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ABSTRACT: Poly(ε-caprolactone) (PCL) having controlled molecular weight was synthesized by ring opening poly-
merization of ε-caprolactone (CL) initiated by ethanol with stannous(II) octanoate or scandium(III) trifluoromethane sul-
fonate as a catalyst. The hydroxyl end group of the resulting polymer was converted to trimethylsiloxyl group by using
hexamethyldisilazane. On the other hand, poly(vinyloxy-t-butyldimethylsilane) (PVOTBDMS) was obtained by aldol-
type of group transfer polymerization. Under the presence of ZnBr2 or TiCl4 as the catalyst, the coupling reaction of
above two precursor polymers was carried out so as to build PCL-block-PVOTBDMS with controlled molecular weight
and narrow molecular weight distribution. The PCL-block-PVA as the final goal could be obtained by elimination of the
silyl groups in the above block copolymer.
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In recent years, biodegradable polymers have at-
tracted more and more attention from many fields to
replace the traditional polymers owing to the increas-
ing environmental problems caused by polymer dis-
posal after use. It has been reported that they can
be efficiently degraded into non-toxic water-soluble
oligomers by a great number of living cells or microor-
ganisms widely inhabited in the natural environment,
then the water-soluble oligomers can be reutilized in
many ways and finally changed into water, carbon diox-
ide or methane through several metabolic procedures
of microorganisms.1–5 It is well known that aliphatic
polyesters are the most promising class of biodegrad-
able materials which can be prepared by biosynthesis
and chemical process6–8 such as polycondensation and
ring-opening polymerization.

Poly(ε-caprolactone) (PCL) is one of the well-
studied aliphatic polyesters, which can be easily syn-
thesized by CL with ethanol as an initiator and stan-
nous(II) octanoate (Sn(Oct)2) as a catalyst.9–11 Up
to present, Sn(Oct)2 and aluminum triisopropoxide
(Al(Oi-Pr)3) have been most conventional catalysts for
the ring-opening polymerization of lactones.10, 12 Re-
cently Kobayashi et al. insisted that rare earth metal
triflates such as Sc(OTf)3 can be used as an intrigu-
ing Lewis acid catalyst in organic synthesis.13 Suc-
cessful ring-opening polymerization (ROP) of CL using
Sc(OTf)3 was firstly reported by Nomura et al., show-
ing the formation of PCL with very narrow molecular
distribution even at 25◦C.14 Furthermore Sc(OTf)3 as
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well as Sn(OTf)2 was proved to be effective toward
the ROP of other lactones, including β-butyrolactone,
α-allyl(valerolactone) and so on.15, 16 Polymerization
of these monomers proceeded in living manner and
gave the polymers with controlled molecular weights
and narrow molecular weight distributions. It was re-
ported that the semicrystalline PCL can be degraded in
many different environments such as soil, river water
etc.17 Especially it can be degraded within a very short
time by using of suitable lipases.18 Irrespective of its
excellent biodegradability, however, PCL is obviously
limited in daily use because of its low melting point
(60 ◦C). In order to satisfy wide needs in the field of in-
dustry, it would be very desirable to tie up the excellent
biodegradability of polyesters and the favorable physi-
cal properties of other polymers. Many PCL-containing
biodegradable copolymers have been tried to synthe-
size in different ways. Making PCL-containing block
copolymer is one of the potential methods for this pur-
pose.

On the molecular architecture of the block copoly-
mers, designing of chemical composition of the copoly-
mer and the block length must be important to produce
materials with a wide range of properties. Poly(vinyl
alcohol) (PVA) is one of the water-soluble poly-
mers and the only one vinyl-type polymer of which
biodegradability has been confirmed, although its
biodegradation rate under natural environmental con-
ditions is not rapid enough to classify as an practical
biodegradable polymer.19 PVA is often blended with
other biodegradable polymers such as PCL to adjust
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Scheme 1. The synthesis route to PCL-block-PVA.

hydrophobic/hydrophilic properties of the final mate-
rials.20

Here we exerted ourselves for synthesis of a novel
biodegradable hydrophobic-hydrophilic block copoly-
mer, PCL-block-PVA, with well-defined molecular
weight by way of an approach route involving liv-
ing ring-opening polymerization of caprolactone and
Aldol-GTP21 of vinyl silyl ether for PVA unit.

