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Synthesis of Poly(lactic acid) with Branched and Network Structures
Containing Thermally Degradable Junctions

Tomoaki Kitamura and Akikazu Matsumoto*

Department of Applied Chemistry, Graduate School of Engineering, Osaka Citefdity, Sugimoto,
Sumiyoshi-ku, Osaka 558-8585, Japan

Receied September 20, 2006; Rsed Manuscript Receéd Naember 28, 2006

ABSTRACT: Polyperoxide, as a new kind of thermally degradable polymer, is synthesized by the radical
alternating copolymerization of a 1,3-diene monomer with oxygen. The introduction of polyperoxide units into
any other polymer is useful for the fragmentation of polymers and a change in the physical properties of polymeric
materials. In the present study, we demonstrate the synthesis and fragmentation wfgmoiy(acid) (PLLA)
modified with thermally degradable branching and cross-linking points, which consist of a repeating polyperoxide
structure as the degradable junctions. We prepared several PLLA with a dienyl groupoatathé/orw-chain

ends by the anionic and metal-catalyzed polymerizations-lattide. Radical alternating copolymerization of

the mono- and difunctional PLLA with oxygen was carried out to obtain branched polymers and gels. These
branched and cross-linked PLLA materials readily degraded upon heating to yield linear PLLA chains.

Introduction
0 &
Polymeric materials are often required to be readily decom- o~ }m — > S’
PLLA

posed and to drastically change their physical properties after p | a macramonomer

use for a given purpose during a given time. The synthesis of PLLA graft copolymer
recyclable and degradable polymers is very important for

polymer science and technology supporting a green sustainable

society!3 Especially, the synthesis of degradable polymers 0, A
having a highly cross-linked three-dimensional network structure N ” ’

is one of the recent challenging topits2 Recently, we have Telechelic PLLA PLLA
developed a new type of degradable polymer by radical

alternating copolymerization with diene monomers and molec- PLLA gel

ular oxygen as the starting monomers via a conventional

polymerization proces$ 19 The obtained polyperoxide®pP) ® dienyl Group g o FLLA  ~S=m-m- PP

have unique featureg as f0||OWSE easy pr'eparatllon by ConVen_Figure 1. Concept of the synthesis and degradation of branched and
tional method$34rapid degradation by various stimuli includ-  ¢15ss-linked PLLAs.

ing heating, radiation, redox, and enzy#etadical chain

degradation to yield controlled low-molecular-weight prod- Experimental Section

,UCtS'15'16 .the facile §yntheS|s of .degradab.l%P gels,l; the General Procedures.The number- and weight-average molec-

introduction of functional groups into the side chafi?and yjar weights ¥, and M) were determined by gel permeation

so on. In the present study, we demonstrate a new syntheticchromatography (GPC) in tetrahydrofuran (THF) as an eluent using
method for degradable branched or network polymers using thea Tosoh CCPD RE-8020 system and calibration with standard
introduction of aPP structure as the thermally degradable polystyrenes. The calibration with standard poly(methyl methacry-
junction into polymers. This is useful for the fragmentation of late)s and poly(ethylene oxide)s gave similar molecular weight
p0|ymers or a Change in the physica] properties of po|ymeric values becau_se the molecular Welght of PLLA synthesmed in this
materials. We synthesized palylactic acid) (PLLA) with a  Work is not high U, = (3—13) x 10%). The NMR spectra were

dienyl group at thex- and w-chain ends by the ring-opening recoro_led on aJEOL JMN A-40_O spectrometer. Thermograylmetrlc
polymerization ofi-lactide. The controlled polymerizations of and differential thermal analysis (TG and DTA) were carried out

4 . . . - using a SEIKO TG/DTA 6200 in a nitrogen stream at a heating
lactide have been intensively investigated® as well as abroad | Jte"of 10°C/min. The wide-angle X-ray diffraction profile was

range of the application of PLLA as biodegradable and carbon- recorded on a RIGAKU X-ray diffractometer RINT-Ultima 2100
neutral polymer materia®. "33 In our strategy, the radical  with Cu Ka radiation ¢ = 1.5418 A). Matrix-assisted laser
alternating copolymerization of an end-functional PLLA with  desorption/ionization time-of-flight mass spectrometry (MALDI-
oxygen is carried out to obtain branched and gel PLLAs TOF-MS) was carried out using a Shimadzu AXIMA-CFR Plus
containing degradableP units as the branched and cross-linking  instrument equipped with a;Naser (337 nm) operated at a pulse
points (Figure 1). We investigated the thermal degradation rate of 10 Hz. The ions were accelerated_with pul_sed ion extraction
properties of branched and cross-linked PLLAs. The crystallinity &t & voltage of 20 kV and detected using a microchannel plate

