight of the polymers was established with standard ion of both LPA (bp 6162 °C) and DT (bp 3+32 °C)

polystyrenestH (400 MHz) andi3C (100 MHz) NMR spectra were proceeds without initiators above the melting points of each

recorded on a JEOL A-400 spectrometer in CP®Ith tetram- monomer, but they did not polymerize below their melting

ethylsilane as an internal standard at room temperature. IR spectrgpointsi®17.20.21The results suggest that the thermal copolym-

were taken by use of a JASCO FT/IR 430 spectrometer. The erization of two cyclic disulfides will be induced, when the

polymer samples were prepared according to following procedure: copolymerization is carried out above the melting points of both

the polymer was dissolved in a solvent, and the polymer solution monomers. The copolymerization of DT and LPA in bulk was

was added dropwise onto a NaBr plate. DSC measurement Wasgondycted at 86C, and the results are shown in Table 1. The

carried out with a SEIKO Instruments Inc. DSC 6200 in a nitrogen .., merization gave a product, and the yields increased with
stream at a heating and cooling rate of AWmin. The sample . S
an increase of LPA concentration in the feed.

weights for DSC were ca. 10 mg. TG/DTA measurement was - :
carried out with a SEIKO Instruments Inc. TG/DTA 6200 at a  lable 2 shows the solubility of the reaction product for
heating rate of 10C/min in a nitrogen stream. The sample weights Various solvents. Each homopolymer can dissolve in both
for TG/DTA were ca. 5 mg. acetone and chloroform, but the copolymerization products did

Dynamic mechanical measurement of poly(LE&DT) was not dissolve in the solvents. In addition, the solubility of the
performed by use of a SEIKO Instruments Inc. DMS 6100 in the product to DMSO and DMF has changed gradually with
shear mode operating at a frequency of 0.1 to 20 Hz. The decreasing of LPA composition in the feed, indicating that the
dimensions of the testing sample are 32 §&)5 (W) x 1.5 (T) copolymerization of LPA and DT proceeds to give the copoly-
mm. Nitrogen gas was circulated in the environment chamber t0 g1

prevent the testing sample from degrading during the measurement. The typical®H NMR spectra of the polymers after methyl

The shear storage modulug'), the shear loss modulu&'(), and o T A P
the loss factor (tan) were obtained at a heating rate of@/min esterification are shown in Figure 1. Copolymer composition

in the range from-120 to 100°C. calculated from the integration ratio bfand2 peaks based on
Wide-angle X-ray diffraction patterns in the rangé 2 3—45° methyl of LPA unit and methylene gtposition of DT unit are
were measured on a Shimadzu XD-610 diffractometer and a &lso listed in Table 1. On the basis of the data, the comonemer
RIGAKU X-ray diffractometer RINT-Ultima with Cu K radia- copolymer composition curve was obtained, and the results are
tion. depicted in Figure 2. The reactivity of LPA comonomer was

Photodecomposition of Polymers.Photodecomposition of  found to be slightly higher than that of DT, which may be
polymers dissolved in THF (1 wt %) was carried out in a sealed explained by a difference in the ring strains between mono-
glass tube under UV irradiation at a distance of 10 cm from tube. mersl9.22
UV irradiation was performed using a Toshiba SHL-100-2, 100 Since a cr i :

. ystallinity and thermal properties of polymers should
W, as a high-pressure mercury lamp. The ca. 10 mL of the THF change by introduction of another monomer units in the main

solution of the polymer was charged, and then the tube was . . -
degassed and sealed under high vacuum. After photodecompositior?ha'n' X-ray diffraction and DSC measurement for poly(LPA-

at room temperature for a given time, the tube was opened, and0-DT) with various copolymer compositions were examined,
then the contents in the tube were poured into a large amount ofand the results are listed in Table 3. The crystallinity decreased
methanol to precipitate degradation products. The degradationgradually with an increase of the LPA contents in the copolymer.
products were washed well with methanol and dried in vacuo at Both the melting pointTy) and the melting peak area of ﬂ&?DV
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Figure 1. *H NMR spectra of (a) poly(LPA), (b) the polymer obtained Temperature (°C)
from thermal copolymerization of LPA with DT at comonomer Figyre 3. DSC curves of poly(LPAeo-DT)s obtained from copolym-
composition 1:1, and (c) poly(DT). erization of LPA with DT in bulk at 80C for 6 h: [LPA] content of

" (a) 100, (b) 58.1, (c) 37.6, (d) 10.2, (e) 3.0 and (f) 0 mol % in copolymer
100 at a heating rate of 18C/min in nitrogen stream.
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Figure 2. Copolymer composition curve for the thermal copolymer- ——1r—rrr1rr 1717 7T
ization of LPA with DT. 175 150 125 100 75 50 2 o
Table 3. Crystallinity and Thermal Analysis Parameters of Figure 4. 3C NMR spectra of poly(LPAco-DT) ([LPA] in copolymer;
Poly(LPA-co-DT)s 58.1 mol %) obtained from thermal copolymerization of LPA with DT

in bulk at 60°C for 6 h.