In this article, at first Sn(Oct)2 and Sc(OTf)3

were examined as the catalyst for the living ring-
opening polymerization of CL. Next the hydroxyl
end group of PCL was converted into trimethylsi-
lyloxyl group and then this end-capped PCL was
coupled with poly(vinyloxyl-tert-butyldimethylsilane)
(PVOTBDMS) under the presence of ZnBr2 or TiCl4
catalyst, as described in Scheme 1. PVOTBDMS
could be prepared by Aldol-GTP of the correspond-
ing monomer. Finally elimination of the trialkylsi-
lyl groups from the coupled copolymer resulted in
formation of PCL-block-PVA. It is expected that the
biodegradability, solubility in organic solvents, thermal
property, and other characters of these block copoly-
mers can be controlled by changing length of PCL- and

PVA-chain.

EXPERIMENTAL

Materials
ε-Caprolactone (CL) was dried over CaH2 for

24 h and distilled under reduced pressure just be-
fore use. Scandium (III) trifluoromethane sulfonate
(Sc(OTf)3) was dried in vacuo, used as solution in
toluene/tetrahydrofuran (THF) (80/20) mixture. Stan-
nous (II) octanoate (Sn(Oct)2) and titanium (IV) chlo-
ride (TiCl4) (Aldrich, 0.1 mol L−1 in toluene) were used
as received. Ethanol was distilled after reflux with
MgI2/methanol. Hexamethyldisilazane (HMDS) was
used without further purification. p-Anisaldehyde was
distilled from CaH2 under reduced pressure. ZnBr2 was
purified by sublimation. Menthyl ethyl ether (MEE)
was synthesized by Williamson method and purified by
distillation.

Measurement
1H nuclear magnetic resonance (NMR) and

13C NMR were carried out with Bruker DPX200
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Table I. Living ring-opening polymerization of ε-CL initiated by ethanol

Run
[M]0/[I]0 Cat.

Tem. Time Yield
DPna Mn

b

Mw/Mn
c

No ◦C h (wt%) ×10−3

1 20 Sn(Oct)2 110 24 98.5 14 2.89 1.37
2 20 Sn(Oct)2 90 24 95.5 21 4.87 1.34
3 20 Sc(OTf)3 65 24 95.9 16 3.76 1.29
4 30 Sc(OTf)3 65 20 90.0 28 6.65 1.13
5 100 Sn(Oct)2 90 24 98.0 58 12.58 1.43

aDegree of polymerization determined by 1H NMR spectra in CDCl3 at room
temperature. bNumber-average molecular weight determined by SEC, calibrated by
Polystyrene Standards. cMolecular weight distribution determined by SEC, calibrated
by Polystyrene Standards.

(200 MHz) or Varian GEMINI300 (300 MHz) in
CDCl3 at room temperature. Number-averaged
molecular weight (Mn) and polydispersity index of
the molecular weight (Mw/Mn) were determined
by size-exclusion chromatography (SEC) with the
column system of Tosoh G2000-, G3000-, G4000-,
and G5000-HXL, used THF as an eluent and calibrated
with polystyrene standards. Infrared (IR) spectrum
was recorded in KBr using a JASCO FT/IR-400
spectrometer.

Synthesis of PCL
A round-bottom flask with a magnetic stirring chip

was flamed and filled with nitrogen atmosphere for
three times. Ethanol as an initiator and a solution of
catalyst Sn(Oct)2 or Sc(OTf)3 were charged in the flask,
and then the proper amount of CL monomer according
to the predetermined molar ratio to initiator was added,
reacted at a constant temperature on an oil-bath. After
the appropriate reaction time, the polymer was precip-
itated in n-hexane and dried in vacuo up to a constant
weight.