; ; detector. The analyzer was operated in a linear mode. A polymer
g}‘SI;LeL)gr?](ienpeedndlng on the polymer branching structures was sample was dissolved in THF (1.0 mg/mL) in the presence of

dithranol as the matrix material, cast, and dried for providing laser

desorption/ionization. Theoretical calculations by a density func-
* Corresponding author: Fax81-6-6605-2981; e-mail matsumoto@  tional theory (DFT) method were carried out at the (RO)B3LYP/

a-chem.eng.osaka-cu.ac.jp. 6-311G*//(U)B3LYP/6-311G* level of theory using Spartan’04.
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Materials. L-(—)-Lactide (LLA, Wako Pure Chemical Ind., Ltd.,
Osaka) andoL-lactide (DLLA, Tokyo Kasei Kogyo Co., Ltd.,
Tokyo) were recrystallized from ethyl acetate. '2520obis(4-
methoxy-2,4-dimethylvaleronitrile) (AMVN) (Wako Pure Chemical
Ind., Ltd., Osaka) was recrystallized from methanol. Sorbyl alcohol
[(E,B)-2,4-hexadien-1-0l] (Tokyo Kasei Kogyo Co., Ltd., Tokyo)
was distilled under reduced pressure (bp 85/0.5 mmHg).
n-Butyllithium (nBuLi, 1.6 mol/L inn-hexane, Kanto Chemical Co.,
Ltd., Tokyo) and tin(ll) bis(2-ethylhexanoate) (SngdiVako Pure
Chemical Ind., Ltd., Osaka) were used as received.

Synthesis of 3. Polymerization of LLA was carried out with
lithium alkoxides derived from sorbyl alcohol or ethanol with nBuLi

Macromolecules, Vol. 40, No. 3, 2007

13C NMR (100 MHz, CDC}) 6 169.72 (G=0), 69.10 CHCHj),
16.74 (CHCH).

Synthesis of 4Bis(2,4-hexadienyl) 5-hydroxyisophthalate (HHI).
Isophthalic acid was protected withext-butyldimethylsilyl group
according to the method reported in the literatifr&he protected
isophthalic acid (2 mmol) was reacted with sorbyl alcohol using
dicyclohexylcarbodiimide (6 mmol) in the presence of 4-(dimethy-
lamino)pyridine (0.6 mmol) as the catalyst in THF at@for 1 h
and then at room temperature for 6 h. The his(2,4-hexadienyl) ester
with the protected 4-hydroxyl group was isolated in 80% vyield by
column chromatography with aluminum oxide using chloroform
as an eluent. Deprotection with tetrabutylammonium fluoride (1

in a Schlenk flask under an argon atmosphere. To obtain a PLLA mol/L in THF, 3 mL) was carried out in THF at @C for 1 h3*

macromonomer witho-dienyl group (), BuLi in n-hexane (1.6
mol/L, 0.64 mL) was added to 1.2 equiv of sorbyl alcohol in dry
THF (2 mL) with a syringe at-78 °C and stirred for 30 min. To
the solution maintained at 2C, LLA in THF (1.25 mol/L, 8 mL)
was added with a syringe and stirred for 1 h. The polymerization
was terminated by the addition of a small amount of acetic acid.
The reaction mixture was poured into a large amount of diethyl
ether andh-hexane (60/40 by volume) to precipitate the resulting
PLLA, which was filtered, washed with cold diethyl ether, and then
dried in vacuo. The isolated PLLA was reprecipitated using a
mixture of chloroform/diethyl ether and-hexane as the solvent
and precipitant, respectively, and dried in vacuo overnight at room
temperature. The polymer yield was gravimetrically determined.
Yield was 62.6% .M, and M,,/M, values were determined to be
3.5 x 10 and 1.4, respectively, by GPC calibrated with standard
polystyrenes.

For the synthesis of a PLLA macromonomer with @asdienyl
group @), a dry ethanol and nBuLi were used as the initiator. After
stirring a mixture of ethanol (1.2 mmol) and nBuLi (1.0 mmol) in
THF at—78°C for 30 min, LLA in THF (1.25 mol/L, 8 mL) was
added at 20C. After the polymerization, excess sorbic acid chloride
(3 equiv) was added with a syringe af78 °C, and the mixture
further stirred for 1 h. The precipitation and the purification of
polymer were carried out by a method similar to that for the
synthesis ofl. Yield 52.5%.M, = 3.3 x 10° andM,,//M,, = 1.3 by
GPC.

3 as the telechelic polymer, i.e., a PLLA with dienyl groups at
the o- and w-chain ends, was synthesized by a similar method.
The polymerization of LLA was initiated with a mixture of sorbyl
alcohol and nBuLi in THF at-78 °C and then terminated with 3
equiv of sorbic acid chloride. Yield 79.29%4, = 3.5 x 1C® and
Mw/Mn = 1.5 by GPC.

The structure of the obtained PLLA was confirmed ¥ and
13C NMR spectroscopies. The spectral datalfd?, and3 are shown
as follows.

1. 'H NMR (400 MHz, CDC}) 6 6.25 (dd,J = 15.2 and 10.4
Hz, CH=CHCH,), 6.05 (dd,J = 15.2 and 10.4 Hz, C§€H=CH),
5.77 (dg,J = 15.2 and 6.8 Hz, CKCH=CH), 5.58 (dt,J = 15.2
and 6.8 Hz, CH-CHCH,), 5.16 (g,J = 6.8 Hz, GHCHjz of PLLA),
4.62 (d,J = 6.0 Hz, CH=CHCH,), 4.36 (q,J = 7.2 Hz, terminal-
CHCHg), 1.77 (d,J = 6.8 Hz, H;CH=CH), 1.58 (d,J = 7.2 Hz,
CHCH3 of PLLA). 13C NMR (100 MHz, CDC}) 6 169.61 (G=
0), 68.97 CHCHj), 16.68 (CHCH3).

