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The miscibility of ethylene terephthalate (ET))caprolactone (TCL) copolyester blends with polycarbonate 
has been studied by differential scanning calorimetry (d.s.c.). When ET content in the copolyesters is less 
than 60%, they are miscible with polycarbonate. Such a miscibility window cannot be predicted by the 
Flory-Huggins theory. The ratio of the glass transition temperatures Ts,/T,, has been used to characterize 
some non-combinatorial entropic contribution which is connected with interaction parameter x1. Using the 
method suggested by Coleman, the total interaction parameter x = x0 + xl (x0 is the Flory-Huggins 
interaction parameter) is plotted against the molar volume fraction of ester groups in the TCL copolyesters. 
The miscibility range determined in this way conforms with the results of d.s.c. experiments. 
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Introduction 

The blends of several polyesters with the poly- 
carbonate of bisphenol-A are of considerable scientific 
and industrial interest. It has been suggested that melt- 
processed mixtures of poly(ethylene terephthalate) 
(PET) and polycarbonate (PC) exhibit significant inter- 
molecular mixingle3. A single glass transition tempera- 
ture ( Tg) was observed for compositions containing more 
than 60-70% PET by weight, while compositions below 
this range showed two glass transitions’. Chen and 
Bireley4 have shown from differential scanning calori- 
metry (d.s.c.), dynamic mechanical analysis and infra-red 
spectroscopy that extruder-mixed blends with a small 
extent of transesterification have an inhomogeneous 
amorphous phase. Hanrahan et al.’ demonstrated the 
immiscibility of PC and PET by d.s.c. and dielectric loss 
spectroscopy for solvent-cast blends using two kinds of 
solvents, l,l, 1,3,3,3-hexafluoro-2-propanol and a mixed 
solvent of phenol and tetrachloroethane in a 40/60 ratio 
by weight. Suzuki et aL6 have confirmed that PC and 
PET are immiscible over the whole composition range 
studied for both extruder-mixed and solvent-cast blends; 
the PC/PET blends are homogenized only by transester- 
ification between PC and PET above the melting 
temperature of PET. Li-Hui Wang et ~1.~ also reported 
the same kind of results as Suzuki et al. 

Simultaneously, Paul and co-workerssiO have indi- 
cated that poly(c-caprolactone) (PCL) is miscible with 
polycarbonate of bisphenol-A in the amorphous state. 
This blend exhibits lower critical solution temperature 
(LCST ) behaviour of phase separation. Furthermore, 
these workers emphasize the existence of physical 
interaction between the polyester carbonyl moieties and 
the polycarbonate molecule. Coleman et al.” have 
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proved the presence of specific chemical interactions 
between PCL and PC in the amorphous state, which 
infers miscibility. However, Jonza and Porteri have 
shown convincingly that a single glass transition was 
found across the compositional diagram of PCLjPC 
blends, but no depression was observed in the melting 
points of either PC or PCL. Therefore the Flory 
interaction parameter (x) must be zero or slightly 
positive for these blends. 

It is of interest to discover whether or not the 
ethylene terephthalate-caprolactone (TCL) copolyester 
is miscible with PC. How does the miscibility between 
the copolyester and PC depend on the composition of 
the copolyesters and blends? How can we predict the 
window of miscibility between the copolyester and PC? 
How can the miscibility of such blends be understood? 

E_xperimental 

A list of the polymers used in the present work with 
their ethylene terephthalate (ET) contents, intrinsic 
viscosity values ([n]) and glass transition temperatures 
(T,) is given in Table 1. The copolyesters were 
synthesized in our laboratory’3.‘4 and purified by precipi- 
tation in a large amount of methanol from a 5% (w/v) 
chloroform solution. Their ET contents were deter- 
mined by nuclear magnetic resonance spectroscopy as 
described previously15. The bisphenol-A polycarbonate 
was provided by Idemitsu Petrochemical Co. (Idemitsu 
Polycarbonate N2200, M,, = 14400, A4, = 29000 
M,/M, = 2.02; tetrahydrofuran as solvent at 40°C). 

The blend films were prepared by solution-casting 
from chloroform solution at room temperature. The 
blend samples were further dried in a vacuum oven 
at a temperature of 323K until they reached con- 
stant weight. 