Chemical Modification of the End-Group of PCL
Hexamethyldisilazane in toluene (2.0 wt%) was

added into toluene solution of PCL and subject to react
on the oil-bath at 80◦C for 160 h. The product polymer
(PCL-OTMS) was reprecipitated in n-hexane and dried
in vacuo.

Synthesis of Vinyloxyl-tert-Butyldimethylsilane (VOTB-
DMS)22

THF (200 mL) was placed in a three-necked 500 mL
flask, which was equipped with a dropping funnel and
a nitrogen gas inlet and preliminarily flame-dried and
purged by N2. Then n-BuLi was added to the flask
cooled on an ice-bath through the dropping funnel un-
der nitrogen atmosphere. The solution was kept mag-
netically stirring for 24 h. After the reaction mixture
was condensed partly, tert-butyldimethylchlorosilane
solution in THF was added and stirred for 15 h. The

solvent and monomer were collected by the trap-to-trap
method. The solution was evaporated under reduced
pressure so as to remove the monomer completely.

Aldol-type of Group Transfer Polymerization (Aldol-
GTP) of VOTBDMS21

A flame-dried and N2-purged flask with a stirrer chip
was charged with the calculated amounts of VOTB-
DMS (monomer), p-anisaldehyde (initiator), and sol-
vent, then was cooled on an ice-bath. In order to keep
the reaction proceeding in a homogeneous environ-
ment, ZnBr2(catalyst) was added as ether solution pre-
pared in advance. The reaction was stopped by adding
of a large excess of methanol–triethylamine (1:1 vol) to
the initiator after a predetermined period. The reaction
mixture was poured into methanol and the precipitate
was dried in vacuo up to a constant weight.

Coupling Reaction of PVOTBDMS with PCL-OTMS
The flame-dried and N2-purged glass tube was

charged with PVOTBDMS dissolved in toluene under
a dry nitrogen atmosphere. The calculated amount of
ZnBr2 in diethyl ether or TiCl4 in toluene was added
and stirred for 1 h at room temperature. The solution
of PCL-OTMS in toluene was then added into the mix-
ture and subject to react for 150 h at 60◦C on an oil
bath. The polymer was collected by reprecipitation
from toluene solution into n-hexane and dried in vacuo.

RESULTS AND DISCUSSION

Synthesis of PCL
It has been known in the ring-opening polymeriza-

tion of lactone monomers catalyzed by Sn(Oct)2 that
the molecular weights of the polymers could be con-
trolled by the monomer/initiator molar ratios.23 On the
other hand, some intermolecular and intramolecular
transesterification was pointed out to be occurred at
the elevated temperature which is necessary to activate
the catalyst Sn(Oct)2.24 Therefore we also employed
Sc(OTf)3 referred in introduction. Polymerization of

Polym. J., Vol. 35, No. 10, 2003 759



J. ZHOU et al.

Table II. Modified reaction of OH end group of PCL by hexamethyldisilazanea

Run Mn
b Yield Degree of Masking Mn

c

Mw/Mn
d DPne

No ×10−3 (wt%) % ×10−3

1f 2.89 83.0 100.0 3.55 1.26 22
2 3.76 77.6 96.5 2.40 1.29 8
3 4.84 88.1 99.7 6.04 1.34 23
4 6.65 91.9 100.0 7.02 1.13 36
5 12.58 86.0 100.0 13.43 1.44 62

aUse Toluene as solvent, Tem. = 80 ◦C, Time = 160 h. bNumber-average molecular weight
of PCL before modified reaction, determined by SEC, calibrated by Polystyrene Standards.
cNumber-average molecular weight of PCL after modified reaction, determined by SEC, cali-
brated by Polystyrene Standards. dMolecular weight distribution of PCL after modified reac-
tion, determined by SEC, calibrated by Polystyrene Standards. eDegree of Polymerization of
PCL after modified reaction, determined by 1H NMR. fReaction time = 120 h.

Figure 1. Monitoring of the chemical shift of CH2 proton adja-
cent to end group of PCL during the chemical modification of end
group of PCL by HMDS.

