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ABSTRACT: We have demonstrated a facile method for the synthesis of a new kind of degradable gel, which
is prepared by the introduction of a dienyl group into the side chains or the chain ends of conventional polymers
such as poly(acrylic acid), poly(ethylene oxide), poly(2-hydroxyethyl methacrylate), and poly(vinyl alcohol) and
the subsequent radical copolymerization of the diene with oxygen in the presence of a radical initiator. The
obtained gels contain the polyperoxy units as the cross-linking points and readily degrade upon heating. Sorbic
derivatives including epoxy and anhydride functional groups are used as reagents for the dienyl functionalization
of the precursor polymers with a high efficiency. The heat of degradation of the polymer gels synthesized in this
study is much smaller than that of the previously reported polyperoxides as degradable polymers and gels. This
method is applied to the preparation of various kinds of polymer networks programmed for degradation after
temporary use.

Introduction Chart 1
Chemically, physically, or topologically cross-linked polymer f
gels are important for industry, biotechnology, and medical /\/\)I\O/V
applications: For example, hydrogels are used as drug delivery S
Gs

matrices and tissue engineering scaffolds with high performance
designed by a controlled network structure and combination with
various kinds of polymer&:14 By incorporating a degradable

0] 0]
linkage into gels, we can claim more variety of application of /\/\)J\OW

the gels as materials programmed for degradation after tempo-

rary use. The structural change and degradation of the network SAn
polymers are triggered by a stimulus such as heatifigt?
pH2021 glucose?? antiger?® and enzymatic activitie¥! We tional polymers using reagents such as epoxy- and anhydride-

recently reported that polyperoxide (PP), as a new kind of a containing sorbic derivatives (GS and SAn in Chart 1), and the
degradable polymer, is readily produced by the radical copo- dienyl-functionalized polymers were reacted with oxygen to

lymerization of 1,3-diene monomers with oxygen under mild yield gels containing PP units at the cross-linking points. The
conditions?>~32 The obtained PP includes a labile-© bond thermal degradation properties of the obtained gels were

in their main chain, leading to be readily degraded via a radical jhvestigated.

chain mechanism using stimuli such as heating, UV irradiation,

and the addition of a bagé?8We also synthesized the PP gels Experimental Section
by the radical copolymerization of bifunctional diene monomers
such a; ethylene glycol disorbate and vmyl sorbatg with ular weights M, and M,;) were determined by gel permeation
oxygen: Mor_e rec_ently, we reported the rational de_5|gn _Of chromatography (GPC) in tetrahydrofuran (THF) as an eluent using
polymer gels including the PP structure as degradable junctions, Tosoh CCPD RE-8020 system and calibration with standard
by the copolymerization of telechelic poly(lactic acid) (PLLA)  polystyrenes and poly(ethylene oxide)s. The NMR spectra were
with oxygen3®2 It was demonstrated that PLLA with a dienyl recorded using a JEOL JMN A-400 spectrometer. Differential
group at thea- and w-chain ends gave PLLA gels including thermal analysis (DTA) was carried out using a Seiko TG/DTA
temporary cross-linking points, for which degradation induces 6200 in a nitrogen stream at a heating rate of @min. The heat

a drastic change in the structure and properties of PLLA upon of decomposition per milligramH) of the polymer was calculated
heating. The PLLA functionalized with a terminal dienyl group from the intensity of an exothermic peak in a DTA curve and the
was synthesized by living anionic polymerization in our previous d€viceé constant, which was determined using Aghiad KNGy
study. However, it is required to propose a more convenient as the rgference materials (4.4310° ”V'S/k.J)'. .o .
method for the preparation of polymer networks containing a Materials. The solvents were used after distillation.'242obis-

labile peroxv bond as a dearadable iunction for temporar CrOSS_(4-meth0xy-2,4-dimethylvaleronitrile) (AMVN) was recrystallized
abre p y 9 J mp y from methanol. 2-Hydroxyethyl methacrylate (HEMA) (Wako Pure
linking. In the present study, therefore, we introduced a

