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ABSTRACT: Aminopropyl-terminated polydimethylsiloxane (PDMS)-bisphenol-A poly-
carbonate block copolymers were synthesized by interfacial phosgenation reaction of
2,2-bis(4-hydroxyphenyl) propane (BPA) and aminopropyl-terminated PDMS. A new
synthetic procedure shows better conversion yield of PDMS oligomer. IR, 1H, 13C, and
29Si nuclear magnetic resonance spectra were used to identify the exact chemical struc-
tures of the PDMS-PC block copolymers. The conversions of PDMS of these copolymers
were Ç 90% and independent of the PDMS content. The intrinsic viscosities, IV, [h]
studied were in the range between 0.23 and 2.25 dL/g in dichloromethane at 257C with
different reaction conditions. The intrinsic viscosity and the glass transition tempera-
ture decreased with increasing PDMS content at the same reaction temperature, while
the melting flow indices increase with increasing PDMS content. Transparent and
colorless films, which showed good oxygen-to-nitrogen permselectivity, could be cast
from dichloromethane. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 57–66, 1997
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INTRODUCTION of polycarbonate, combination with cooperating
flexible chains, such as siloxane groups, in the
rigid molecules of polycarbonate was the main ob-Polycarbonate is a tough, transparent, impact re-
jective of this article. In previous studies, copoly-sistant, and widely used engineering thermoplas-
merization with PDMS oligomer was used to im-tic resin. However, polycarbonate suffers from its
prove the thermal stability,1 flame resistance,2

high viscosity when melting. When used in injec-
transparency,3 low-temperature impact resis-tion molding, the melt viscosity is too high to fill
tance,4 adhesion ability to metal and materialsin the thin wall of a mold and its applications are
with low surface energy,5 and good oxygen-to-ni-then limited. In order to reduce the melt viscosity
trogen permselectivity6 of polycarbonate.

Since the Si{O{C linkages in polydimethyl-
siloxane-polycarbonate (PDMS-PC) copolymersCorrespondence to: Chen-Chi M. Ma.

Contract grant sponsor: National Science Council of the are hydrolytically unstable, they would be harm-
Republic of China; contract grant number: NSC-CS 840210- ful in its application to biomedical materials;
D-007-015.

therefore, in Riffle’s study,7 the Si{O{C link-
Journal of Applied Polymer Science, Vol. 66, 57–66 (1997)
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/010057-10 age was replaced by a Si{C linkage and it was
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58 MA ET AL.

found that the hydrolytic resistance could be im- aminopropyl PDMS (62.5 g, 0.074 mol) was
added, and extra phosgene (22 g) was added,proved. The PDMS, which was used in this study,

was aminopropyl PDMS with a molecular weight forming a slightly viscous fluid. An excess of 50%
caustic solution (60 g) was charged into the reac-of 1000, and its Si{C linkage also may have the

advantage of hydrolytic resistance according to tor in order to adjust the pH value of the aqueous
phase to 11.5 Ç 128 and triethylamine was addedRiffle’s study.

From previous reports,8 by proper selection of immediately to allow it to polymerize. After stir-
ring for 30 min, a highly viscous, semitransparentoptimal reaction parameters such as reaction

temperature, BPA solubility in NaOH solution, fluid was formed in the organic phase indicating
that the polymerization was complete. The or-volume ratio of dichloromethane to water, cata-

lyst, pH value of the aqueous phase, and phosgen- ganic phase was then washed with dilute
NaOH(aq) (6 wt %), then with dilute HCl(aq) (6ation rate, the PDMS-PC block copolymer could

be prepared in a short reaction time. The thermal wt %) and with distilled water three times. The
polymer was coagulated in a mixed reagent ofproperties, rheology, and permselectivity of the

films of PDMS-PC block copolymers were investi- equal volume of acetone and methanol, and finally
dried in an oven at 807C for 24 h. The yield of thegated.
dried copolymer was 330 g at this stage.

