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Our effort to prepare polyestercarbonates (PEC) was
motivated by the need for model polymers for study-
ing the effect of the chain topography on the properties
of these polymers. PEC is a generic name represent-
ing various copolymers containing carbonate and ester
units, that is, copolymers of bisphenol A polycarbonate
(PC) and polyarylate (PAr).1–3 PECs have been devel-
oped in efforts to overcome limitations of PC, which
are low heat resistance and sharp ductile-brittle transi-
tion by the test conditions.1, 2 It was reported that some
PECs were better than PC in these aspects.3

Since we thought that the difference in the shape
of chain between PC and PEC could be a factor that
caused the difference in property, we tried to prepare
PECs with the shapes of chain that are straighter and
more kinked than that of PC. We report the synthe-
sis of PECs containing only terephthalate units (TPEC)
and only phthalate units (PPEC), respectively, the gen-
eral structure of which are given in Scheme 1. Al-
though there have been reports on TPEC,3–6 report on
the preparation of PPEC has been rare, especially for
that with high molecular weight.

It was desired that, in the model polymers, the con-

Scheme 1.

tents of carbonate and terephthalate or phthalate units
be readily and systematically varied, while the distri-
bution of the counits be kept random. Although it has
been deemed that solution polycondensation is advan-
tageous in controlling the structure of the condensation
copolymers,7, 8 we opted for interfacial procedure to
prepare PECs with high molecular weight. The syn-
thetic procedure, sequence structure, and characteris-
tics of the polymers are reported.

EXPERIMENTAL

Materials
All the reagents were purchased from either Aldrich

or JT Baker and used without further purification, un-
less otherwise mentioned. Phthaloyl dichloride was
distilled at a reduced N2 pressure before use. Tereph-
thalaoyl dichloride was purified by the Soxhlet extrac-
tion with dry n-hexane followed by the removal of n-
hexane at a reduced pressure. Methylene chloride (MC)
was dried over 4 Å molecular sieve. Triethylamine
(TEA) was refluxed with ninhydrin for 24 h, vacuum
distilled, and dried over 4 Å molecular sieve. Phosgene
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Table I. Recipes for the synthesis of PC and PECs

4-tert-Butyl (Tere)phthaloyl

Polymer
BPA
mol

phenol
mmol

Phosgene
mol

dichloride
mol

PC 0.1000 0.5 0.1100 –
TPEC9 0.1000 0.5 0.0988 0.0112
TPEC6 0.1000 0.4 0.0948 0.0157
TPEC3 0.1000 0.3 0.0809 0.0296
TPEC1 0.1000 0.1 0.0505 0.0575
PPEC9 0.1000 0.4 0.0983 0.0116
PPEC6 0.1000 0.4 0.0948 0.0166
PPEC3 0.1000 0.3 0.0809 0.0291
PPEC1 0.1000 0.1 0.0505 0.0591
PPEC0 0.1000 0.05 – 0.1200

gas was purchased from Matheson and condensed in
MC at dry ice/acetone temperature before use.

Synthesis
The synthetic procedure for PPEC1, a PEC with

equimolar quantities of carbonate and phthalate units,
was as follows. Bisphenol A (BPA, 22.8 g, 0.100 mol),
sodium hydroxide (8.8 g, 0.220 mol), and 4-tert-
butylphenol (15.0 mg, 0.1 mmol) dissolved in 150 mL
of distilled water were mixed with 0.1 g of TEA
(1.0 mmol) and 70 mL of MC. With vigorous stirring,
the solution of phosgene (5.0 g, 50.5 mmol) and ph-
thaloyl dichloride (12.0 g, 59.1 mmol) in 80 mL of MC
was added for 1 h (ca. 1.5 mL min−1) at room temper-
ature. The reaction was stirred for an additional 4 h,
during which period pH was kept between 11 and 13
by intermittently adding aqueous NaOH solution. The
organic phase was separated, washed with 0.01 N aque-
ous HCl, washed with distilled water several times, and
poured into methanol. The white precipitate was pu-
rified by several dissolution/precipitation. The other
polymers were prepared by the same procedure accord-
ing to the recipe given in Table I. During the prepa-
ration of PPEC3 and PPEC9, samplings at 5 min and
at 1 h were conducted. The samples were obtained by
washing and evaporating the solvent.