[LPA] in copolymer

0, ini 0, a(° b (o
(T;)(I)s) CrySta”(')ngyM) j: () T33(7CO) by NMR spectroscopy. Figure 4 shows a typiédC NMR

581 0.0 T 433 spectrum of met_hyl_ ester of poly(!_Pé&DT). Each peak can

37.6 0.0 _b —49.6 be assigned as indicated on the figure. Moreover, the structure
10.2 7.1 30.0 —53.3 of copolymers consisting of LPA with DT units was elucidated
3.0 18.5 33.1 —54.8 from theH NMR spectrum of methyl ester of poly(LPée-
0.0 31.6 415 —55.6 DT). The H NMR spectra of methyl ester of poly(LPée-

a Determined by DSC? T,,, was not observed. DT) and the expanded spectra of the expected peak region based

on the end groups for assuming a linear polymer are shown in

copolymer decreased with an increase of LPA contents, asFigure 5. In thetH NMR spectrum of each linear methyl ester
shown in Figure 3. The melting peak area disappeared com-polymer of poly(LPA€o-DT) synthesized by the polymerization
pletely when the LPA composition of the copolymer was above in the presence of BDT, the peak based on thiol end groups
37.6 mol %. On the other hand, the glass transition temperatureappeared at 0.85 and 1.38 ppm, and two methylene protons
(Tg) of the copolymers gradually increased with an increase of based on adjoining thiol ends appeared at2% ppm should
the LPA contents in the copolymer. This also supports that the be observed, but such peaks due to the linear chain ends were
copolymerization products are the copolymer of LPA and DT. not observed in the copolymers. These results suggest that the

Structural Analysis of Copolymer. The structure of the poly(LPA-co-DT) consists of cyclic structure as well as poly-
resulting copolymer after methyl esterification was examined (DT). CDV
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Figure 5. *H NMR spectra of poly(LPAco-DT) ([LPA] in copolymer;
58.1 mol %) obtained from thermal copolymerization of LPA with DT
in bulk at 80°C for 6 h: (a) the whole and (b) the expanded spectra.
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Figure 6. Temperature dependencesif E"’, and tand for poly-
(LPA-co-DT) ([LPA] in copolymer; 37.6 mol %) obtained from the
thermal polymerization in bulk.

The dynamic viscoelasticity measurement of poly(LB&\-

DT) was performed, and the results are shown in Figure 6. The

temperature dependences of storage mod@)sl¢ss modulus
(E™), and tand are measured at a frequency of 11 Hz using the
copolymer whose thif,, was 4.4x 1 and the LPA content

in the poly(LPA€o-DT) was 37.6 mol %. In the dynamic
viscoelasticity curvesE’ and E" values decreased when the
polymer sample was heated from ea70 up to ca. ®C. On

the other handE’ and E"" values kept almost constant when
the polymer sample was heated over ca&2@ Namely, the
rubber plateau was observed for the poly(LB&DT). As
shown in Figure 7, the GPC elution curves of the polymer
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T T
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Figure 7. GPC elution curves of the poly(LPAe-DT) ([LPA] in
copolymer; 37.6 mol %) before (solid line) and after (dotted line)
dynamic viscoelasiticity measurement.
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Figure 8. Frequency dependence & for the poly(LPA€o-DT)
([LPA] in copolymer; 37.6 mol %).

8. The slope of the rubbery region Bf gradually became large
with a decrease of the frequency. The rubbery plateau region
became shorter with a decrease of the frequency, suggesting
that the polymer has a entanglements between interlocked cyclic
polymers. Vulcanized rubbers and triblock copolymers such as
poly(styreneb-butadiends-styrene) are known to reveal a rubber
plateau originated from the cross-linking and the hard segments,
respectively. Despite that, poly(LP&s-DT) is not vulcanized

and has only simple repeating units of LPA and DT in the main
chain. Thus, we presumed that the poly(LE&DT) contains

the intermolecular entanglements derived from topologically
linked structure of the cyclic componeht.

Photodegradation of the Copolymer.The photodecompo-
sition of the copolymer of LPA and DT was conducted under
UV irradiation at room temperature using a high-pressure Hg
lamp. The results are shown in Figure 9, in which the results
for each homopolymer are also indicated to comparison. At the
early stage of the decomposition, the molecular weight of each
polymer decreased remarkably. After a rapid decrease of
molecular weights of the polymers at the initial stage of the
reaction, they kept on almost constant even for a prolonged time.