The glass transition temperatures of the copoly- 
esters and their blends with PC were measured using 
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l-CL72 

TCL62 

TCLSX 

TCLJX 

Table 1 Description of bynthesued TCL copolycstcrs 

ET content” Tg” 
Acronym (\\.I”l,) (K) 

TCLXI? X2 706.0 
T(‘L72 72 291 .o 
TCL6’ 02 2hY 7 
TCLSX 5X 261 7 
TCL4X 4X -115.6 

“ ET content dctcrmincd h! n.n,.t 
’ ‘CL dctcrmincd hq d.s.c. at :I heating utc of 20 K men ’ 
’ [I/] measured in u-crcsol Lit 30 C 

Table 2 Thermal propcrtu of the PCL PC. hlcnd\ 

TCL copolycster\ P<‘ content (wt”0) 

T(‘LX7 0 
IO 
20 
50 
HO 
YO 

IO0 

0 
30 
IO 
70 

IO0 

0 
IO 
20 
50 
X0 
90 

IO0 

0 
30 
.x1 
70 

IO0 

0 
IO 
20 
50 
x0 
90 

IO0 

a Perkin-~Elmer DSC-2C with Intracooler-11. The 
temperature at the half-height of the corresponding 
heat capacity jump was defined as Tg. The temperature 
was calibrated with ultrapure indlum. In the d.s.c. 
apparatus the samples were first heated at a rate ot 
20°C min ’ to 530 K. maintained for I min and quenched 
to 190K. The quenched samples, were then reheated 
from 190 K at a rate of 20°C min to 530 K (first scan) 
to measure the Tg. 

A blend sample is considered miscible il‘ its thermo- 
gram at each composition exhibits a single Tg inter- 
mediate between those of the individual components. 
Thus. a sample exhibiting two T,s at a given composi- 
tion is considered immiscible, even if the possibility 
of observing a single TS at other compositions is 
not excluded. 

Phase separation was investigated by d.a.c. with the 

following annealing cycle. The sample was first cooled 
to 190 K and maintained at that temperature for 5 min. 
A first scan was made at a heating rate of 160°C min-’ 
up to an annealing temperature close to the highest Tg 
of the components considered. After annealing at 
that temperature for 3mi1-1, it was quenched again 
to 190 K. then a second scan was made with a heating 
rate of 20 ‘C min- I to an annealing temperature 10°C 
above the annealing temperature of the previous 
scan. Such a post-annealing heating-cooling cycle 
was repeated up to the annealing temperature of 550K 
to detect whether phase separation occurred at a 
high temperature. 

I 
240 320 400 

T(K) 

Figure I D.s.c. thermograms of TCL48/PC blends with different 
compositions quenched from 530 K to 190 K: (A) TCL48. (B) 9OjlO. (C) 
X0.20. (D) 50150. (E) 20:80, (F) 10190. (G) PC 

7 

I I I 

240 320 400 480 
T(K) 

Figure 2 D.5.c. thermograms of TCLQPC blends with ditTercnt 
compositions quenched from 530 K to 190 K: (I) TCLXZ, (2) 90 IO. (3) 
X0 20. (4) 50’50. (5) 20~80. (6) 10:90. (7) PC 
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Results and discussion 

Miscibilitli of TCLjPC blends. Table 2 lists the 
thermal analysis results of PC blends with copolyesters 
having different ET contents. The blends of PC/TCL48 
and PC/TCL58 exhibit only one Tg in their thermograms 
for all compositions. In Figure I the thermograms of 
blends PC/TCL48 are shown. The Tp of these blends 
changes with composition regularly and can be described 
by the Gordon-Taylor equation. This means that the 
blends of TCL48/PC and TCL58jPC are miscible. When 
ET contents in copolyesters transcend 60wt%, the 
blends of copolyesters with PC show different 
behaviour. The blends of TCL62, TCL72 and TCL82 
copolyesters with PC exhibit two Tgs in their 
thermograms for all compositions. The thermograms of 
TCL82/PC blends are shown in Figure 2. Such results 
prove that TCL62, TCL72 and TCL82 copolyesters 
are immiscible with PC. It can be seen that in these 
blends the two Tgs have slightly different values from the 
T& of the respective parent components. This indicates 
the formation of two phases in these blends: a PC-rich 
phase containing small amounts of copolyester, and a 

copolyester-rich phase with small amounts of PC. It is 
also found that the Tg values of the two phases become 
closer to those of the respective parent components 
with increasing ET content in the copolyesters. Therefore 
from such experimental results it can be concluded that 
pure PET must be immiscible with PC. The annealing 
experiments have shown that for blends TCL48/PC 
and TCL58/PC, phase separation cannot be observed 
at any annealing temperature; at the same time, blends 
TCL62/PC, TCL72/PC and TCL82/PC do not exhibit 
a tendency to homogenize on annealing without any 
transesterification. 