Characterization
1H NMR spectra were obtained at room tempera-

ture using a Bruker AMX-500 spectrometer. Deuter-
ated MC or deuterated chloroform/acetone (3/1 v/v)
was used as the solvent. The molecular weights were
measured by GPC (Waters 515) at 30◦C using chlo-
roform as the solvent/eluent. The results were cali-
brated with polystyrene standards. The glass transition
temperatures were determined by DSC (TA 2920) at a
heating rate of 20◦C min−1 after annealing for 5 min at
250◦C.

The specimens (30 × 8 × 2 mm3) for density mea-

surement were compression-molded at Tg + 70◦C and
slowly cooled to room temperature. The specimens
were weighed in air (wa) and in distilled water (ww) us-
ing a Mettler density determination kit at 25.0 ± 0.1◦C.
Density (ρ) was calculated by the equation, ρ = wa ×
ρ0/(wa − ww), in which ρ0 was the density of distilled
water.

The wide-angle X-Ray diffractions (WAXD) were
carried out with a MacScience M18XHF-SRA diffrac-
tometer in reflection geometry. Cu-Kα radiation (λ =

0.154 nm) at 50 kV and 100 mA was used, and the mea-
surements were made in the 2θ range between 5◦ and
35◦ at a scanning rate of 5◦ min−1 at room temperature.

RESULTS AND DISCUSSION

Structure of PEC
There are several methods for preparing condensa-

tion polymers and copolymers; solution, interfacial,
and melt polymerization.7, 8 Although solution or melt
polycondensation method has advantages in control-
ling the chain structure and composition, rigorous stoi-
chiometric control is required to obtain high molecular
weight polymers. We found through the experimental
efforts that this is the case for the solution copolycon-
densation of PPEC, resulting in the molecular weight
far below 10000. We decided to employ interfacial
method instead, since high molecular weight was read-
ily achievable by virtue of the naturally balanced stoi-
chiometry at the interface.

Although there have been studies on the interfacial
copolymerization of PEC,3–6 none of them paid atten-
tion to the structure of the resulting copolymer, espe-
cially for the sequence distribution of counits. In the
present study, it was the prime concern to obtain the
copolymer with known composition and random distri-
bution of counits, and due attention were paid to struc-
ture characterization of the copolymers.

It has been deemed, in interfacial copolymerization,
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Figure 1. 1H NMR spectra of (a) TPEC3 and (b) PPEC3.

Table II. Characteristics of PC and PECs

Code
C/Pa in

feed
C/Pa in
polymer

Yield
%

Mw

g mol−1 Mw/Mn
Tg
◦C

ρ

g cm−3

2θmax
◦

PC – – 86 54700 1.96 152 1.193 17.0
TPEC9 8.82 8.4 79 114300 1.61 157 1.195 17.1
TPEC6 6.01 6.0 77 128800 1.61 164 1.197 17.2
TPEC3 2.72 2.7 90 124800 1.70 173 1.198 17.2
TPEC1 0.91 0.9 84 163000 1.70 200 1.199 17.2
PPEC9 8.47 10.7 82 60600 2.19 153 1.197 17.1
PPEC6 5.71 5.8 87 60000 2.40 155 1.198 17.2
PPEC3 2.78 3.1 78 49400 2.09 155 1.201 17.3
PPEC1 0.85 1.0 81 161800 1.78 161 1.209 17.5
PPEC0 – – 71 72900 1.85 159 1.219 18.6

aMole ratio of carbonate units to (tere)phthalate units.