CL carried out in this work was summarized in Table I.
The formation of PCL with hydroxyl end group was
mainly confirmed by 1H NMR.

Chemical Modification of Hydroxyl End Group of PCL
Hexamethyldisilazane (HMDS) was employed to

mask the hydroxyl group at the terminal of PCL-chain
without formation of HCl as contrasted with Me3SiCl.
In the 1H NMR spectrum showed as Figure 1, the ter-
minal methylene proton (–CH2OH) signal at 3.63 ppm
faded out with the passage of time and a new methylene
signal at 3.55 ppm assignable to –CH2OSi(CH3)3 ap-
peared, indicating that the hydroxyl end group of PCL
can be modified by HMDS.

The degree of masking was calculated from the sig-
nal intensity ratio of methyl proton (CH3)3Si– and the
total terminal methylene proton. It is worthwhile to not-
ing that the speed of masking tended to decrease with
increasing chain length of PCL, even though the degree

Scheme 2. Loss of formyl group by back-biting at the terminal
of PVOTRS.

of masking can be finally attained almost 100%. This
suggested that the hydroxyl end group would be partly
buried inside of the polymer matrix and made the speed
of modification for longer-chain PCL somewhat slow.
For long-chain PCL, longer reaction time was neces-
sary to complete the modification of the end group. For
the shorter-chain PCL sample, however, lowering the
yield and the decrease of molecular weight were ob-
served for the samples obtained after such a long re-
action time(Run 2 in Table II). These behaviors would
be interpreted by the term of back-biting (depolymer-
ization). To the contrary, no distinguished decrease in
yield and Mn was appeared under same reaction time
for longer-chain PCL.

Aldol-GTP of VOTBDMS
Aldol-GTP21 of VOTBDMS was initiated from p-

anisaldehyde with ZnBr2 catalyst dissolved in ether
to keep the reaction system homogeneous. Molec-
ular weight data in Table III demonstrated the good
living character. The formyl group at the terminal
(–CH2CH=O) could be confirmed by the signal at
9.70 ppm in the 1H NMR spectrum, though the inten-
sity was somewhat less than the theoretical value due to
back-biting reaction during polymerization (Scheme 2).

Coupling Reaction of PVOTBDMS and PCL-OTMS
The coupling reaction of PVOTBDMS and PCL-

OTMS was carried out in the presence of ZnBr2 or
TiCl4 as a catalyst. In order to obtain block copoly-
mers composed of different chain length, PCL-OTMS
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Table III. Aldol-GTP of VOTBDMS in toluene

Run Catalysta [M]0/[I]0
Temp. Time Yield Mn

d

Mw/Mn
d

◦C h (wt%) ×10−3

1 ZnBr2-Et2O 10 0 48 66.3 1.49 1.32
2 ZnBr2-Et2O 10 0 48 72.0 2.10 1.49
3 ZnBr2-Et2O 40 0 90 64.7 3.42 1.43
4 ZnBr2-MEEb 50 0 135 84.4 6.74 1.70
5c ZnBr2-MEEb 50 0 163 89.5 6.83 1.90
a[Et2O]/[ZnBr2] = 5.0 (Run1–3); [MEE]/[ZnBr2] = 6 (Run4–5). bMEE: Menthyl

Ethyl Ether. cUse Toluene/MEE (vol.50/50) solvent mixture. dNumber-average
molecular weight and molecular weight distribution determined by SEC, calibrated
by Polystyrene Standards.