_ : . - . Chemical Ind., Ltd. Osaka) was distilled under reduced pressure.
dienyl group into the chain ends or the side chain of conven- poy(ethylene oxide) (PEGW, = 910 and 600, Aldrich), poly-
(acrylic acid) (PAAM,, = 1.5 x 10% Wako Pure Chemical Ind.,
* Corresponding author: Fax81-6-6605-2981; e-mail matsumoto@  Ltd. Osaka), and poly(vinyl alcohol) (PVAWl, = 2.52 x 10%,
a-chem.eng.osaka-cu.ac.jp. degree of saponificatiosr 86.5-89 mol %, Kishida Chemical Ind.,

General Procedures.The number- and weight-average molec-
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Scheme 1 was confirmed by*H and*C NMR spectroscopies. The spectral
data for GS are as follows.
[ s DMF, 90°C_ Colorless liquid:iH NMR (400 MHz, CDC}): 6 7.30 (dd,J =
15.6 and 9.6 Hz, CKCH=CHCH=CH, 1H), 6.19 (m, CHCH=
¢ OH CHCH=CH, 2H), 5.81 (d,J = 15.6 Hz, CHCH=CHCH=CH,

1H), 4.48 and 3.99 (ddl = 12.4 and 3.2 Hz, dd] = 12.4 and 6.4
Hz, COOCH, 1H x 2 (geminal)), 3.25 (m, epoxy CH, 1H), 2.86

and 2.67 (ddJ = 4.8 and 4.0 Hz, dd) = 4.8 and 2.8 Hz, epoxy
/ CH,, 1H x 2 (geminal)), 1.87 (Chl J = 5.6 Hz, 3H).13C NMR
n (100 MHz, CDC}): ¢ 166.90 C=0), 145.91 (CHCH=CHCH=

CH), 140.06 (CHCH=CHCH=CH), 129.75 (CHCH=CHCH=
CH), 118.10 (CHCH=CHCH=CH), 64.79 (COQ@H,), 49.53
OY\/\/ (epoxy CH), 44.72 (epoxy Chi 18.69 (CH).
o Sorbic Anhydride (SAn). In a 100 mL round-bottom flask,
PAA-D equipped with a magnetic stirrer and a dropping funnel, was placed
11.2 g (0.10 mol) of sorbic acid and 14 mL (0.10 mol) of
triethylamine in 40 mL of dichloromethane. The solution was cooled
PAA Gel in an ice-water bath, and 13.43 g (0.05 mol) of diphenyl
ethanol, 30 °C phosphorochloridate (Wako Pure Chemical Ind., Ltd., Osaka) in
10 mL of dichloromethane was dropwise added over 30 min with
Scheme 2 stirring. After the addition, the reaction mixture was further stirred
(/\/ ﬁ\ __SAn BN, DMAP at room temperature for 3 h. The solution was filtered off and
washed three times with 30 mL of cold brine. The organic layer
was filtered through a glass filter charged with sufficient silica gel
(ca. 15 g) to decolorize the solution and remove the residual acid.
0 After evaporating the solvents, the resulting white solid was

/\/\)I\ recrystallized from colch-hexane. SAn was obtained as a white
AN o‘e\/o X precipitate in a 7.14 g yield (70.0%).
nr Needles; mp 3638 °C. 'H NMR (400 MHz, CDC}): ¢ 7.38
PEG-D (dd,J = 15.6 and 10.4 Hz, C4€H=CHCH=CH, 1H), 6.26 (m,
CH;CH=CHCH=CH, 2H), 5.85 (d,J = 15.6 Hz, CHCH=
0, AMVN CHCH=CH, 1H), 1.90 (sJ = 4.8 Hz, CH, 3H). 3C NMR (100
——————>  PEGGel MHz, CDCL): ¢ 162.96 C=0), 148.86 (CHCH=CHCH=CH),
ethanol, 30°C 142.41 (CHCH=CHCH=CH), 129.73 (CHCH=CHCH=CH),
117.73 (CHCH=CHCH=CH), 18.94 (CH).