Figure 2. 1H NMR spectra showing the isopropylidene proton
peaks in (a) TPEC1, (b) TPEC3, and (c) TPEC9.

that composition and/or distribution of counits are hard
to control mainly due to the difference in reactivity
between the comonomers. In the present copolymer-
ization, the reactivities in the question are those of
phosgene and (tere)phthaloyl dichloride to BPA. Since
the reactivity of phosgene is much higher than that of
(tere)phthaloyl dichloride,9 one would suppose that the
composition of the copolymer prepared in the early

stage of the reaction be different from that in the later
stage, which should be much more (tere)phthalate-rich.
Accordingly, the distribution of counits is supposed to
be blocky rather than random or statistical.

Typical proton NMR spectra of TPEC and PPEC
were shown in Figure 1. The composition of carbon-
ate and (tere)phthalate units in the copolymers was de-
termined by counting aromatic protons in BPA moiety
and in (tere)phthalate moiety. The results in terms of
carbonate/(tere)phthalate ratio (C/P) were listed in Ta-
ble II. It appeared that C/P ratios in the copolymers
were not much different from those in feed. It was ev-
ident that the comonomers had been reacted with BPA
quantitatively and the overall or average composition of
the copolymer could be controlled by feed ratio.

The sequence distribution of counits in TPEC was
determined by examining the isopropylidene proton
peaks of the NMR spectra. As shown in Figure 2, the
isopropylidene proton peaks of BPA split in three de-
pending on the neighboring groups; terephthalate-BPA-
terephthalate (TT, peak A), carbonate-BPA- terephtha-
late (CT, peak B), and carbonate-BPA-carbonate (CC,
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peak C). The presence of peak B with a significant in-
tensity indicates that the copolymers not like diblock
copolymers or multi block copolymers with large block
lengths. If the sequence were rather blocky, the inten-
sity of peak B would be negligible regardless of the
composition.

The average sequence or block length could be cal-
culated from the relative intensity (IA, IB, and IC) of
the peaks A, B, and C. The average block lengths, x in
–(CC)x– and y in – (TT)y–, can be written as

x =
[TT]

[CT]/2
=

IC

IB/2
and y =

[CC]
[CT]/2

=
IA

IB/2

where [TT], [CT], and [CC] are the concentrations of
the respective triads. The x/y determined for TPEC9
and TPEC3 were 3.80/0.87 and 9.53/0.24, respectively.
The result suggests that the comonomer distribution
in these copolymers is random with no long sizeable
terephthalate blocks. The x/y for TPEC1 was 1.82/2.24,
which means that the distribution is a little blockier than
the other TPECs, having the average block length close
to two.

As a parameter indicating the sequence structure of a
polymer chain, degree of randomness, R, was proposed
by Devaux et al.,10 and has been used widely. The pa-
rameter is defined, based on binomial distribution, as

R =
[CT]

2

(
1

fphosgene
+

1
fterephthalate

)

where f is the moles of phosgene or terephthaloyl
dichloride divided by the total moles of phosgene and
terephthaloyl dichloride in feed. R is zero for a copoly-
mer with long homogeneous sequence, and is unity for
a statistically random copolymer. The parameters de-
termined from NMR spectra for TPEC9, TPEC3, and
TPEC1 were 0.94, 0.94, and 0.66. It clearly shows that
TPEC1 is blockier than the other copolymers, which
are close to a ‘random’ copolymer.

Although the results of average block length and de-
gree of randomness imply that the structure of TPECs is
rather random than blocky, the chance for the copoly-
mers to have longer blocks could not be denied com-
pletely, since the values are only the averages. The av-
erage block length of, say, 3 can be obtained for the
copolymer chain with the equal amount of the blocks
of 5 units and that of 1 as well as for the chain with the
blocks of 3 units. In other words, the presence of the
same number of much longer and shorter blocks than
the average can give the same average. In the present
system, it is actually possible to produce tapered block
structure, in which comonomers are incorporated in the
chain with progressively varying block lengths due to
the difference in reactivity. To clear the possibility of

Figure 3. NMR spectra showing phenylene proton region
(a) oligomer 1, (b) oligomer 2, and (c) polymer of PPEC3.