2. IH NMR (400 MHz, CDC}) 6 7.22 (m, COCH=CH), 6.18
(m, CHCH=CHCH=CH), 5.83 (d,J = 15.2 Hz, COG{=CH),
5.16 (gq,J = 6.8 Hz, GHCHj; of PLLA), 4.19 (q,J = 6.4 Hz,
CH3CH0), 1.85 (d,J = 4.8 Hz, GH;CH=CH), 1.58 (d,J = 6.8
Hz, CHCH; of PLLA), 1.27 (t,J = 6.8 Hz, GH3CH;0). 13C NMR
(100 MHz, CDC}) 6 169.76 (G=0), 69.13 CHCHs), 16.77
(CHCH3).

3: 'H NMR (400 MHz, CDC}) 6 7.27 (m, COCH=CH), 6.17—
6.28 (m, G-{=CHCH,O, COCH=CHCH=CH), 6.04 (ddJ = 15.2
and 12.0 Hz, GICH=CHCH;0), 5.74-5.85 (m, CH=CHCH,O,
COCH=CH), 5.58 (dt,J = 15.2 and 7.6 Hz, B=CHCH=
CHCH,), 5.16 (q,J = 6.8 Hz, GHCHj3 of PLLA), 4.62 (t,J = 6.0
Hz, CH=CHCH,), 4.36 (q,J = 6.8 Hz, terminal-EGiCH), 1.86
(d,J = 5.2 Hz, H3CH=CHCH=CHCO), 1.77 (dJ = 6.8 Hz,
CH3;CH=CHCH=CHCH,), 1.58 (d,J = 6.8 Hz, CHQH; of PLLA).

followed by extraction with recrystallization from acetone and
hexane (1/1 by volume) for providing HHI in 62% yield. The
spectral data are as follows.

HHI: 'H NMR (400 MHz, CDC}) 6 8.25 (s, aromatic H, 1H),
7.76 (s, aromatic H, 2H), 6.34 (dd,= 15.2 and 10.8 Hz, B=
CHCH,0O, 2H), 6.09 (ddJ = 15.2 and 10.4 Hz, C}CH=CH, 2H),
5.70-5.83 (m, GH=CHCH=CH, 4H), 4.83 (d,J = 6.4 Hz, CH=
CHCH;0, 4H), 1.78 (dJ = 6.4 Hz, GH3;CH=CH, 6H).13C NMR
(100 MHz, CDC#) 6 166.13 (G=0), 156.52, 132.84, 123.85, and
121.51 (aromatic C), 136.13CH=CHCH,0O), 132.39 (CH-
CHCH;0), 131.03 (CHCH=CH), 123.97 (CHCH=CH), 66.67
(CH=CHCH0), 18.86 CH3CH=CH).

Polymerization of LLA with HHIThe bulk polymerization of
LLA (10 mmol) was carried out with HHI (1 mmol) as the initiator
and SnOct (0.33 mmol) as the catalyst in a degassed sealed tube
at 120°C for 6 h. The product was dissolved in chloroform and
precipitated into a large amount of diethyl ether. The isolated
polymer was reprecipitated with chloroform/diethyl ether and dried
in vacuo overnight at room temperature. Yield 75.9%,= 5.5 x
1%, andM,/M,, = 1.3. The structure of the polymers was confirmed
by IH and3C NMR spectroscopies.

4:1H NMR (400 MHz, CDC}) 6 8.59 (s, aromatic H, 1H), 7.76
(s, aromatic H, 2H), 6.34 (dd,= 14.8 and 10.4 Hz, B=CHCHO,
2H), 6.09 (dd,J = 15.2 and 10.4 Hz, C¥CH=CH, 2H), 5.76-
5.83 (m, GH=CHCH=CH, 4H),6.176.28 (m, GH=CHCH,O,
COCH=CHCH=CH, 4H), 6.04 (dd,J = 15.2 and 12.0 Hz,
CHCH=CHCH,O, 2H), 5.74-5.85 (m, CH=CHCH,0, COtH=
CH, 4H), 5.58 (dt,J = 15.2 and 7.6 Hz, B=CHCH=CHCH,,
2H), 5.16 (q,J = 6.8 Hz, GHCHj; of PLLA), 4.85 (d,J = 6.8 Hz,
CH=CHCH,, 4H), 4.36 (q,J = 6.8 Hz, terminal-EiCH), 1.78
(d, J = 6.4 Hz, AH;CH=CHCH=CHCO, 6H), 1.59 (dJ = 7.2
Hz, CHCH; of PLLA). 13C NMR (100 MHz, CDC}) 6 169.90 (G=
0), 69.30 CHCHg), 17.03 (CHCH3).

Copolymerization of 1—4 with Oxygen. PLLA 1—4 (typically
1 g), AMVN as the radical initiator (PLLA/initiator= 50/1 by
weight), and 1,2-dichloroethane (PLLA/solvent1/2 by weight)
were charged into an unsealed Pyrex tube. The copolymerization
was carried out with bubbling £at 30°C. After the polymerization,
the reaction 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 conversion of
a dienyl group at the polymer chain end ir®® was calculated
from the results of GPC measurements using UV (254 nm) and
refractive index (RI) detectors.

Results and Discussion

Synthesis of PLLA Macromonomers 1 and 2The a- and
w-functional macromonomers were prepared by the anionic
polymerization of LLA with sorbyl alcohol and sorbic acid
chloride as the initiator and terminator, respectively (Schemes
1 and 2).