Polymerization of HEMA. HEMA in ethanol (2 mol/L, 30 mL)
was added to a dried Schlenk flask, equipped with a stirring bar.
n DMF, rt, 12h After sealing it with a rubber septum, the solution was frozen in a
Ao dry ice-methanol bath and degassed by three fregzanp—thaw
© © cycles. AMVN (HEMA/AMVN = 100/1 by weight), as an initiator,
PHEMA was introduced, and the vial was degassed, backfilled with argon,
and stirred at 30C in a thermostated oil bath for 12 h. The flask

was then removed from the oil bath, and the solution was poured
n into a large amount of diethyl ether to precipitate poly(HEMA)
(PHEMA). The isolated PHEMA was reprecipitated using ethanol
o} o} o} o}

and diethyl ether and dried in vacuo overnight at room temperature.
The isolated polymer yield was gravimetrically determined. Yield
56.5%. The acetylation of PHEMA using excess acetic anhydride
yields a THF-soluble polymer, which was provided for evaluating

0,, AMVN

CH20|2 rt,12h

Scheme 3
SAn, EtsN, DMAP

oH o\[(\/\/ the molecular weight by GPC. Thd, of the acetylated PHEMA
PHEMA-D o was 5.8x 10% . . . .
Polymer Reactions.The reaction of PAA with GS was carried
0,, AMVN out in a sealed glass tube. After the required amounts of PAA, GS,

PHEMA Gel and N,N-dimethylformamide (DMF) were charged, the tube was
degassed and then sealed under high vacuum. After the reaction at
90 °C for a given time, the solution in the tube was poured into a
Ltd., Osaka) were used without further purification. All other |arge amount of diethyl ether to precipitate the product polymer.
commercial chemicals were used as received without further The isolated polymer was reprecipitated with ethanol and diethyl
purification. ether and dried in vacuo overnight at room temperature.

Glycidyl Sorbate (GS).In a 50 mL three-necked flask, equipped The reaction of PEG with SAn was carried out as follows. In a
with an efficient stirrer and a reflux condenser, was placed 16.8 g 100 mL round-bottom flask, equipped with a magnetic stirrer and
of epichlorohydrin (182.3 mmol), 10.0 g of potassium sorbate (67.0 a dropping funnel, was placed the required amount of PEG,
mmol), and 0.5 g of benzyl trimethylammonium chloride (2.7 triethylamine, and 4-(dimethylamino)pyridine (DMAP) in 20 mL
mmol). Under an argon atmosphere, the suspension was vigorouslyof dichloromethane. The reaction of PHEMA and PVA was
stirred and heated at 5. The solution was stirred for 4 h, and  performed using dimethyl sulfoxide (DMSO) as the solvent. The
the precipitation was then filtered off. The filtrate was dissolved polymer solution was cooled in an iegvater bath, and the required
in 50 mL of chloroform and washed three times with 80 mL of amount of SAn was slowly added with stirring. After addition, the
brine. After drying over Ng50O,, the solvent was evaporated. The reaction mixture was further stirred at room temperature overnight.
pure GS was isolated by distillation under reduced pressure (bp The reaction mixture was poured into a large amount of diethyl
110°C, 3 mmHg); yield 86.0%. The structure of the obtained GS ether to precipitate the product polymer, and the isolated polymer

ethanol, 30 °C
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Figure 1. Change in théH NMR spectrum of the mixture of GS and
PAA in DMF-d; heated at 90C for (a) 0, (b) 2, (c) 4, (d) 10, and (e)
16 h. [GS])/[COOH]= 1/1 in feed. An asterisk indicates peaks due to
the solvent.
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Figure 2. *H NMR spectra of dienyl-functionalized polymers: (a)
PEG-D in CDC} (run 4), (b) PHEMA-D in CROD (run 5), (c) PVA-D
in DMSO-ds (run 7). An asterisk indicates peaks due to solvents.
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All the dienyl-functionalized polymers (PEG-D, PAA-D, PHEMA-
D, and PVA-D) were kept under argon atmosphere or in vacuo in
the dark in order to prevent autooxidation.