The intrinsic viscosity of the copolymer was
1.21 dL/g in dichloromethane, measured at a con-EXPERIMENTAL
centration of 1.0 g/dL at 257C. The infrared (IR)
spectrum of the film of the copolymer showed ab-Materials
sorption peaks at 3475 cm01 (N{H), 1778 and

The phosgene used was supplied by Matheson 1730 cm01 (C|O), and 1081 cm01 (Si{O{Si).
Gas Production, U.S.A., with a purity of 99.0%. The 1H-nuclear magnetic resonance (NMR) spec-
The aminopropyl PDMS with a weight-average tra (CDCl3) showed peaks at 0.15 ppm (CH3 in
molecular weight of 1000 g/mol and with a viscos- PDMS); 0.6, 1.0, 1.6, and 3.2 ppm (CH2 in
ity of 20{ 5 cps, was supplied by the Goldschmidt PDMS), 1.65 ppm (CH3 in PC), 7.0 ppm (H in
Pacific Ltd. Co., Germany. The 2,2-bis(4-hydroxy- secondary carbamate), and 7.1–7.3 ppm (aro-
phenyl)propane (BPA), dichloromethane, ace- matic H in BPA). The PDMS conversion calcu-
tone, and methanol were supplied by the Tokyo lated from the 1H-NMR spectra was 95.6%. The
Chemical Industry Co., Japan. Triethylamine 29Si solid-state magnetic resonance spectrum
(TEA) was supplied by the Aldrich Chemical Co., showed peaks at 022 ppm (Si in O{Si{O) and
U.S.A. Sodium hydroxide was supplied by the 7.5 ppm (Si in C{Si{O).
Janssen Chemical Co., Belgium. All reactants and
reagents were used as received.

Absorbance Analysis

Preparation of Aminopropyl Polydimethylsiloxane During the phosgenation reaction, a portion of 15
(20 wt %)-Polycarbonate Block Copolymers mL of the reaction solution mixture was extracted

from the reactor flask every 5 min. The pH value
A freshly prepared solution of bisphenol-A (250 of the aqueous phase of the extracted solution was
g, 1.10 mol), NaOH (120 g, 3.0 mol), and water determined with a pH meter. The concentration
(1350 mL) was added to a 5-L reactor. The reactor of the organic phase was diluted to 1

6000 of original
was equipped with a thermocouple, reflux con-

solution and the absorbance was determined bydenser, phosgene inlet, anchor-type stirrer, and a
mixing with an excess amount of p -nitrobenzyl-water-cooling coil. When the solution was cooled
pyridine (NBP) using a colorimeter, JENWAYtoÇ 307C, dichloromethane (1200 mL) was added
PC01, at 470 nm.to form a two-phase immiscible solution.

The phosgene inlet was then turned on and the
phosgene flow was adjusted to a flow rate of 3.2 Instruments
g/min with vigorous stirring. The reaction tem-
perature was kept at 207C. When the addition of The 1H-NMR spectra of the copolymers were re-

corded on an AM 400 MHz NMR spectrometer,the phosgene was completed (128 g, 1.29 mol),
the pH value of the aqueous phase reached 7, Bruker, Germany. The 29Si-NMR spectra of the
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BISPHENOL-A/PDMS COPOLYMERS. I 59

Figure 1 IR spectrum of PDMS-PC copolymer.

copolymers were recorded on a MSL 200 MHz loxane would be a hydrolysis catalyst for chloro-
formate at high pH value, hence, the pH of phos-solid state NMR spectrometer, Bruker, Germany.

The DSC curves were detected by a Dupont 2000 genation was kept at 7, then PDMS was added.
This carbamate would soon be copolymerized withDSC under nitrogen. The intrinsic viscosities of

the copolymers were measured with an Ubbe- BPA and other oligomers with OH endgroups
through Triethylamine TEA in the final step oflohde viscometer in dichloromethane at 257C. The

melting flow indices (MFI) of homogeneous poly- reaction in basic solution. The mechanism is illus-
trated by the following scheme:carbonates and PDMS-PC block copolymers were

measured under a load of 2.16 kg at 2607C by a
melt-flow indexer. The O2 to N2 permselectivity of
the films of the PDMS-PC block copolymers were
detected by a Yanoco gas permeability analyzer at
257C and 2 atm. The infrared spectrophotometer
used was a Perkin–Elmer IR-842. The thermo-
gravimetric analyzer (TGA) used was a Perkin–
Elmer TGS-2.

RESULTS AND DISCUSSION

Synthesis and Identification of the PDMS-PC
Block Copolymers

The aminopropyl PDMS-bisphenol-A polycarbo-
nate block copolymers were synthesized with vari-
ous PDMS contents by a three-step procedure. Ini-
tially, from interfacial phosgenation of BPA in Figure 1 shows the IR spectra of the amino-termi-

nated PDMS-PC copolymer. The N{H stretch vi-caustic solution and dichloromethane, the bis-
chloroformate was formed and dissolved in dichlo- bration of the secondary amide can be seen at

3436 cm01 , which confirms the amino-terminatedromethane. In the second step, a desirable
amount of aminopropyl PDMS at the pH value of PDMS was copolymerized with polycarbonate to

form copolymer. The absorption peak at 36857 was introduced to react with bischloroformate
to form bischloroformate-PDMS carbamate. The cm01 is the OH stretch vibration of the phenol

group.amino endgroups of aminopropyl polydimethylsi-
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Figure 2 The 13C-NMR spectrum of PDMS-PC copolymer.