Table 1 shows the results for the synthesis lof The
macromonomef was obtained in a 3894% yield during the
polymerization of LLA fa 1 h at 20°C. The M, value of 1
was (2.5-6.3) x 103, and theMy/M, value was 1.21.7. The
M, value decreased with a decrease in the monomer concentra-
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Table 1. Anionic Polymerization of LLA for the Synthesis of Macromonomer B

[LLA)/[nBuLi] [SAJ/[nBuLi] Mn x 1073 Mw/My Mn x 1073 chain-end functionality
run (mol/mol) (mol/mol) yield (%) (GPCY (GPCY (NMR)® o-dienyl
1 50 1.2 94.4 6.3 1.7 5.8 (69) 0.90
2 25 1.2 85.6 5.0 1.7 3.7(392) 0.85
3 10 1.2 62.6 35 13 2.7 0.90
4 5 1.2 37.8 25 1.2 1.7 0.86

aSA: sorbyl alcohol. Polymerization conditions: [LLA} 1.25 mol/L in THF at 2C°C for 1 h.b Calibrated with standard polystyrené®Based on the
ratio of peak intensity for methine protons in a PLLA inner chain (pgakFigure 2) and that of a methine proton in thechain end (peak. ¢ Calculated
by M, = 144 x conv x [LLAJ/[nBuLi] + 98(a-chain end)+ 1(w-chain end).

Scheme 1
nBulLi, THF
/\/\/\ —_— /\/\/\
e OH  78°c 05h e oL
(0] b d f o go
1) LLA,20°C, 1h o /\/\/\OH\( 7 oH
—_— s YN H a ¢ e no
2)H* h
n
1
h
Scheme 2
nBuLi, THF 1) LLA, 20°C, 1h
A Now T ot — :
-78°C,0.5h 2) sorbic acid chloride, f a
78°C, 1h dcbe i
I JULAL [#
o
/\O \ \ 1 1 1 1 1 1 1 1 1 1
o 62 58 56 46 42 19 1,U
2 | | - | | | |
. . . . . 6 5 4 3 2 1
tion, that is, an increase in the ratio of the sorbyl alcohol used ppm

as the initiator to the monomer. Th_e de_crease in the y|eld_ and Figure 2. *H NMR spectrum ofL obtained by anionic polymerization
Mu/M;, values at lower [LLA]/[nBuLli] ratios (runs 3 and 4) is  of LLA initiated with sorbyl alcohol and nBuLi and then terminated
possibly due to the loss of an oligomer during the precipitation with acetic acid (run 3 in Table 1M, = 3.5 x 10° andMu/M, = 1.3.
procedure to isolate PLLA. The functionality of theo-dienyl group is 0.90.

In theH NMR spectrum ofl (Figure 2), characteristic peaks
due to both chain end groups were observed. Paalsare
assigned as the dienyl group introduced into ¢hehain end
of PLLA. The w-chain end with a terminal hydroxyl group is
confirmed by the methine hydrogen of the terminal repeating
LLA group (peaki). The molar ratio of thex-chain end group
was 0.85-0.90 relative to thev-chain end group. A hydroxyl
group is always introduced into the-chain end of PLLA by a
chain transfer or a termination procedure during polymerization
under the conditions used in the present study. On the other
hand, the fraction of a dienyl group introduced at thehain
end was less than unity. This fact suggests the occurrence of
some undesired reaction during the polymerization. The most
possible reaction is the abstraction of @methine proton of
LLA and the subsequent reinitiation from the resulting LLA 1 l |
monomeric anioi? Such a chain transfer to a lactide monomer i LLULIL i W
would reduce thei-chain end functionality of PLLA. Therefore, 1000 1500 2000 2500
we examined the NMR spectrum of PLLA, but no direct m/z
evidence for a chain transfer to the monomer was obtained. Fig}ure 3. t'MALfDII_-ITAOF'-tl\r?S Ot;‘ IPITLAh ?bta(ijneg It_i_y the4ani$nti§

H H olymerization O wiIth sor alconol ana nbuLl (run 4 In able

Next, we examlngd the terminal groups'of PLLA by MALDI' E).)',I'he polymerization was terr¥1inated with acetic a(uu; 25x
TOF-MS. The obtained mass spectrum is shown in Figure 3. 305 angm,,/M, = 1.2. The functionality of the:-dienyl group is 0.86.
Several series of peaks which have a repeating period corre-The inset shows the expanded spectrum.
sponding to one repeating unit of LLA (72.06 g/mol) were
detected. A series of major peaks with th& values of 1113.4, and 1737.6. These peaks are assigned tedoiped PLLA with
1185.4, 1257.5, ..., 1905.6 as seen in Figure 3 are assigned ta lactidyl unit in thea-chain end (Scheme 3), which is produced
PLLA including a dienyl group as the-chain end doped with by a chain transfer of the anion of polymer chain end to the
a Lit ion; m/z = 72.06 (inner-chain)+ 98.04 @-chain end) monomer (lactide). However, the sam@z values are also
+ 1.01 @-chain end)}+ 6.94 (Li*). Another series including  expected from cyclic PLLA, which can be produced by the
peaks at 1561.5, 1633.5, and 1705.6 (the inset in Figure 3)intramolecular chain transfer of the propagating anion as the
correspond to PLLA with a similar chain-end structure, doped active species. The intramolecular chain transfer has no effect
with a Na" ion (22.99 g/mol) instead of a tiion. In addition, on the intensity ratio of signals due to the andw-chain end
other minor peaks were also observedét of 1593.6, 1665.6, in the NMR spectrum.
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Table 2. Anionic Polymerization of LLA for the Synthesis of Macromonomer 2