Table IV. Coupling reaction of TMS modified PCL (P1) and PVOTBDMS(P2) using ZnBr2 as catalyst in toluene
(Tem. = 60 ◦C, Time = 150 h)

Run
P1 P2 [ZnBr2/–OTMS]c Yieldd P2/P1

e Block
Mn

b

No.a
Mn

b Mw/Mn
b Mn

b Mw/Mn
b

(mol/mol) (wt%) (mol/mol)
copolymerf

×10−3 Mw/Mn
b

×10−3 ×10−3 (%)
1 2.40 1.31 — 1/2 66.3 — — 3.04 1.30
2 6.04 1.27 — 1/2 93.1 — — 6.10 1.29
3 3.55 1.26 1.49 1.32 — 33.0 — — — —
4 3.55 1.26 1.49 1.32 1/10 24.0 — — — —
5 3.55 1.26 1.49 1.32 1/3.5 29.0 25.8/74.2 100.0 6.20 1.53
6 6.04 1.27 2.10 1.49 1/2 91.1 10.7/89.3 67.1 6.81 1.32
7 7.07 1.13 2.10 1.49 1/2 100.0 6.9/93.1 99.5 8.35 1.19
8 13.43 1.44 2.10 1.49 1/2 93.6 5.3/94.7 97.2 14.90 1.53
9 6.04 1.27 3.42 1.43 1/2 85.6 23.3/76.7 65.7 8.07 2.14

10 6.04 1.27 6.74 1.70 1/2 69.1 41.5/58.5 62.0 8.31 2.02
aRun 3–6: P1 and P2 were added in equal molar ratio of the two end groups; Run 7–10: P2 was added in excess.

bNumber-average molecular weight and molecular weight distribution determined by SEC, calibrated by Polystyrene
standards. cThe molar ration of catalyst added and the end group of P1. dThe yield of polymer precipitated from
MeOH(Run 3–5) or n-hexane(Run 1,2,6–10) based on the theoretical amount of block copolymer. eThe molar ratio
of VOTBDMS/CL in copolymer, evaluated by 1H NMR. fContent of block copolymer determined by 1H NMR,
assuming that the DP of PCL block was unchanged after reaction.

and PVOTBDMS with different molecular weights as
shown in Tables II and III were used.

As summarized in Table IV, the coupling reactions
occurred in the presence of ZnBr2. In order to con-
sider the influence of length of PCL-chain on the inter-
action with ZnBr2, PCL-OTMS with different molec-
ular weights were reacted with ZnBr2 alone (Run 1, 2
in Table IV). It seems strange that the recovery yield
of the polymer in the case of using short PCL-chain
was lower than that for long PCL. It can be interpreted
by the term of inter- and intramolecular transesterifica-
tion caused by the interaction between ZnBr2 and oxy-
gen atoms in PCL-chain. These reactions should bring
about scrambling and formation of macrocycles,25 re-
spectively, as shown in the Scheme 3. The short PCL-
chain must give rather small size scrambling products
soluble in n-hexane.

In fact, PCL with very low molecular weight was
newly generated and could be isolated as the soluble
part in n-hexane on the occasion of reprecipitation.
This is the reason why the first recovery yield became

Scheme 3. Possible side reactions caused by the interaction of
PCL-chain and ZnBr2.

low for Run 1. The use of PCL with relatively long
chain (Run 2 in Table IV) showed little loss in recovery
and no change in the molecular weight. This differ-
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Scheme 4. The mechanism proposed to coupling reaction of
PVOTBDMS and PCL-OTMS by using ZnBr2.

20 24 28 32 36 40 44 48
L]

Figure 2. SEC charts monitored for Run 3–5 shown in
Table IV.

ent behavior might be explained by the lowering Lewis
acidity of ZnBr2 by the long PCL-chain, in other words,
by the excess amounts of ester group.

It was assumed in the coupling system that ZnBr2
would be coordinated with both formyl end group of
PVOTBDMS and trimethylsilyl end group of PCL and
that a bicycle-type of transition state containing ZnBr2
would be formed, as is described in Scheme 4. This
transition state is very similar to that proposed for initi-
ation and propagation of Aldol-GTP and also the cou-
pling reaction of PVOTBDMS prepared via Aldol-GTP
with PMMA synthesized by Michael-GTP.21 Bond re-
arrangement and removing of the catalyst should result
in the block copolymer designed in this work.