Explanation of the window of miscibility. In order to 
understand the miscibility of blends of TCL copolyester/ 
PC with TCL contents less than 60 wt%, we have tried 
to utilize the method suggested by Coleman et af.16. In 
this method, the free energy of mixing was described by 
the equation: 

+~A~Bx+AGHIRT (1) 

$A and $a, NA and Na are the volume fractions and 
degrees of polymerization of A and B component, 
respectively; x is the polymer-polymer interaction 
parameter. This is the well known Flory-Huggins 
relationship, but with an added term, AGH/RT to 
account for the presence of favourable intermolecular 
interactions. In the absence of favourable intermole- 
cular interaction (i.e. when AGH/RT = 0), the inter- 
action parameter x is positive and its critical value is: 

Xcrit = [(NA)p"2 + (NB)-"'12/2 (4 

9. or 
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Coo content ( % ) 

Figure 3 Relationship between solubility parameter and molar 
volume fraction of ester groups in TCL copolyesters 
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Figure 4 Relationship between interaction parameter in TCLjPC 
blends and molar volume fraction of ester groups in TCL copolyesters 

If we are dealing with weak interactions (van der Waals 
force), x can be related to the Hildebrand solubility 
parameters of the two polymers: 

x = V,(6A - 6B)2/RT (3) 

Here V, is a reference volume; the solubility parameters 
6 can be calculated by the group contribution method 
with sufficient accuracy. 

The solubility parameter of TCL copolyester changes 
linearly with increasing ET content, as shown in Figure 3. 
The abscissa of the figure is the molar volume fraction 
4 coo 3 which means that the molar volume of ester groups 
in the copolyester is divided by the molar volume of the 
copolyester sample. The solubility parameters (ordinate) 
of the copolyesters are calculated using the values 
provided by Coleman et a1.16. From equation (3) the 
interaction parameters between copolyesters and PC can 
be computed. The numerical results of the solubility 
and interaction parameters are listed in Table 3. The 
values used in the calculation were PC molar volume 
V, = 191 cm3 mall’ and PC solubility parameter bpc = 
10.6. The interaction parameters are plotted against 
the molar volume fraction of ester groups as shown in 
Figure 4. On the basis of the molecular weights of 
copolyester and PC, the critical value of x should be 
equal to 0.02. From such a critical value the predicted 
miscibility window is very narrow. Referring to data 
of PCjPCL blends in the literature’-” a value of 
Xcrit = 0.08 is postulated, but the estimated miscibility 
window (&,, = 0.235-0.275 or 47 wt%-82 wt%) still 
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Table 3 Calculated 8 and \ pc ,rcI. of TCL with diH&ent ET contents 
using Coleman’s method” 

ET content (mol”/o) f.L,,, 6 \ PC -rt I 

100 0.399 I I.5 0.762 
80 0.282 I I.? 0.1 I6 
60 0.263 10.X 0.01 i 
50 0.252 10.6 0 

40 0.241 IO.3 0.01 3 
10 0.31x 9.9 0.15x 

0 0.192 94 0.465 

“h,,- = 10.6 (calcm ‘)‘I5 

Table 4 Calculated 0 and \ ,,, ICL of TC‘L with dllkrcnt LT content\ 
using our method“ 

ET content ( mo1° O) (.“L,W Tg (K) I$ \ 0 \ 

I 00 0.29’) 348 Il.5 0.2h 0.237 
80 0.2x2 318 Il.3 0.1 Ih 0.072 
60 0.263 289 10.X 0.01 3 0.064 
50 0.252 214 IO.6 0 0. IO6 
40 O.‘JI 260 IO ‘l 0.0 1: I).lil 
20 0.21x 231 %i) O.I5X I 1 I 1 s 

0 0. I91 207 <I.-J (I 465 1). I c)s 

” h IJc = 10.6 (calcm ‘I”‘. I, calculated from the Fox cquatlon 

Table 5 Calculated 6 and 1 I’( p,,, of aliphatic polycstci-s using out 
method” 

CHJCO~ <j/o 0 T<,clo p \ // \ 

I 0.543 28X I I.9 0.549 0.370 
1 
; 

0.373 251 10.7 0.003 0.177 
0.284 223 10.0 0.1 16 II.250 

1 0.229 203 Cl.7 0 262 r,.;v 
5 0.197 202 9.4 0.465 0 19x 
6 0. I65 102 9.2 O.h;i 0.070 
7 0. I45 701 9.0 0.X27 0. I64 

Ii l+p< : 10.6 (Gil cm i I” i The 7; of PC’ is 427 K. The 7, of’ Pnl~. 
(aliphatic polyesters) ih obtained trom Rei‘ (231 

deviates from experimental results (i.e. the blends arc 
miscible when the ET content is less than 60 wt’/o). This 
means that the Flory--Huggins theory cannot predict the 
miscibility window of PC;‘TCL copolyester blends 
correctly; postulating the existence of specific molecular 
interaction cannot improve the situation either. It is 
necessary to find a new way to explain the miscibility 
window of PC.‘TCL copolyester blends. 