Oxygen Cross-Linking. Dienyl-functionalized polymer (typi-
cally 0.5 g), AMVN as the radical initiator (polymer/AMVN=
50/1 by weight), and ethanol or DMSO (PEG/ethanal/2, PAA/
ethanol= 1/5, PHEMA/ethanok= 1/5, and PVA/DMSO= 1/10
by weight) were charged into an unsealed Pyrex tube. The radical
copolymerization of the dienyl groups in the polymers with oxygen
was carried out with bubbling oxygen into the solution at°80
After the reaction, the mixture was poured into a large amount of
diethyl ether to precipitate the polymers, which were filtered,
washed, and then dried in vacuo overnight at room temperature.
The dried polymer was poured into a large amount of ethanol or
DMSO and divided into insoluble and soluble parts. The gel isolated
as the insoluble part was dried in vacuo at room temperature. The
gel fraction ratio was determined gravimetrically. The polymer was
soaked in a solvent at room temperature for 5 h, and the degree of
swelling was determined as the relative ratio of the swollen gel to
the dried gel in weight.

Results and Discussion

PAA Gel. An epoxy compound undergoes a ring-opening
reaction with a variety of reagents such as amines, alcohols,
carboxylic acids, and anhydrides. Because polymers including
a carboxylic acid in the side chain are expected to react with
an epoxide to readily form an ester, we used GS for the
introduction of a dienyl group into PAA (Scheme 1).

In the IR spectra of the polymer isolated after the reaction,
the characteristic peaks due to the stretching of a conjugated
double bond around 1650 cthas well as the €0 bond in
the ester group at 1330 cthwere detected. The absorption
intensity decreased for the peak due to the@-H bending
of the carboxyl group at 1415 crhaccording to the process of
the reaction. When we monitored the reaction of PAA with GS
in DMF-d; at 90°C by IH NMR spectroscopy (Figure 1), signals
assigned to the structure of GS incorporated into PAA (peaks
i, j, andk) were detected. When an epoxy ring is reacted with
carboxylic acid, the position for the cleavage of the covalent
bond depends on the reaction conditions, acidic or alkaline, and
the kind of catalyst. In the present study, we carried out the
reaction in DMF in the absence of a catalyst. The NMR results
suggest that the product is formed according to an acidic ring-
opening mechanism.

The degree of the introduction of a dienyl group into PAA
increased with an increase in the reaction time and reached a
constant value after a 10 h reaction. The conversion of the
carboxylic acid to the ester was 56%, and the quantitative
transformation of carboxylic acid into the ester was difficult
under the conditions used in this experiment ([GS]/[COGH]

1, no catalyst). Table 1 summarizes the results for the reaction
of PAA with a different amount of GS in the feed ([GS]/
[COOH] = 0.05-0.20). The amount of the introduced dienyl
group depended on the ratio of [GS]/[COOH] in the feed; i.e.,
the dienyl group was incorporated into the side chain during
2.0—-12.2% conversion. As a result, half of the amount of the
used GS was incorporated into the polymer irrespective of the
[GS]/[COOH] ratio.

When we carried out oxygen cross-linking of the obtained
dienyl-functionalized PAA (PAA-D), the gel was obtained in a
34—78% vyield (Table 1). The isolated PAA gel swelled with
water, methanol, and ethanol. The degree of swelling depended
on the cross-linking density of the gels. When the GS
concentration in the feed increased for the preparation of PAA-
D, the degree of swelling of the obtained gel decreased.

was reprecipitated again and dried in vacuo overnight at room The copolymerization of GS with oxygen gave P8BS,

temperature.

similar to the other PP products previously reporetf.
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Table 1. Reaction of PAA with GS and Oxygen Cross-Linking of Obtained PAA-B
degree of swelling of gel (%)

gel yield after oxygen

run [GS]/[COOH] in feed dienyl group in PAA-D (%) cross-linking (wt %) water methanol ethanol
1 0.05 2.0 34.1 510 750 500

2 0.10 4.8 77.9 530 630 340

3 0.20 12.2 65.8 160 250 210

aThe reaction of PAA withGS was carried out in DMF at 90C for 12 h. The amount of the introduced dienyl group was determinetHb)yMR
spectroscopy. The oxygen cross-linking of PAA-D was carried out with bubbling oxygen in the presence of AMVN in ethantdCd&bB8Q2 h.