Methanol is a non-solvent for both PCL and PVOTB-
DMS and therefore was selected to precipitate coupling
copolymers for Run 3–5 in Table IV, where two parent
polymers were mixed in equal molar ratio with respect
to the end group. The SEC charts monitored for Run
3, 4, and 5 are depicted in Figure 2. Judging from the
unchanged bimodal SEC chart of the Run 3, coupling
reaction could not occur in the absence of catalyst. In
Run 4, the coupling reaction did not finish yet because
of drawing still the bimodal SEC chart. In contrast
with Run 4, the unimodal chart of Run 5 meant that
the coupling reaction between the formyl group at the
end of PVOTBDMS and the end group of PCL-OTMS
proceeded completely. It seemed important to have in-

Figure 3. Monitoring of the chemical shift of CH2 proton ad-
jacent to end group of PCL after coupling reaction of PVOTBDMS
and PCL-OTMS.

creased the amount of catalyst up to about 30 mol% to
the end group of PCL-OTMS. Taking into account that
the Lewis acidity of ZnBr2 must be lowered by the long
PCL-chain, consequently the catalyst was added by
50 mol% of the end group of PCL-OTMS in subsequent
experiments (Run 6–10). As a result, the coupling
copolymer was obtained in ca. 94% yield even for the
PCL-OTMS with the molecular weight of 1.34× 104

(Run 8). Although an equal molar ratio of parent poly-
mers were mixed in Run 6, excess amounts of PVOTB-
DMS were added in Run 7 and 8. In this condition,
the reaction proceeded to form completely the block
copolymer independent of the chain length of PCL-
OTMS used. After the predetermined time, unreacted
PVOTBDMS can be removed by precipitation with n-
hexane (non-solvent). In the 1H NMR spectrum of the
polymer purified by reprecipitation from toluene solu-
tion into n-hexane, the signals assignable to the repeat-
ing structure of PCL- and PVOTBDMS-chain are ob-
served, confirming the formation of the block copoly-
mer just as designed. The composition of the coupled
polymer can be calculated by the intensity of 1H NMR
peaks. The signal at 9.70 ppm due to formyl end group
in PVOTBDMS was disappeared, and the methylene
proton adjacent to –OSi (CH3)3 of PCL was shifted
from 3.55 ppm to 3.585 ppm with the coupling reaction
progressed as shown in Figure 3. The corresponding
SEC showed the unimodal chart and peak top shifted to
higher molecular weight region, keeping narrow molec-
ular weight distribution. These proofs support the oc-
currence of the reaction assumed in Scheme 4. By us-
ing a short PVOTBDMS-chain, the block copolymer
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Table V. Coupling reaction of TMS modified PCL(P1) and PVOTBDMS(P2) using TiCl4 as catalyst in toluene
(Tem. = 60 ◦C, Time = 150 h)

Run
P1 P2 [TiCl4/–OTMS]c Yieldd P2/P1

e Block
Mn

b

No.a
Mn

b Mw/Mn
b Mn

b Mw/Mn
b

(mol/mol) (wt%) (mol/mol)
copolymerf

×10−3 Mw/Mn
b

×10−3 ×10−3 (%)
1 2.40 1.31 — — 1/3.5 62.98 — — 2.88 1.93
2 6.04 1.27 — — 1/3.5 62.52 — — 3.93 1.72
3 2.40 1.31 2.10 1.49 1/10 28.99 27.3/72.7 72.80 7.16 2.53
4 2.40 1.31 2.10 1.49 1/3.5 53.40 25.7/74.3 96.30 5.74 2.32
5 6.04 1.27 2.10 1.49 1/3.5 89.40 9.9/90.1 80.70 7.33 1.93
6 7.07 1.13 2.10 1.49 1/3.5 85.60 9.3/90.7 90.20 9.39 1.69
7 13.43 1.44 2.10 1.49 1/3.5 97.20 6.7/93.3 100.00 16.70 1.56
8 6.04 1.27 6.83 1.90 1/3.5 67.00 37.3/62.3 56.70 8.60 3.36

aRun 5: P1 and P2 were added in equal molar ratio of the two end groups; Run 3–4, 6–8: P2 was added in excess.
bNumber-average molecular weight and molecular weight distribution determined by SEC , calibrated by Polystyrene
standards. cThe molar ratio of TiCl4 catalyst and the end group of P1. dThe yield of polymer precipitated from n-hexane
based on theoretical amount of block copolymer. eThe molar ratio of VOTBDMS/CL in copolymer precipitated from
n-Hexane ,evaluated by 1H NMR. fContent of block copolymer determined by 1H NMR, assuming that the DP of PCL
block was unchanged after reaction.