Table III. Molecular weight and ratio of carbonate to
phthalate (C/P) of the samples

PPEC9 PPEC3
Sample

Mn C/P Mn C/P
Oligomer 1 2300 8.5 2500 3.6
Oligomer 2 12800 8.8 8300 3.1
Polymer 27700 10.7 23600 3.1
C/P ratio in feed (phosgene to phthaloyl dichloride ratio) was

8.5 for PPEC9 and 2.8 for PPEC3. Mn of the polymers were de-
termined by GPC, and Mn of the oligomers and C/P ratios were
determined by 1H NMR.

longer blocks in the copolymers, the structure of PPEC
was examined in a different method.

Actually, the average block length or the degree of
randomness of PPECs could not be determined in the
same way as for TPECs, since the isopropylidene peaks
did not split as shown in Figure 1b. Instead, the course
of the polymerization was tracked down by comparing
the molecular weight and composition of the oligomer
samples taken during the reaction and those of the final
copolymers. The C/P ratio of the oligomers was deter-
mined from the NMR spectra, examples of which are
shown in Figure 3, in the same way as for the copoly-
mers. The molecular weight of the oligomers was also
obtained by NMR. An isopropylidene proton peak of
the oligomeric PPECs appears to be composed of three
peaks as shown in Figure 4. The peaks are assigned to
the protons in the inside BPA units (peak A+B+C), the
terminal BPA units (D), and the unreacted BPA (E), by
comparing with the spectra of BPA.11 Mathematical de-
convolution of the peaks to fit Lorenzian functions were
carried out,12 and the number average degree of poly-
merization was calculate as 2(1 + (A+B+C)/D). The re-
sults of C/P ratio and molecular weight of the oligomers
of PPEC3 and PPEC9 are summarized in Table III, in
comparison with those of the polymers.

The C/P ratio in the oligomer 1, sampled at 5 min
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Figure 4. NMR spectra showing the isopropylidene protons peaks in (a) oligomer 1 and (b) oligomer 2 of PPEC3. The dots are taken at
the actual spectra. The dashed curves represent deconvoluted Lorenzian functions. The solid curves represent the overall fit.

after the start of the polymerization, of PPEC9 is 8.5.
Since the number average degree of polymerizatio n of
oligomer 1 is about 10, every oligomer chain of PPEC9
is analyzed to possess one phthalate unit on the aver-
age. The ratio in the oligomer 2, taken at 1 h, is 8.8,
which is similar to that of the oligomer 1. Since the
oligomer 2, composed of about 50 monomer units, is
supposed to contain the chains of the oligomer 1, it
is thought that phthalate units were incorporated ran-
domly along the chain. Basically, C/P ratio does not
change much throughout the reaction from monomer to
polymer, which indicates the constancy of the composi-
tion throughout the reaction and thus the random distri-
bution of phthalate units in the copolymer. As the con-
stancy of C/P ratio is observed in PPEC3 also, we de-
duce the random distribution of counits in this copoly-
mer and the other PPECs.

Through the determinations of the randomness for
TPEC and the analysis of the oligomers for PPEC, it is
concluded that the sequence structure of these copoly-
mers are random with sizeable long blocks. There
are two points of issue to argue; one is that the ran-
dom structure is suggested indirectly by analyzing
oligomers, and the other is that there was no cross-
examination between TPEC and PPEC. To investigate
the randomness or structure of copolycondensates,13–16

selective degradation of the polymers followed by mass
spectroscopy or NMR analysis of degraded oligomers
have been carried out. It is thought that this process
corresponds to oligomer sampling followed by NMR
analysis in the present study. Cross-examination was
not thought to be necessary, since the difference in
reactivity in the question that might result in block-
iness is not between those of terephthaloyl and ph-
thaloyl dichloride but is between those of phosgene and
(tere)phthaloyl dichloride. The difference in reactivity

between terephthaloyl and phthaloyl dichloride is actu-
ally much smaller compared to that between phosgene
and (tere)phthaloyl dichloride.17