The integration of proton in the methyl group of
PDMS over the integration of proton in the benzyl
group of BPA (the absorption of CDCl3 was con-
sidered) could be used to estimate the mole ratio
of PDMS to BPA in copolymer (see Table III) . The
calculated mole ratio over the designed mole ratio
was the PDMS conversion, which ranged from 86
to 96%. Results indicate that this synthetic
method was very effective to synthesize the de-
sired product.

Figure 2 shows the 13C-NMR spectrum of
amino-terminated PDMS-PC copolymer. The
peak at 0 ppm is the carbon absorption of the
methyl group in PDMS. The peak at 15 ppm is
the carbon absorption of the methylene group.
The peak at 31 ppm is the carbon absorption of
the methyl group of both ends in the isopropyl
group of the PC segment. The peak at 42 ppm is
assigned to the quaternary carbon absorption of
the isopropyl group. Furthermore, the peaks at
121, 128, 149, and 150 ppm are the benzene ring
absorptions in the PC segment. The peak at 154
ppm corresponded to the carbonyl group.

Figure 3 shows the 29Si-NMR spectrum of
amino-terminated PDMS-PC copolymer. As can
be seen from figure, the peak at 022 ppm is the
absorption peak of Si in the {O{Si{O{ group
and the peak at 7.5 ppm is the absorption peak
of Si in the {C{Si{O{ group.

The intrinsic viscosities of these copolymers in
dichloromethane at 257C are shown in Table I.
Apparently, when the reaction was conducted at Figure 3 The 29Si-NMR spectrum of PDMS-PC co-

polymer.207C, the PDMS-PC copolymers have higher in-
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Table I Conversions of PDMS Calculated from Integration of the Peaks on 1H-NMR Spectrum

Sample Design Integration Integration Exact Conversion
Code Mole Ratio (0.15 ppm) (7.1–7.3 ppm) Mole Ratio %

25A-20 0.0678 23.14 53.85 0.0623 91.9
25A-25 0.0903 24.62 38.02 0.0863 95.6
25A-30 0.1355 29.56 33.08 0.1160 85.6
25A-40 0.1810 28.53 23.41 0.1625 89.8

trinsic viscosity (IV) than those at 257C with the and the absorbance of chloroformate decreased.
But at temperatures õ207C, the bisphenol-A pre-same PDMS content. At the same reaction tem-

perature (207C or 257C), the IV of the copolymers cipitated easily from caustic solution before and
during phosgenation. The concentration of the or-decreased with increasing PDMS content. This

indicates that with more PDMS introduced, more ganic phase was diluted to 1
6000 of origin solution

bischloroformate was consumed, consequently, and the absorbance was measured by mixing with
more bischloroformate-PDMS carbamate was an excess amount of NBP using a colorimeter as
formed, also more bischloroformate was hydrolyzed. in a previous report9 at 470 nm. The absorbance
Consequently, the copolymers formed possess low measured was caused by the adduct product ac-
molecular weight in the shorter blocks of PC. cording to the following reaction:

From Figure 4, it can be seen that the ab-
sorbances of chloroformate-NBP at the same
phosgenation time at 207C were higher than when
the reaction temperature was at 257C. This means
that, at lower temperature, the hydrolysis of chlo-
roformate and phosgene could be inhibited to
some extent. When the rate of phosgenation of Without adding TEA, the absorbance of the phos-

genation product decreased when the pH valuemonomer was faster than that of hydrolysis of
bischloroformate, the absorbance of chloroformate was in the range between 12.0 and 11.5. This is

due to oligomization between bisphenol-A bis-was increased at the beginning of the reaction (0–
30 min), so the absorbance of bischloroformate chloroformates, because the hydrolysis of bis-

chloroformate oligomers will increase at high pHwas increased. After 30 min, oligomerization and
hydrolysis of bischloroformate were increased, (12–13). At a pH value õ 11.5, the absorbance

Figure 4 The absorbances of chloroformate-NBP and the pH value during phosgena-
tion at 207C and 257C.