can be obtained nearly 100% independent of the chain
length of PCL-OTMS used. The effect of PVOTB-
DMS with different molecular weights can be read in
Table IV, too. The higher molecular weight of PVOTB-
DMS was used, the higher content of PVOTBDMS
units can be apparently achieved in the crude polymer
by means of 1H NMR spectrum. However the con-
tent of a real block copolymer was decreased. The
real block copolymer content was calculated on the as-
sumption that the length of PCL-chain never changed
during the coupling reaction. One reason for this de-
crease could be owing to the lowered diffusion ability
of parent polymers. The long VOTBDMS- and PCL-
chain caused higher viscosity of the reaction mixture.
The 1H NMR analysis of the crude copolymer from
Run 10 indicated that 77 wt% of the original PCL was
involved intact. Based on the result of Run 2 (Ta-
ble IV), there is no bad effect of ZnBr2 on the long
PCL-chain. Since PVOTBDMS dissolves readily in n-
hexane, the increasing content of PVOTBDMS unit in
the real block copolymer must increase the solubility
of copolymers in n-hexane. The block copolymer com-
posed of long PVOTBDMS and short PCL chains will
dissolve in n-hexane and cause somewhat the loss in
yield as well as the content of real block copolymer af-
ter precipitation from n-hexane. Furthermore, it was
confirmed by the signals assignable to PCL-chain in the
1H NMR spectrum of supernatant from precipitation.

Then the coupling reactions in the presence of TiCl4
instead of ZnBr2 as catalyst were carried out and the re-
sults were summarized in Table V. At first, the influence
on the interaction of the PCL-chain with TiCl4 was in-
vestigated (Run 1,2 in Table V), comparing with ZnBr2
(Run 1,2 in Table IV). The recovered yield of PCL-

OTMS in Run 1 was in a similar level (63–66 wt%) as
the case of ZnBr2 catalyst, indicating the loss of small
size compounds. The stronger Lewis acidity of TiCl4
than that of ZnBr2 made the molecular weight distribu-
tion (Mw/Mn) broader. However, very different manner
of TiCl4 from that of ZnBr2 was observed in the interac-
tion of PCL with molecular weight of about 6000 (Run
2). The recovered polymer showed a new 1H NMR sig-
nal at 11.5 ppm assignable to carboxyl proton and its
Mn lowered extremely and its Mw/Mn index was in-
creased up to 1.72, suggesting that the random scission
of PCL-chain still occurred extensively in spite of in-
creasing amounts of ester groups. Large amounts of
ester groups were not enough to suppress the acidity of
TiCl4, on the contrary were useful to promote transes-
terification due to high concentration of ester groups.
However, such change was never observed in the case
of ZnBr2. After addition of PVOTBDMS, the interac-
tion between TiCl4 and PCL-chain was weakened and
the coupling reaction was expected to proceed accord-
ing to the mechanism in Scheme 4, which was assumed
for ZnBr2 catalyst. The SEC data showed an increase
in molecular weight compared with that of parents. The
side reaction with TiCl4 was responsible to the broad-
ened molecular weight distribution as discussed above.
Furthermore, the obvious signals assignable to both
PCL- and PVOTBDMS-chains in 1H NMR spectrum of
the products gave a clear evidence for the formation of
block copolymer. According to the results of Run 3 and
4 in Table V, content of the real block copolymer can be
increased by increasing the amount of TiCl4,although it
was sure to promote the side reaction, too. As com-
pared with the results of Run 5 and 6 in Table V, it can
be found that the yield of the real block copolymer will
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also be improved by addition of PVOTBDMS in excess.
In the case of employing the long PCL-chain (Run 7,
Table V), the side reactions due to TiCl4 seemed to be
suppressed. This was reflected by the relatively small
Mw/Mn value of the coupled polymer and quantitative
yield of the block copolymer.