Table 2. Reaction of PEG, PHEMA, and PVA with SAn and Oxygen Cross-Linking of Obtained Dienyl-Functionalized Polymers

degree of swelling of gel (%)

run polymer solvent [SAN]/[OH] in feed introduced dienyl group (%) gel yield (%) water methanol DMSO
4 PEG CHyCl» 15 7.9 48.8 560 210 590

5 PHEMA DMF 0.1 8.6 70.9 c 260 510

6 PHEMA DMF 0.2 19.0 84.0 c 250 350

7 PVA DMSO 0.1 6.4 45.7 160 190 480

8 PVA DMSO 0.2 13.6 57.8 c 110 260

aM, = 910.° The ratio of the number of the introduced dieny! groups relative to the number of repeating unit. The functionality of the polymer chain

ends was 0.98:No swelling.

However, the epoxy group in the side chain of-RFS was
difficult to be reacted with di- or multifunctional compounds

Table 3. Radical Copolymerization of SAn and MS in the Presence
of Oxyger?

in order to obtain a gel without any degradation of the main [SANVMS] in feed . e
chain of the PP-GS consisting of thermally unstable peroxy (mol/mol) polymer yield (%) _gel fractidn(%)
bonds 1/9 40.7 37.7

: 2/8 52.2 65.2

PEG, PHEMA, and PVA Gels. Hydroxy-containing poly-
mers such as PEG, PHEMA, and PVA readily react with a

carboxylic anhydride compound to give an ester as the product

under mild reaction conditions. In the present study, we used
SAn as another reagent for the introduction of the dienyl group

a Copolymerization was carried out with bubbling oxygen at°80in
the presence of AMVN in 1,2-dichloroethane for 6 h. Monomer/solwent
1/1 by weight. Monomer/AMVN= 50/1 by weight? The chloroform-
insoluble part of the obtained polymer.

into the polymers. First, PEG with a hydroxy group in both Scheme 4

chain ends was reacted with an excess of SAn (1.5 equiv relative SAN, EtsN, DMAP

to the hydroxy group of PEG) in the presence of DMAP and M s »W /\ﬁ;

triethylamine as a base catalyst for the esterification at room OH 4,120 OH o o

temperature for 12 h. The resulting PEG with terminal diene PVA

moieties (PEG-D) gives the cross-linked PEG (PEG gel) with PVA-D §

peroxy junctions when it is reacted with oxygen, as shown in

Scheme 2. Oz, AMVN PVA Gel N
Figure 2a shows thH NMR spectrum of PEG-D. In addition DMSO, 30 °C

to the signals of the methylene protons of the original PEG at

3.65 ppm, we can see characteristic peaks assigned to the methyl . . .
protons at 1.8 ppm, the methylene protons due to the terminaliNdicate that the obtained yield of the gels increased as the

repeating unit of PEG at 4.37 ppm, and the protons due to the

dienyl groups observed at 5.8, 6.2, and 7.2 ppm. From the
integrated peak intensities, PEG-D includes dienyl groups at
both chain ends with a high efficiencf/< 0.98). TheM, value
of PEG-D was determined to be 1100 by GPC analysis. This
value agrees well with the sum of the molecular weights for
the original PEG M, = 910) and two sorbic groups at the
polymer chain ends. We further carried out the reaction of
PEG-D with oxygen to obtain a cross-linked polymer. The
chloroform-insoluble fraction was 48.8 wt %. The PEG gel
swelled with DMSO, chloroform, THF, methanol, and water.
PHEMA was reacted with GS in DMF similarly as shown in
Scheme 3. Figure 2b shows th& NMR spectrum of the dienyl-
functionalized PHEMA (PHEMA-D). The efficiency of the
introduction of the dienyl group was 8.6 and 19.0% when the
[SAN)/[OH] ratio was 0.1 and 0.2, respectively (Table 2).
Commercially available PVA was also used for the reaction
with SAn (Scheme 4). ThéH NMR spectrum of the function-
alized PVA (PVA-D) in Figure 2c evidences the process of the
reaction for the introduction of dienyl groups into the side chain.
The results for the reaction of the dienyl-functionalized
polymers with oxygen are summarized in Table 2. The results

fraction of the amount of the dienyl group introduced in the
polymer, irrespective of the structure of the polymers and the
position of the introduced dienyl groups, i.e., a side chain or a
chain end.