The results that the copolymers are random imply
that the difference in reactivity between phosgene and
(tere)phthaloyl dichloride to BPA is not reflected in the
sequence structure. The reason for this cannot be given
at this point, a possible explanation is offered. It has
been known that the reactivity in terms of rate con-
stant of phosgene in hydrolysis or acylation is higher
than aromatic acid chloride by 10 to 106 times.9 In the
presence of effective acid acceptor like a tertiary amine,
however, the rate constant of acid chloride is enhanced
greatly, as great as by 105 times.9 It is thought, as a
result, that the reactivity of (tere)phthaloyl dichloride,
in the presence of triethylamine, was high enough to
be capable to react with BPA. Although there has been
no published data, it is supposed that the reactivity of
phosgene should also be enhanced by triethylamine,
and is higher than that of (tere)phthaloyl dichloride.
However, it is thought to be possible that the reactiv-
ity of (tere)phthaloyl dichloride increased enough just
to prevent the phosgene to preferentially with BPA. Al-
though there is no experimental support to this expla-
nation, since we did not perform the comparison of the
reactivities separately, it is well known in chain copoly-
merization that random distribution is favored when the
reactivities of two comonomers are comparable.18

Characteristics of PEC
The results of characterization of the copolymers are

summarized in Table II. The high molecular weights of
TPEC1 and PPEC1 were considered to be due to the
small amount of 4-tert-butylphenol used, which was
an end-capping agent. The reason why the molecular
weight of PPEC0 was not as high as PPEC1 seemed
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Figure 5. Glass transition temperature as a function of the
terephthalate content in TPEC (filled circle) or the phthalate con-
tent in PPEC (open circle).

to be the intervention of cyclic oligomers, as has been
reported previously.19 TPEC0 could not be synthesized
since it was precipitated by crystallization.6, 7

Glass transition temperatures (Tg) increased with in-
creasing (tere)phthalate content as shown in Figure 5.
The increase in Tg and the higher degree of increase in
TPECs could be explained considering the two factors
determining Tg of polymers; chain flexibility and in-
termolecular interaction. Incorporation of terephthalate
units stiffened the TPEC chain by the conjugation over
ester and phenylene groups.20 Such a conjugation stiff-
ening was not expected in PPEC, since the ester groups
in PPEC were not in-plane with the phenylene rings.
Still, however, the stiffening by the incorporation of
additional aromatic moiety should be effective. Inter-
molecular interactions also favored the increase in Tg.
Density and Bragg angle at the maximum of WAXD
pattern increased with increasing (tere)phthalate con-
tent, indicating that the chains were better packed,
and that inter-chain distance become shorter, respec-
tively.21 While the increase in Tg of PPEC might be
explained by major contribution of intermolecular ef-
fect, the larger degree of increase for TPEC might be
explained by the larger contribution of intramolecular
chain flexibility.

There are some peculiarities in Tg of PPECs. The as-
cent of Tg as a function of phthalate content positively
deviated from Fox equation. Moreover, Tg of PPEC1
was higher than PPEC0. This type of behavior has been
reported also in a study on other polyestercarbonates,22

while little explanation was available. Positive devia-
tion has been observed in copolymers and blends with
specific interactions such as hydrogen bonding,23, 24

which was not expected in the present study. We sup-
posed that the sequence distribution might be respon-
sible for the behavior, since it has been observed that,
in the copolymers of PC, Tg was higher in the block
copolymers than in the alternating copolymer.25 Fur-
ther discussion, however, seemed to be out of the scope
of this study, and would be dealt elsewhere.

CONCLUSIONS

Polyestercarbonates with systematically varying
content of terephthalate or phthalate units were pre-
pared by interfacial polycondensation. Random dis-
tribution of (tere)phthalate counits was thought to
be achieved, which was suggested through deter-
mining the degree of randomness and analyzing the
oligomers. Glass transition temperature increased with
(tere)phthalate content owing to the intramolecular
stiffening effect of (tere)phthalate units and the short-
ened intermolecular distance.