4450/ 8EAA$$4450 07-29-97 12:16:59 polaas W: Poly Applied



62 MA ET AL.

Table II Intrinsic Viscosities of PDMS-PC Block Copolymers in CH2Cl2 at 257C

Sample PDMS Intrinsic Viscositya Sample PDMS Intrinsic Viscosityb

Code (wt %) (dL/g) Code wt % (dL/g)

20B-05 5 2.25
20B-10 10 1.51

25A-15c 15 0.99 20B-15 15 1.35
25A-20 20 0.94 20B-20 20 1.21
25A-25 25 0.77 20B-25 25 1.23
25A-30 30 0.58 20B-30 30 1.04
25A-40 40 0.23 20B-40 40 0.87

a The copolymers were synthesized at 257C.
b The copolymers were synthesized at 207C.
c The meaning of 25A-15 is that the PDMS-PC block copolymer was synthesized at 257C and there was 15 wt % of PDMS in

the copolymer.

increased until the pH value reached 7. At this Thermal Properties of PDMS-PC Block Copolymers
stage, the aminopropyl DMSO was added to the

Figure 6 shows the DSC curves of PDMS-PC co-reacting system; the absorbance and the pH value
polymer ranging from 507C to 2007C. The glassthen decreased to a level which depended on the
transition temperatures of each curve are summa-amount of PDMS added. With more aminopropyl
rized in Table IV. It is apparent that the glassPDMS introduced, more chloroformate was con-
transition temperature (Tg ) decreased with in-sumed by hydrolysis and polymerization. Conse-
creasing PDMS content, since the block lengthsquently, a lower absorbance could be detected
of the PC were decreased. In addition, the IV ofwith more PDMS added.
the copolymers also decreased with the increasingThe resulting absorbances are summarized in
PDMS content.Table II. The delta absorbance versus the amount

The copolymers with PDMS contents 10 wt %of PDMS added are illustrated in Figure 5. The
showed only one Tg . The copolymers with PDMSdelta absorbances are the differences before and
contents between 10 and 25 wt % showed two Tg .after aminopropyl DMSO was added. In sum-
When the PDMS content exceeded 25 wt %, onlymary, a temperature of 207C may be the lowest
one Tg could be found, and the Tg was lowered totemperature limit for this type of interfacial phos-
787C for copolymer with 40 wt % PDMS content.genation, and copolymers with high IV can be eas-

ily prepared at this temperature. For all of the PDMS-PC block copolymers which

Figure 5 The delta absorbances versus the PDMS content at 207C. (The delta ab-
sorbances were the differences before and after the aminopropyl PDMS were added.)
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Table IV Thermal Properties of
PDMS-Polycarbonate Block Copolymers

PDMS Intrinsic
Sample Content Tg 1a Tg 2a Viscosity

Code (wt %) (7C) (7C) (dL/g)

Controlledb 0 — 150 0.42
20B-05 5 — 144 2.25
20B-10 10 — 138 1.51
20B-15 15 101 132 1.35
20B-20 20 98 128 1.21
20B-25 25 95 — 1.23
20B-30 30 91 — 1.04
20B-40 40 78 — 0.87

a Detected at a heating rate of 207C/min in nitrogen by
DSC.

b The detected homogeneous polycarbonate was Lexan 131
from G.E. Co.

were synthesized in this study, the amounts of
monomer (BPA) used were equal; however, the
amounts of PDMS were different. It could be con-
cluded that, when the PDMS content was õ 10
wt %, there was only the PDMS-poor type of mole-
cule in the copolymers. However, for copolymers
with PDMS contents between 10 wt % and 25 wt
%, the PDMS-poor type and PDMS-rich type of
molecules coexisted. The Tgs of the PDMS-poor

Figure 6 DSC curves of the PDMS-polycarbonate type of molecules were higher than the PDMS-
block copolymers with various PDMS contents at a rich type molecules, for which phase separation
heating rate of 207C/min in nitrogen. may occur. When PDMS contents exceed 25 wt %,

the copolymer had only PDMS-rich molecules.
Figure 7 shows Thermogravimetric Analysis

(TGA) curves of the homogeneous polycarbonateTable III Effect of Aminopropyl PDMS Content
(G.E. Lexan 131) and the PDMS-PC block copoly-on the Absorbances of the Organic Phase at pH
mers in air. The homogeneous polycarbonateValue of 7 and After Adding Aminopropyl PDMS
(G.E. Lexan 131) showed a two-step weight loss.
The initial weight loss was due to the decomposi-Absorbanceb

tion of the carbonate and isopropylene groups.10After
PDMS Absorbancea Adding The second step was the decomposition of aro-
(wt %) (pH Å 7) PDMS d Absorbance matic rings and there was no residue left at 8007C.