chain-end functionality

[LLAJ/[nBuLi] M, x 1073 Mu/Mn M, x 1073
run (mol/mol) yield (%) (GPCy (GPCy (NMR)© o-ethoxy w-dienyl -OH
5 50 ~100 6.0 1.7 54 (7.3 0.93 0.31 0.69
6 25 94.2 5.0 1.7 3.7 (3.9) 0.86 0.60 0.40
7 10 52.5 3.3 1.3 2.5 0.86 0.74 0.26
8 5 36.1 2.8 1.2 2.0 0.89 0.68 0.32

aPolymerization conditions: [LLAFE 1.25 mol/L, in THF at 20°C for 1 h. Polymerization was terminated with sorbic acid chloride 28 °C for 1 h;
[ethanol}/[nBuLi] = 1.2, [sorbic acid chloride]/[nBuLi}= 3. Calibrated with standard polystyrené8ased on the ratio of peak intensity for methine
protons in a PLLA inner chain (pedkn Figure 4) and the sum of those for a methine proton (jkakd a dienyl proton (pead) in the w-chain end! The
solution was apparently solidified during polymerizati8ivl, = 144 x conv x [LLA}/[nBuLi] + 45(c-chain end)t+ 95(w-chain end).

Scheme 3
Chain transfer to LLA

o}
/\/\/\O,QK(OHLO_
o
e Y Y —> PLLA

m/z=72n
m/z=72n+ 99

Intramolecualr chain transfer (transesterification)

gy M =
0] (o}
n-m—1o m

m/z=72n

Intermolecualr chain transfer (transesterification)

0
AN Q%}\(L AN O>~H
m
o 0
— /\/\/\O,QH/OMO— + /\/\/\O,Q\ro}H
x-1o y

n+m=x+y

Interestingly, the mass spectrum shown in Figure 3 consists spectrum of the isolate@ is shown in Figure 4. A methine

of several series of 72.06 g/mol of molecular weight for one proton assigned to the terminal LLA unit having a neighboring
lactic acid repeating unit{ C(=O)CH(CHs;)O—], but not 144.12 hydroxyl group was detected at 4.36 ppm in addition to the
g/mol for the lactidyl units (dimer). This differs from the expected signals due to tkedienyl group as peaks—e. The
expectation based on the fact that lactide was used as the startingeaction of the living chain end with sorbic acid chloride was
monomer during the polymerization. When intermolecular chain carried out under various conditions; for example, at room
transfer frequently occurs during the polymerization, the PLLA temperature and for a long reaction time, the introduction
chains have a repeating structure based on 72.06 mass uniefficiency was not improved. The protonation of a propagating
(Scheme 3). Similar results have been reported for other anionicchain end is assumed to occur due to intermolecular and

and metal-catalyzed polymerizations in the litera@4ré®. intramolecular chain transfer reactions during the polymerization
Table 2 summarizes the results for the synthesie-éfinc- but not in the termination process.
tionalized macromonome2. When the ratio of the monomer Copolymerization of 1 and 2 with Oxygen. The radical

to the initiator is high ([LLA]/[nBuLi] = 50), the polymerization alternating copolymerization dfand2 with oxygen was carried
mixture solidified during polymerization. After polymerization out to obtain graft copolymers consisting oP& main chain

for 1 h, sorbic acid chloride was partly reacted with the and a PLLA side chain RP-1 and PP-2). The repeating
propagating chain end, resulting in a low efficiency for the structures oPP-1andPP-2are expected to be different from
introduction of a dienyl group. During the polymerization at each other, as shown in Scheme 4, because the regioselectivity
lower ratios of monomer to initiator, the-dienyl group was of the propagation during the alternating copolymerization of
introduced with an efficiency of 0.660.74. ThelH NMR diene monomers with oxygen importantly depends on the



Macromolecules, Vol. 40, No. 3, 2007

PLLA with Branched and Network Structure$13

Table 3. Copolymerization of Macromonomers 1 and 2 with Oxygen in 1,2-Dichloroethane at 30C2

run monomer time (h) conversion (%) Mn x 1073 My, x 10738 Mw/My,
9 1b 6 41 4.4 7.9 1.8
10 1b 12 48 5.0 9.0 1.8
11 1° 36 75 7.3 13.1 1.8
1z 4.1° 6.% 1.5
13 2 6 40 3.9 5.9 15
14 2d 12 71 4.0 5.6 1.4
15 2d 36 95 4.1 6.2 15
16° 3.4 4.18 1.2
17 HA 6 31 3.1 5.3 1.7
18 HAf 6 14 2.3 4.4 1.9
19 MS 6 44 3.3 5.6 1.7
20 Msf 6 24 1.1 1.7 15

a Macromonomer/AMVN/solvent= 50/1/100 by weight was used. During copolymerization, each 5 mg of AMVN was further added stepwise at 6 h
intervals. The conversion was estimated by GPC using dual (RI and UV) detddgrsl,, and M,/M, are shown as the values for the mixture of a
macromonomer and a graft polymer without peak separation for ruri8.l> Macromonomerl obtained by run 3 in Table M, = 3.5 x 10%, My, = 4.9
x 103, Myw/Mp = 1.4. The functionality of thex-dienyl group is 0.90¢ After thermal degradation d?P-1 (run 11) at 110°C for 5 h.4 Macromonomer

obtained by run 7 in Table M, = 3.3 x 103, My, =

4.4 x 1%, My/M, = 1.3. The functionality of the-dienyl group is 0.74¢ After thermal degradation

of PP-2 (run 15) at 110°C for 5 h.f Monomer/AMVN/solvent= 5/1/200 by weight.