Acknowledgment. Financial support by Korea Sci-
ence and Engineering Foundation through Hyperstruc-
tured Organic Materials Research Center and Grant
number 94-0502-08-03-3 is gratefully acknowledged.

REFERENCES

1. J. A. Brydson, “Plastics Materials”, 5th ed, Butterworths-
Heinemann, Oxford, 1989, pp 521–571.

2. T. L. Richardson, “Industrial Plastics: Theory and Applica-
tion”, 2nd ed, Delmar Publishers Inc., New York, N.Y., 1989,
pp 141–203.

3. J. T. Baker, R. S. Cooke, and S. Sifniades, U. S. Patent 4 194
038 (Mar. 18, 1980).

4. S. E. Bales, U. S. Patent 4 388 455 (Jun. 14, 1983).
5. K. F. Miller and W. Hilakos, U. S. Patent 4 465 820 (Aug. 14,

1984).
6. D. C. Prevorsek and B. T. De Bona, J. Macromol. Sci., Phys.,

B19, 605 (1981).
7. B. D. Dean, M. Matzner, and J. M. Tibbitt, in “Comprehensive

Polymer Science”, G. C. Eastmond, A. Ledwith, S. Russo,
and P. Sigwalt, Ed., Pergamon Press, Oxford, 1989, vol. 5, pp
317–329.

8. S. R. Sandler and W. Karo, “Polymer Synthesis”, 2nd ed, Aca-
demic Press, Inc., San Diego, CA, 1992, vol. 1, pp 91–92.

9. A. Kivinen, in “The Chemistry of Acyl Halides”, S. Patai, Ed.,
Interscience, London, 1972, pp 191–194.

10. J. Devaux, P. Godard, and J. P. Mercier, J. Polym. Sci., Polym.
Phys. Ed., 20, 1875 (1982).

11. C. J. Pouchert and J. Behnke, “The Aldrich Library of 13C
and 1H FT NMR Spectra”, Aldrich Chemical Co., Milwaukee,
WI, 1993, vol. 2, p 322.

12. E. W. Hansen, R. Blom, and O. M. Bade, Polymer, 38, 4295
(1997).

Polym. J., Vol. 33, No. 9, 2001 699



S. S. MIN et al.

13. G. Montaudo, C. Puglisi, and F. Samperi, Polym. Bull., 21,
483 (1989).

14. M. J. Marks, J. Appl. Polym. Sci., 52, 467 (1994).
15. Z. Denchev, A. Duchesne, M. Stamm, and S. Fakirov, J. Appl.

Polym. Sci., 68, 429 (1998).
16. M. J. Fernandez-Berridi, J. J. Iruin, and I. Maiza, Polymer, 36,

1357 (1995).
17. P. H. Gore, in “The Chemistry of Acyl Halides”, S. Patai, Ed.,

Interscience, London, 1972, pp 164–165.
18. G. Odian, “Principles of Polymerization”, 3rd ed, Wiley-

Interscience, New York, N.Y., 1991, pp 460–463.
19. K. Tyuzyo, Y. Harada, and J. Suzuki, Polym. Lett., 2, 43

(1964).
20. D. Freitag and U. Westeppe, Makromol. Chem. Rapid Com-

mun., 12, 95 (1991).
21. H. R. Schubach and B. Heise, Colloid Polym. Sci., 264, 335

(1986).
22. C. P. Bosnyak, I. W. Parsons, J. N. Hay, and R. N. Haward,

Polymer, 21, 1448 (1980).
23. T. K. Kwei, J. Polym. Sci., Polym. Lett. Ed., 22, 307 (1984).
24. A. A. Lin, T. K. Kwei, and A. Reiser, Macromolecules, 22,

4112 (1989).
25. J. Y. Jho and A. F. Yee, Macromolecules, 24, 1590 (1991).

700 Polym. J., Vol. 33, No. 9, 2001


	Synthesis and Characterization of Some Polyestercarbonates
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCLUSIONS
	REFERENCES