The GPC elution curves of the photodecomposition products
of the poly(LPA€0-DT) ([LPA] = 37.6 mol %) are shown in

samples did not change before and after the measurementFigure 10. After high-molecular-weight region on the GPC
suggesting that no reaction occurred during the measurementelution curve disappeared rapidly at the early stage of the

The frequency dependenceBfon the dynamic viscoelasi-

decomposition, the curves converged on a certain low-molec-

ticity was also examined, and the results are shown in Figure ular-weight region (theéM,, of the product was estimated to %V



4042 Endo and Yamanaka

120 G
(O) poly(LPA)
100 | (&) poly(LPA-co-DT)
([LPA] in copolymer; 58.1 mol%)
N (V) poly(LPA-co-DT)
80 ¢ ([LPA] in copolymer; 37.6 mol%)
5 (%) poly(DT)
% 60 |-
S
40
(@]
20 (A
by
0 ngggmgavmvg 2
2

0 4

Time (h)
Figure 9. Photodecomposition behaviors of poly(LPA), poly(LPA-
co-DT)s, and poly(DT) in THF (1% w/w) under irradiation of a high-
pressure Hg lamp at 28C.
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Figure 10. GPC elution curves of the photodecomposition products

of poly(LPA-co-DT)s ([LPA] = 37.6 mol %) in THF (1 wt %) under
irradiation of a high-pressure Hg lamp at at 5.

Scheme 2. lllustration for Photodecomposition Process of
Polycatenane Structure

C@ LN Cé.i‘js

ca. 5.0x 10° g/mol), and such an elution curve did not change
during the photodecomposition. THd, on the converged
regions of poly(LPAeo-DT) depended on the copolymer
composition. The decomposition behavior of poly(LE&DT)

is in good agreement with that of poly(DT). Thus, the results
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Scheme 3. Concept of Molecular Weight Entanglement

\
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ments. The modulus strength of the rubbery plateau, that is,
pseudo-equilibrium elastic modulué;?(), can be represented
by the following formula and estimated by the molecular weight
entanglementM¢) and the number of the main chain bonds
between entanglemeritly).

G = pRTIM, = pRTIMN,

- )

@)

wherep is polymer densityR indicates gas constant, aids
absolute temperature. When the elastic modulus in the range
of rubbery plateau obtained by the dynamic viscoelasticity
measurement of the poly(LP£e-DT) ([LPA] = 37.6 mol %),

the polymer density, gas constant, and temperature were
substituted in formula 1, th®le was calculated to be ca. 2.65

x 10° g/mol.

The Mg on polycatenane structure should mean half value of
the molecular weight of a noninterlocked cyclic component, as
represented schematically in Scheme 3. If the assumption that
poly(LPA-co-DT) contains such polycatenane structure is cor-
rect, theMe of poly(LPA-co-DT) corresponds to the half value
of the molecular weight of a single cyclic polymer estimated
from the photodecomposition behavior. In the poly(LBé-

DT) ([LPA] = 37.6 mol %), theM, (ca. 2.65x 10° g/mol)
estimated by the dynamic viscoelasticity method was in good
agreement with the half value of the molecular weight of a single
cyclic component (ca. 5.0< 10° g/mol) estimated by the
photodecomposition of the copolymer. Accordingly, it would
be concluded that the poly(LP£e-DT) obtained from the
copolymerization in bulk contains polycatenane structure.

Conclusion

Thermal copolymerization of LPA with DT was induced
readily to give a high molecular weight polymer in a high yield.
The reaction products are poly(LP#&-DT) from the3C NMR
spectroscopy and the solubilities of the products. A difference
in the polymerization reactivities between two monomers may
be originated from the difference in the respective strain energies
of the monomers. It was also presumed that the poly(lcBA-
DT) consist of cyclic structure as well as poly(DT). The
copolymer structure was assumed to be polycatenane structures
consisting of the entanglements of cyclic polymer from a
photodecomposition and the mechanical properties of poly(LPA-
co-DT). TheMg of the poly(LPA€0o-DT) estimated by dynamic
viscoelasticity method was in good agreement with the half

suggest that the copolymer contains a polycatenane structuresalue of the molecular weight of a noninterlocked cyclic

consisting of interlocked cyclic polymers, and thus the degrada-
tion of the copolymer is illustrated in Scheme 2.

Molecular Weight Entanglement. In general, rubber elastic-
ity is shown under elastic control originated from some meshes
of a net formed and relaxation mechanisms being lost. The

meshes of a net are formed by an physical linkages, and the

physical linkage called it as an entanglement is originated from
polymer chains crossing each other and their restricted move-

polymer estimated by the photodecomposition behavior of the
poly(LPA-co-DT). Thus, we concluded that the poly(LR%-
DT) contains a polycatenane structure.
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