SAn Gel. The copolymerization of SAn and methyl sorbate
(MS) in the presence of oxygen was carried out to obtain a PP
gel, which has a polymer structure different from the degradable
gels described above. The resulting PP(2&xMS) includes
a reactive anhydride group as the bridge for cross-linking or
the dangling side chain (Scheme 5). Actually, as shown in Table
3, the PP(SArco-MS) gel was obtained as the chloroform-
insoluble part. The amount of the isolated gel fraction increased
with an increase in the SAn concentration in the feed as
expected.

We further examined a polymer reaction using the resulting
PP(SAneo-MS) gel with methanol or PEGW,, = 600) in THF
at room temperature for 24 h in the absence of a base catalyst
(Table 4) because DMAP cannot be used in this case due to
the degradation of PP by basic compounds. A change in the
solubility of the gel after the reaction with methanol indicates
the quantitative cleavage of anhydride linkages by methanolysis
to yield PP-MS. In the'H NMR spectrum of the obtained
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Table 4. Reaction of PP(SAnco-MS) Gel with Hydroxy Compounds a b 9 4 Q

under Various Conditions? Hj(\c)Lo{'\/oWH
o o]

run reactant weight (g) THF (mL)  solubility after reaction

11 noné& 0 5.0 insoluble

12 methanol 3.95 5.0 soluble

13 PEG 2.00 5.0 soluble

14 PEG 0.40 25 partly soluble

15 PEG 0.08 8.0 insoluble

aThe reaction was carried out using 0.1 g of PP(S&rVIS) gel (run
10) for 24 h at room temperatureControl experimenté M, = 600.

(a) T .

T T T T T T T T 1
0 9 8 7 6 5 4 3 2 ppm

Figure 4. *H NMR spectrum of the linear PEG as the product during
the thermal degradation of the PEG gel in toluene af®dor 3 h.
T T Asterisks indicate peaks due to solvents.

7 6
®) O/ 0‘0 o Table 5. Heat of Degradation for Various Polymers Including PP
Structure as the Cross-Linking Points or Repeating Units
0.
o7 ook, /\% \/\)OH introduced dienyl
run polymer group (%) AH (J/9)
" 16 PAA gel 2.0 5.2
8 17 PEG gel 7.9 7.4
W 18 PHEMA gel 8.6 16.9
i 19 PHEMA gel 19.0 55.5
L 20 PP-MS (linear polymer) 474.0
21 PP-(MS-co-EDS) gef 440.2
T | T T T T T
7 6 5 4 3 2 1 ppm a[MSJ)/[EDS] = 7/3 in the feed for the polymerization.

Figure 3. H NMR spectra of (a) the polymer obtained by the reaction
of the PP(SAneo-MS) gel with methanol (run 12) and (b) the polymer  around 4.2 ppm due to the methylene unit of the PEG side chain
cl’g;aﬂﬁdasbé rtigﬁ irr‘fd"’}gg?ens cr’)feg‘fs Zﬁéstﬁ";\"m\?gngig' with PEG (run - agjacent to the ester group was detected (Figure 3b).

' ' Degradation Reaction.We investigated the photodegradation

and thermal degradation behavior of the PEG gel. The PEG

polymer after the reaction with methanol (Figure 3a), the gel swollen with water became partly soluble afte 3 h
characteristic peaks due to the vinylene protons in the side chainirradiation of UV light due to the dissociation of the peroxy
were observed at 6.1 and 6.9 ppohgnd e) as well as the linkage as expected. However, some insoluble fraction (19%)
splitting peaks at 45 ppm due to the methine protons in the remained even after 15 h irradiation. The molecular weight of
main chain b andc). This spectrum is similar to that of PP the soluble polymer was twice that of the original PBENE, &
prepared by the copolymerization of MS with oxygen {PP 1910 after the reaction). The photoirradiation through Pyhex (
MS) previously reporteé® The fact that no peak due to the > 280 nm) may result in the slow degradation of the peroxy
unreacted dienyl group of the SAn unit was detected in the linkages. The thermal degradation of the gel was also examined.
spectrum suggests the quantitative transformation from the As a result, the PEG gel swollen with toluene became entirely
anhydride group as the cross-linker of the gel to the methyl soluble upon heating at 1XC for 3 h in asealed tube. Thil,
esters. TheM,, and M/M, values of the solubilized PP were value of the PEG recovered by reprecipitation was 1360, similar
2.4 x 10 and 3.2, respectively. These values were also similar to that of the original PEGM, = 1100).