Schweizer and Curro”.‘s have developed an integral 
equation theory of polymer blends which is based on the 
‘reference interaction site model’ (RISM) theory. Apply- 
ing RISM theory to various athermal mixtures. it has 
been shown that structural asymmetry in the poiymel 
components can lead to a negative % parameter with 
an approximate linear composition dependence. The 
local structural asymmetry on a monomer scale or ;I 
radius of gyration length scale can lead to significant 
non-combinatorial entropy of mixing effects. Using 
small-angle neutron scattering (SANS), Ito rt r/l.‘” have 
recently determined the effective % parameter of high 
molecular weight blends of poly(methy1 methacrylate) 
(PMMA) and poly(ethylene oxide) (PEO). This 
mixture was found to be miscible with a negative % 
parameter of the order of -0.002 (for 50% PMMA 
monomer fraction). Moreover. when the temperature 
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was increased from 25 to 8O”C, no change in the 
measured ,% parameter was detected. This implies that 
the miscibility is not associated with favourable attractive 
intermolecular interactions but rather derives from 
a stabilizing non-combinatorial entropic contribution to 
the free energy of mixing. Such a non-combinatorial 
entropic contribution should be initiated from the obvious 
difference between PEO and PMMA in both their 
monomer volumes and statistical segment 1engths2’. The 
result of SANS is consistent with previous melting-point- 
depression data, despite small values of depression. 

In the literature, the PCLjPC blends have been proved 
to be miscible. The interaction parameters in the blends 
determined by different authors are different, but 
the source of the differences is uncertain. However, the 
common result appears to be that the interaction 
parameter x in PCLjPC blends is small, close to zero, 
and it is difficult to prove the existence of specific 
intermolecular interaction. Moreover, it is found else- 
where”’ that the free volume and the volume extension 
index are different in PC and PCL. Therefore in such 
blends the miscibility should also be determined by 
some non-combinatorial entropic contribution, for 
example the difference between local structures in each 
blend component, the difference in statistical segment 
length. and so on. Such non-combinatorial entropic 
contribution factors should be divided into two kinds: 
favourable and unfavourable. In blends such as PEO/ 
PMMA and PCL/PC, favourable non-combinatorial 
entropic contributions certainly exist. In PC/TCL copoly- 
ester blends, the favourable non-combinatorial entropic 
contributions may play a role in mixing for the composi- 
tions of blends with ET content less than 60wt%. 

How can we predict the miscibility window for 
PC ‘TCL copolyester blends‘? In fact, both local struc- 
tural asymmetry and statistical segment length must 
be related to the glass transition of macromolecules. 
Generally the Tg of miscible blends is connected with 
molecular interaction between the components in the 
blends. Here it is proposed that the ratio of the Tgs can be 
used to characterize some non-combinatorial entropic 
contribution. The ratio T&/TgB can be considered as 
some ‘average one-dimensional structural parameter’ 
(i.e. the distance between different asymmetry structural 
units). It has the following relationship with the 
interaction parameter: 

\ I = K( Tg,l&Jb (4) 

Here it is simulated as the van der Waals inter- 
action energy and depends on the distance between 
different asymmetry structural units (like the London 
formula f12 - u1a2/r6 + .). x1 represents some non- 
combinatorial entropic interaction in PC,ITCL copoly- 
ester blends. K is a constant. T,, and T,, are the glass 
transition temperatures of components A and B in the 
blends. This new interaction parameter is considered as 
an additional term to the Flory-Huggins interaction 
parameter %,,. Then all interaction parameters x should 
be represented by the following formulae: 

\ = %()+\I (5) 

= K(n.4 ~ b&RT + K(Tg,,/Tg,)h (6) 

The constant K was calculated by using the interaction 
parameter between PC and PCL from the literature22 
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(xpcIpcL = -0.189, and K = -7.43 x 10p3). On the 
basis of equation (6), a series of interaction parameters 
x for blends of PC/TCL copolyesters have been calcu- 
lated and are given in Table 4. If the critical interaction 
parameter calculated from equation (2) X,-rit = 0.02, is 
used then the range of the molar volume fraction of 
ester groups &,, (from &,,, = 0.273, corresponding to 
an ET content of 80 wt%, to &,, = 0.192 for pure PCL) 
should be responsible for the miscibility window of 
PC/TCL copolyester blends. Although the upper limit 
is higher than the experimental value, the predicted 
results basically conform to the measured range of 
miscibility. Simultaneously, the blends of PC with a 
series of aliphatic polyesters containing different num- 
bers of COO groups are treated by the method described 
above. The data are listed in Table 5. Taking the same 
Xcrit value, the miscibility window of PC/aliphatic 
polyester blends ranges from $,,, = 0.415 (upper limit) 
to &I, = 0.175 (lower limit). The corresponding values 
of the ratio CHJCOO are 1.7 and 5.6. Such results 
also conform to experimental data in the literature23. 
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