Odb
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mﬁ oo
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h a” i
m I M
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1 1 1 1 L 1 1 Il 1

6261 5958 44 42 2019181 1.3 1.2

d P J A And I}
| 1 | | | | I
7 6 5 4 3 2 1 0

ppm
Figure 4. *H NMR spectrum of obtained by anionic polymerization
of LLA initiated with ethanol and nBuLi and terminated with sorbic
acid chloride (run 7 in Table 2M, = 3.3 x 10° andMy/M, = 1.3.
The functionality of thew-dienyl group is 0.74.

102

Figure 5. GPC elution curves of (M, = 3.5 x 105, My/M, = 1.4)
(solid line), PP-1 (M, = 7.3 x 1%, M/M, = 1.8) (dashed and dotted
line), and the degradation product BP-1 (dotted line) after heating
at 110°C for 5 h M, = 4.1 x 10, My/M,, = 1.5).

substituents of the used dierfé451°The conversion and the
molecular weights of the obtaind®P-1 and PP-2 are shown
in Table 3.

The GPC elution curves dfandPP-1are partly overlapped

Scheme 4

0‘0//)\/\[0\0%
N ox

ford
X = PLLA (PP-1), Ac (PP-HA)

o)
0z, AMVN
/\/\)l\ox =25
30°C
X =PLLA (2), CHs (MS)

X = PLLA (PP-2), CH; (PP-MS)

0, AMVN
R —
30°C

e S

X = PLLA (1), Ac (HA)

of UV (254 nm) and RI detectors to determine the conversion
of a macromonomer to a polymacromonomer. The resulting
PP-1 has no absorption around 254 nm, whilehas strong
absorption due to the hexadienyl group. It was assumed that
both the polymers have the same refractive index value for the
calculation. As shown in Table 3, the conversiorLafto PP-1
increased to 75% for the 36 h copolymerization. Mgvalue

of PP-1 also increased to 7.3 1(%. As shown in the GPC
elution curve in Figure 5PP-1 includes the fractions oPP

with the molecular weight range of 4610°. The peak top of
the higher-molecular-weight part of the elution carve is over
10* The macromonome, which has a sorbate-like structure,
gave a slightly higher conversion (405%) than that fod. A
change in theM, value of PP-2 was small during the
polymerization when compared to the results of the polymer-
ization of 1. More details cannot be discussed becausévthe
and My/M, in Table 3 are the values for a mixture of the
unreacting macromonomers and the resulttigywithout any
peak separation. In order to examine the reactivity of the
macromonomers during the copolymerization with oxygen, we
carried out the copolymerization of 2,4-hexadienyl acetdte)(

and methyl sorbateMS) as the low-molecular-weight model
compounds for the macromonomdr and 2, respectively
(Scheme 4). The results are shown in Table 3 (runs20j.
PP—MS was obtained in a higher polymer yield theR—HA,

but their molecular weights were similar. From the elution
curves ofPP and the experimental results usirgA and MS

as the model compounds, the degree of the polymerization of
PP is speculated to be ca—80 at least. A further increase in

but are differentiated from each other (Figure 5). Because thethe molecular weight oPP is difficult, as has already been

isolation of PP from a mixture with the unreacted macromono-

shown in the previous results for the copolymerization of diene

mer was difficult, we used a dual detection system consisting monomers with oxygen under various conditidfs>19
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Table 4. DFT Calculations for Regiospecific Propagation during Diene Monomers as the Model for Macromonomets

addition of peroxy radical to diene BDE of formed-© bond
AHs— AH; BDEs 4 BDEs »
monomer X AHs (kcal/mol) AH; (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) regioselectivity
HA CH,OCOCH; —8.99 —7.44 1.55 18.90, 18.51 18.81, 19.00 low
MSP CO,CHs —9.95 —0.87 9.08 15.17, 15.02 7.35,9.45 high

aMS: methyl sorbateHA: 2,4-hexadienyl acetaté\Hs and AH- are the enthalpy changes for the reactions in Scheme 5. Fos Battl BDE ,,
energies were calculated for two diastereomers. See also SchérReférence 16.