to those for the previously reported PP28 This result supports The peroxy linkage as the junction of the cross-linking of
the absence of degradation of PP(SE&®mMS) during the the gels is cleft on heating to produce oxygen-centered radicals
transesterification. at the first step of the degradation. They further undergo

The reaction of PP(SAne-MS) with PEG was also carried  [-scission to give an aldehyde-terminated PEG and acetaldehyde
out. With a decrease in the amount of the used PEG, the gelas the volatile component. The terminal structure of the polymer
was partly soluble or insoluble after the reaction, as shown in after thermal degradation was examined*ByNMR spectros-
Table 4 (runs 14 and 15). The polymer mixture was divided copy (Figure 4). The characteristic peaks due to an aldehyde
into insoluble and soluble fractions by solvent extraction. The proton at 9.7 ppm and vinylene protons at® ppm were
insoluble polymer included the PEG units as the pendant groupdetected. These results strongly indicate that a peroxy linkage
in the polymer chain as well as the linkage unit of the cross- as the cross-linking point in PEG gel readily degrades according
linked polymer gels. In this case, the reaction with the hydroxyl- to a mechanism the same as the previously reported>afie.
terminated PEG results in the formation of an alternate cross- The degradation of PAA swollen with ethylene glycol upon
linking structure. In the'H NMR spectrum of the soluble  heating at 140C for 0.5 h yielded a clear and homogeneous
polymer, which was prepared by the reaction with a large solution. When the degree of cross-linking of the gels increased,
amount of PEG (run 13), the signal of the methylene protons the degradation behavior became more complex, and the residue



6148 Kitamura and Matsumoto Macromolecules, Vol. 40, No. 17, 2007

Scheme 5
(0]

/\/\)J\ 05, AMVN, 30 °C
A 2 OCH, + SAn ————»

1,2-dichloroethane
MS

O\o// O\o% CH3OH or PEG o a,
n THF, r.t, 24 h %/n

N XN ~

0% Yo 0% “or 0% Sor

R = -CHa, -(CH,CH,0),CH3

R = -CHg, -C=0CH=CH-CH=CH-CHs o OR
PP(SAn-co-MS) Gel

insoluble in solvents remained after the degradation. Any of the dienyl-functionalized polymers with oxygen gave gels
undesirable reaction such as a combination of the generatingcontaining the peroxy linkage as the cross-linking points. The
radicals and an addition to the residual dienyl group might occur obtained gels readily degraded upon heating and became soluble
in the polymer network. To completely degrade the gel upon in a solvent. The heat of degradation of the polymer gels derived
heating, the degree of the introduction of dienyl groups into from conventional linear polymers in this study is much smaller
the polymers is better at less than a few percent. The smallthan that of the previously reported PP polymers and gels. Thus,
amount of the introduced dienyl groups, i.e., the peroxy linkage an oxygen cross-linking method using the dienyl-functionalized
derived from them, has another merit for the reduction of the polymers derived from conventional polymers has prospects for
heat of degradation when the polymers are used for application.an application to provide the polymeric materials with a

In this study, the DTA measurement of the dried gels was degradable junction as temporary cross-linking.
carried out to evaluate the heat of degradation. In the DTA
curves, an exothermic peak due to the degradation of peroxyReferences and Notes
linkages was observed. The results of the estimation of the heat
of degradation of the polymer gels are summarized in Table 5. Die

. . go, 2001.