There was a three-step weight loss for the
5 410 320 090 PDMS-PC block copolymers. The initial weight

15 425 270 0150 loss started at 3007C, due to the decomposition of
20 444 223 0221 propylene and methyl groups on the silicone25 420 135 0285

atoms. The amount of the initial weight loss de-30 433 93 0340
pended on the PDMS contents. The more the40 442 2 0440
PDMS content, the more initial weight loss mea-

a The absorbance was determined after the extracted con- sured. The second step was the decomposition of
centration was diluted with methylene chloride to 1/6000 of carbonate, carbamate, and isopropylene groups,
origin at 207C.

followed by the final step with weight loss basedb The absorbance was determined after adding aminopro-
pyl PDMS at 207C. on the decomposition of aromatic rings. In addi-
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Figure 7 TGA curves of homogeneous polycarbonate (G.E. Lexan 131) and of PDMS-
PC block copolymers with various PDMS contents at a heating rate of 207C/min in air.

tion, the amount of residue after heating to 8007C groups on the silicone atoms, followed by the
second weight loss that was due to the decomposi-increased with increasing PDMS content in air.

Figure 8 shows TGA curves of the homogeneous tion of carbonate, carbamate, and isopropylene
groups. In addition, the volatile hexamethylcyclo-polycarbonate (G.E. Lexan 131) and the PDMS-

PC block copolymers under nitrogen. The homoge- trisiloxane and octamethylcyclotetrasiloxane10

were also formed in the second weight loss underneous polycarbonate (G.E. Lexan 131) showed a
two-step weight loss under nitrogen, first by the nitrogen.
decomposition of carbonate groups and second by
the decomposition of aromatic rings. There was

Rheology of the PDMS-PC Block Copolymersno residue left at 8007C. There was also a two-
step weight loss for the PDMS-PC block copoly- The MFI increased linearly with the mole ratio of

PDMS to BPA when the PDMS contents wereõ10mers under nitrogen. Here, the initial weight loss
was due to decomposition of propylene and methyl wt %, as shown in Figure 9. It can also be seen

Figure 8 TGA curves of homogeneous polycarbonate (G.E. Lexan 131) and of PDMS-
PC block copolymers with various PDMS contents at a heating rate of 207C/min in
nitrogen.
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Figure 9 Melt flow indices of the PDMS-polycarbonate block copolymers with various
PDMS contents under a load of 2.16 kg at 2607C.

from Table V that the MFI of copolymers con- solution was spread. Figure 10 illustrates the
permselectivity for oxygen to nitrogen of the filmtaining PDMS were higher than the commercially

available PC with similar molecular weight (in- (20–30 mm) PDMS-PC copolymer. It shows that
the permselectivity ratio of oxygen to nitrogentrinsic viscosity).
was õ1.0 when the PDMS contents were õ15 wt
%, and increased significantly from 1.1 for the co-

The Permselectivity of Oxygen to Nitrogen of the polymer with 15 wt % PDMS up to 2.9 for the
Thin Films of the PDMS-PC Copolymers copolymer with 40 wt % PDMS.
Transparent and colorless films of the PDMS-PC
block copolymers could be obtained by casting
from dichloromethane solution. The thickness of CONCLUSIONS
the films ranged from 10 mm to 1 mm, which could
be controlled by the concentration of the dichloro- In order to decrease the melt viscosity of PC and

improve the thermal stability, flame resistance,methane solution and the area over which the

Table V Comparison of the Melt Flow Indices of the Commercial Products
and PDMS-Polycarbonate Block Copolymers

Inrinsic
Viscosity Melt Flow Indexa

Sample Code (dL/g) (g/10 min)

PDMS (3 wt %)-PC 4.2
PDMS (5 wt %)-PC 2.25 7.5

PDMS-PC PDMS (7 wt %)-PC 9.3
block copolymer PDMS (10 wt %)-PC 1.51 14.4

Dow 5 1.7
Dow 10 4.8
Dow 15 6.8
Dow 22 9.4

Commercial products G.E. Lexan 131 2.4

a The melt flow indices were detected under a load of 2.16 kg at 2607C.
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Figure 10 Permselectivity of oxygen to nitrogen for films of the PDMS-polycarbonate
block copolymers with various PDMS contents at 257C and 2 atm.

and oxygen-to-nitrogen permselectivity of PC, a copolymers increased with increasing PDMS con-
tent.new synthetic procedure was proposed which

shows better conversion yield of PDMS oligomer.
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