Scheme 5
o}

TN
Hac/o\o . /\/\/\O)J\
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Figure 6. *H NMR spectrum ofPP—HA obtained fromHA as the
model compound fofl with oxygen. |

Direct determination of the main-chain structurePé#f-1and l l
PP-2 was attempted by NMR spectroscopy, but this failed CH30 CHsO

. . (0] 0] o o
because of broad peaks due to the main chain and the presence )]\ )]\
of the PLLA side chain. Therefore, we examined the structure Wo WO

O\O O\O

of PP—HA by theH NMR spectrum and theoretical calcula-
tions. Figure 6 indicates the presence of both the 5,4- and 5,2-

repeating structures &fA units in the resulting®’P—HA, similar 5,4-propagation 5,2-propgation
to the PP obtained from 2,4-hexadiene previously reported. BDEs 4 = 18.90 kealimol (5R* 45 BDEs, = 18.81 kealimol (5R*,2S)
BDEs 4 = 1851 keal/mol (55*4S%) BDEs , = 19.00 kealimol (55%,2S%)

Theoretical calculations were carried out FbA as the model
compound ofPP-1,and the results were compared with those  \ye subsequently investigated the regioselectivity in the
for MS as the model oPP-2 During the alternating radical  gecond step of the alternating propagation mechanism (Scheme
copolymerization of sorbic esters with oxygen, propagation gy |t has been reported that the reaction of a carbon-centered
consists of the two successive regiospecific reactions: one is;ggical with molecular oxygen is reversible and that the bond
the regiospecific addition of a propagating peroxy radica! to a gissociation energy (BDE) of a carbon-to-oxygen bond for a
diene monomer, and the other is the regiospecific reaction of g pstituted peroxy radical is closely related to the kinetic
an allyl radical with molecular oxygeR.In the present study,  constant of3-dissociation, which is the reaction reverse to
reaction enthalpy for the addition of a methyl peroxy radical to propagatior?s Therefore, we estimated the BDE values for the
HA was calculated at the B3LPY level of the theory with a a5ction of an allyl radical with oxygen at the C4 and C2
pasis set of 6-311G*. The calculation results are summarized positions (BDE 4 and BDE 5, respectively). The conclusion is
in Table 4. that the difference in the BDE values of the 5,4- and 5,2-adduct

The structure of peroxy radicals formed by the addition to radicals is small and that both propagations are possibly occur
HA at the 5- and 2-carbons is shown in Scheme 5. The enthalpyduring the copolymerization dflA, which is much different
changes by the addition of a methyl peroxy radical to the C5 from the highly regiospecific propagation MS previously
and C2 carbons dflA were AHs = —8.99 kcal/mol andAH, reported.
= —7.44 kcal/mol, respectively. The reaction at the C5 position ~ Thus, we have revealed that the 1,3-diene derivatives having
is more preferred by 1.55 kcal/mol, but this difference is much no a-carbonyl substituent such at and HA have low
smaller than the value (9.08 cal/mol) fglS with a conjugating regioselectivity regarding the 5- and 2-addition of a peroxy
substituent on the diene moiety. During the copolymerization radical in the first step and no selectivity regarding the 5,4-
of HA and oxygen, addition occurs to both the 5- and 2-positions and 5,2-propagation in the second step during propagation. For
of HA, while the copolymerization oMS provides a highly the structure control of degradation products, the regiocontrol
controlled regioselective structure due to an exclusive addition of propagation is indispensable, but an easy degradation property
to the 5-carbon. requires only the alternating repeating structure of oxygen and



Macromolecules, Vol. 40, No. 3, 2007 PLLA with Branched and Network Structure$15

Table 5. Anionic and Metal-Catalyzed Polymerization for the Synthesis of Difunctional PLLA 3 and 4

chain end functionality

[LLA] initiator temp  time yield Mn x 1073 Mw/Mp,
run (mol/L) (mol/L) catalyst (mol/L) (°C) (h) (%) (GPCY} (GPCY a-dienyl w-dienyl w-OH
21p 1.25 SA (0.15) nBulLi (0.125) 20 1 79.2 35 1.5 0.86 0.61 0.39
22 1.25 SA (0.025) nBulLi (0.021) 20 1 93.4 7.3 1.6
23 HHI Sn(Oct) 120 6 75.5 55 1.3 1.76 0 1.0

a Calibrated with standard polystyrené$olymerization was carried out in THF and terminated with sorbic acid chloride. SA: sorbyl alé@wk
polymerization with LLA 10 mmol, HHI 1 mmol, Sn(O¢tP.03 mmol.

Scheme 7 The copolymerizations d as the telechelic polymer ard
nBuLi, THF as thea,a-difuntional polymer with oxygen were carried out
2 2 X" 78°C. 0.5h in 1,2-dichloroethane for 12 h. In the case3fthe polymer-
1) LLA, 20°C, 1 h ization mixture was poured into a large amount of chloroform
e Y St 2 sorbic a0 chonde, 78 °C 1; and separated into an insoluble polymer (g®PRG) and a
o ’ ’ soluble part PP-3S). The soluble part includes the branched
o polymer and the unreact&] and theM,, of PP-3Swas higher
/\/\/\o‘el\r 5\“/\/\/ than that of the originaB. The ratio of the gel fraction as the
n O insoluble part was 39.3 wt %. The copolymerizatiordoivas
s carried out under the identical conditions, but no gelation was

observed. ThM, andM,,/M, values greatly increased from 5.5
Scheme 8 x 10° to 1.3 x 10* and 1.3 to 4.0, respectively, after the

o o 1) BOMSICI, imidazole, 0 copolymerization. This indicates the formation of a highly
DMF, rt
HO OH ———————» HO
)KQ/U\ 2) conc. HCI, AcOH
OH

o]
branched structure. The two reacting diene group% aire
oH located close to each other and tend to intramolecularly react
during the copolymerization with oxygen. This results in the
OSi(CHg),C(CHa)s formation of a cyclic structure but does not undergo intermo-
HHI lecular cross-linking. Consequently, the produdd@-4 may
o o have a starlike polymer shape.
sorbyl loohol, DCC S Thermal Degradation. After the toluene solution oPP-1
S P, TN 0NN was heated at 118C for 5 h, the polymer was recovered by
DMAP, THF, 6 reprecipitation and analyzed by GPC (run 12 in Table 3). The
obtained GPC elution curve is already shown in Figure 3. The
Mn value (4.1x 10° observed after the thermal degradation
9 o was similar to that of the original macromononiefM,, = 3.5
e Y Vs 0 NN x 10°). When the terminal structure of the polymer after thermal
degradation was examined byH NMR spectroscopy, an
aldehyde group was detected. Previously, we have reported the
radical chain degradation of PP obtained from various diene
monomers resulting in the formation of low-molecular-weight