The heats of degradation of the p0|y_mer gels cross-linked by (2) Chiellini, E.; Solaro, RBiodegradable Polymers and Plasti¢duwer
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as the junctions for cross-linking, while PRIS and PP-MS/ (5) Lee, K. Y.; Mooney, D. JChem. Re. 2001, 101, 1869.
EDS consist of successive PP repeating units in their main chain. (6) Qiu, Y.; Park, K.Adv. Drug Delivery Re. 2001, 53, 321.
Such a reduced exothermic value during the degradation is (7) Kikuchi, A.; Okano, T.Adv. Drug Delivery Rev. 2002 54, 53.
advantageous for use as degradable gels of conventional ® gﬂy%"' T.; Uragami, T.; Nakamae, Kdv. Drug Delivery Re. 2002
polymers. The suppressed amount of the introduced dien_yl group (g Dz;vis, K. A. Anseth, K. SCrit. Rev. Ther. Drug Carrier Sys2002
is preferred for a decrease in the heat of degradation and 19, 385.
complete degradation without side reactions, yielding an (10) Otsuka, H.; Nagasaki, Y.; Kataoka, Kdv. Drug Delivery Re.. 2003

(1) Kajiyama, K., Osada, Y., Eds5els HandbookAcademic Press: San

insoluble residue. 55, 403.
(11) Estroff, L. A.; Hamilton, A. D.Chem. Re. 2004 104, 1201.
Conclusions (12) Langer, R.; Tirrell, D. ANature (London004 428 487.

(13) Hawker, C. J.; Wooley, K. LScience2005 309, 1200.
(14) Sangeetha, N. M.; Maitra, .Chem. Soc. Re 2005 34, 821.
(15) Tesoro, G. C.; Sastri, V. R. Appl. Polym. Sci199Q 39, 1425.

We have demonstrated a facile method for the introduction
of dienyl groups into conventional polymers including carboxy

and hydroxy groups in the side chain or chain ends. The (16) Sastri, V. R.; Tesoro, G. Q. Appl. Polym. Sci199q 39, 1439.

in.troduction of dienyl groups into PAA using GS prOCeeQEd (17) Yang, S.; Chen, J. -S.; Korner, H.; Breiner, T.; Ober, C. K.; Poliks,
without any catalyst at 98C, and the degree of the introduction M. D. Chem. Mater1998 10, 1475.

was controlled by the reaction time and the molar ratio of GS (18) Ogino, K.; Chen, J. -S.; Ober, C. IChem. Mater1998 10, 3833.
relative to the carboxy groups of PAA in the feed. SAn was (19) Hitomi, M.; Sanda, F.; Endo, Macromol. Chem. Phy4.999 200,
also allowed to react with hydroxy-containing polymers such 126e8.

as PEG, PHEMA, and PVA to yield the dienyl-functionalized (20) Sahli, N.; Belbachir, M.; Lutz, P. Macromol. Chem. Phy2005
polymers. The reaction effectively occurred in the presence of 206, 1257.

DMAP and triethylamine as the catalyst. Especially, in the case (21) ng T:; Watanabe, J.; Ooya, T.; Yui, Biomacromolecule2001, 2,

of PEG, the hydroxy group was quantitatively converted into 22y mahkam, M.J. Biomed. Mater. Res., Part B: Appl. Biomat2@o05
the dienyl ester group. The subsequent radical copolymerization 758, 108.



Macromolecules, Vol. 40, No. 17, 2007

(23) Miyata, T.; Asami, N.; Uragami, TNature (London}1999 399, 766.

(24) West, J. L.; Hubbell, J. AMacromoleculedl999 32, 241.

(25) Matsumoto, A.; Higashi, HMacromolecule200Q 33, 1651.

(26) Hatakenaka, H.; Takahashi, Y.; Matsumoto,Palym. J.2003 35,
640.

(27) Taketani, S.; Matsumoto, Macromol. Chem. Phy2004 205 2451.

(28) Matsumoto, A.; Taketani, £hem. Lett2004 33, 732.

Facile Synthesis of Degradable Gel6§149

(29) Matsumoto, A.; Taketani, 3. Am. Chem. So2006 128 4566.

(30) Taketani, S.; Matsumoto, Ahem. Lett2006 35, 104.

(31) Sugimoto, Y.; Taketani, S.; Kitamura, T.; Uda, D.; Matsumoto, A.
Macromolecule®006 39, 9112.

(32) Kitamura, T.; Matsumoto, AMacromolecule®007, 40, 509.

MAQ707537