On the contrary, the use of longer PVOTBDMS-
chain did not produce any good results in both the yield
and the content of block copolymer (Run 8 in Table V).
This effect has already observed in the case of ZnBr2
instead of TiCl4 as a catalyst and could be explained by
the same reason.

Desilylation of PCL-block-PVOTBDMS
In order to obtain our final goal copolymer

PCL-block-PVA, the preceding copolymer PCL-block-
PVOTBDMS was treated with methanol as a pro-
ton source. Because of the higher chemical stabil-
ity of tert-butyldimethysilyloxyl group, acid condi-
tion was required to promote the desilylation. It was
very important to control the acidity of the system
because the stronger acidity might lead to hydrolytic
cleavage of PCL-chain besides the cleavage of C–O–
SiR3 linkage and even cleavage of the linking point
of both block units in the worst case. Treatment of
PCL-block-PVOTBDMS with methanol/trifluoroacetic
acid(vol 1:1) mixture at 40◦C, which is a very usual
condition for desilylation of VOTBDMS homopoly-
mer, unfortunately resulted in not only the cleavage of
C–O–Si bond but also the hydrolysis of ester groups.
This could be confirmed by SEC, IR, and 1H NMR
data. On the other hand, treatment of the precursor
copolymer with methanol containing a small amount of
HCl (corresponded to only 8 mol% of the total amount
of silyl group in block copolymer) gave the polymer
insoluble in good solvents for PCL including toluene,
CHCl3, and THF, suggesting that the desilylation could
take place smoothly according to our expectation. The
PVA-chain length will decide the solubility of the block
copolymer so long as side reaction was not occurred.
This principle concerning to the solubility of related
copolymers could be also applied to remove PCL-
OTMS which did not react in the coupling reaction
and accidentally remained with the block copolymer
after desilylation. The absorptions due to Si–CH3 at
810 and 775 cm−1 in IR disappeared completely with-
out any other significant change. In order to investigate
the interaction of desilylation reagents on PCL-chain
during the reaction, the homopolymer of CL was re-
acted under the same condition as the desilylation. The
polymer could be recovered in 90 wt% yield even after
reprecipitation from toluene into n-hexane. No change
could be observed in its mean molecular weight as well

as molecular weight distribution. Judging from this ex-
periment, it was sure that the desilylation of PCL-block-
PVOTBDMS by MeOH containing the small amounts
of HCl was achieved successfully and resulted in PCL-
PVA block copolymer.

CONCLUSION

In this paper, we reported on successful synthesis
of a novel biodegradable block copolymer, PCL-block-
PVA, which is composed of both hydrophilic and hy-
drophobic units. The precursor block copolymer, PCL-
block-PVOTBDMS, could be synthesized at first from
coupling reaction of PVOTBDMS with TMSO-ended
PCL by using ZnBr2 or TiCl4 as catalyst. Two start-
ing polymers, PVOTBDMS and PCL, could be pre-
pared by aldol-GTP and ring-opening polymerization
of CL, respectively, in a living manner. In the above
coupling reaction, the relatively stronger Lewis acid-
ity of TiCl4 gave rise to not only the coupling reaction
but also the side reaction such as ester cleavage, and
therefore made the Mw/Mn values of the copolymers
larger one. By using the longer PCL chain, the side
reaction could be restrained. Under the optimum con-
ditions, desilylation of PCL-block-PVOTBDMS with
methanol-HCL resulted in the target block copolymer
without any wrong effects, for example the hydrolytic
cleavage of PCL-chain. Biodegradability of these new
block copolymers and other properties would be depen-
dent on the balance of chain length of PVA and PCL
units.
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