OH
(o]
P Y Y o aldehyde productst*The NMR results observed in this study
Sn(Octy, LLA o o, agree \_NeII with the expected one, but its content was not
120°C, 6 h determined. FoPP-2 andPP-4, similar results were obtained
n
NN
[0}

OSi(CH3),C(CH3)3

TBAF, THF, 1 h
—_—

(run 16 in Table 3 and run 27 in Table 6, respectively). These
results strongly indicate that a peroxy linkage as the branching
point in PP-1, PP-2, and PP-4 readily degrades and that the

‘ side-chain PLLA segments are recovered without decomposi-

a diene in the main chain. TherefofeP-1 and PP—HA can tion.
be used as degradable polymers because they still have a highly The TG/DTA measurement of the dri&P-3G was carried
alternating structure. out to confirm the presence of a peroxy group. In the TG curve,

Preparation of Difunctional PLLA. In the present study, no weight loss was observed below 30D, at which temper-
we also prepared two kinds of difunctional PLLA for synthesiz- ature decomposition of PLLA starts. In the DTA curve, both
ing branched and cross-linkeéRP with degradable junctions. an endothermic peak due to the melting of PLLA and an
The telechelic PLLA 3) having two dienyl groups at the both  exothermic peakTmax = 138 °C) due to the degradation of
chain ends was prepared by a method similar to the synthesisperoxy linkages were observed. In fact, wheR-3G swollen
of macromonomer& and2 (Scheme 7). On the other hand, the with toluene was heated in a sealed tube at @or 3 h, the
o,o-difunctional PLLA was prepared by the metal-catalyzed cross-linking points oPP-3G degraded, and all the remaining
polymerization of LLA with HHI as the initiator (Scheme 8). PLLA was soluble in toluene after cooling to room temperature
The metal-catalyzed polymerizat®n?® is useful for the (Figure 7). This supports that the network structurd®8+3G
o-funtionalized polymers. The results of these polymerizations includes thermally degradable junctions.
are shown in Table 5. The difunctional PLLA with &, of Wide-angle X-ray diffraction measurements were carried out
(3.5-7.3) x 1% and anM,,/M, = 1.3—1.6 was obtained in 75 to evaluate the crystallinity of the linear and the branched PLLA
93% yield by the anionic and metal-catalyzed polymerizations. produced in the present study. We confirmed fPB{3Shas a
The functionality of the introduction of diene groups at the low crystallinity (22%) due to its highly branched structgfe,
o- or w-chain end per PLLA chain was 1.41.76. while the linear PLLA such a8 has a high crystallinity (41%),
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Table 6. Copolymerization of 3 or 4 with Oxygen in 1,2-Dichloroethane at 30C?

run PLLA time (h) con¥ (%) gel fraction (%) Mn x 1073 My x 1073 Mw/My,
24 3 12 57.7 39.3 738 13.¢ 1.8
25° 0 5.2 5.6 1.4
26 4f 12 71.0 0 13.0 52.0 4.0
27 0 6.3 8.8 1.4

a PLLA/AMVN/solvent = 50/1/100 by weight. During polymerization, each 5 mg of AMVN was further added steptvésk atervals.? Estimated by
GPC using RI and UV detectorsObtained by run 21 in Table 3, = 3.5 x 103, My, = 4.9 x 103, My/M, = 1.5.9 For soluble partRP-39. € After
thermal degradation of gel fractioPP-3G, run 24) at 110°C for 5 h.f Obtained by run 23 in Table 3, = 5.5 x 10%, My, = 4.4 x 10°, My/M, = 1.3.
9 After thermal degradation d?P-4 (run 26) at 110°C for 5 h.

Table 7. Crystallinity and Film Formation of PLLA with a Different Chain Structure

polymer structure Mp x 1073 crystallinity? (%) transparent film

macromonomet linear 35 no
PP-1 comblike 7.3 no
macromonomes linear 35 41 no
macromonome8 linear 7.3 no
macromonomer DL3P linear 4.1 c yes
PP-38 highly branched 7.3 22 yes
PP-3Safter degradatich linear 5.2 38 no®
PP-3@ gel no
macromonome# linear 5.5 44 no
PP-4 starlike 13.0 34 no
PP-4after degradatich linear 6.3 43 no®

a Estimated by wide-angle X-ray diffraction®pL-Lactides (racemic isomers) were used for the polymerization in the synthesis of PRIAMorphous.
d CHClz-soluble part of the products from copolymerization of macromondn@un 24 in Table $with oxygen at 30°C for 12 h.¢ After heating at 90
°C for 5 h.fInsoluble part.

controlling the physical properties not only of PLLA but also
of other conventional polymers.
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