
ELSEVIER PII: S0032-3861(97)00486-2 

Polymer Vol. 39 No. 10, pp. 1999-2009, 1998 
© 1998 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
0032-3861/98/$19.00+0.00 

Binary interaction parameters from blends of 
SMA copolymers with TMPC-PC 
copolycarbonates 

G. D. Merfeld and D. R. Paul* 
Department of Chemical Engineering and Center for Polymer Research, 
University of Texas at Austin, Austin, TX 78712, USA 
(Received 11 March 1997; revised 2 June 1997) 

Miscibility maps for blends of copolycarbonates based on various proportions of tetramethyl bisphenol-A and 
bisphenol-A (TMPC-PC) with eopolymers of styrene-maleic anhydride (SMA) have been established and 
interaction energies have been calculated from the data using a binary interaction model combined with the Flory- 
Huggins theory. This analysis provides an independent assessment of all six interaction energies between the 
various repeat unit pairs. These include the first reported estimates for the binary interaction energies of MA with 
TMPC and with PC. The other four interaction energy values found here are in excellent agreement with earlier 
reports. LCST-type phase separation temperatures were determined and compared with values predicted by the 
Sanchez-Lacombe equation-of-state theory. © 1998 Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 

Commercial blends of polycarbonate (PC) with 
acrylonitrile-butadiene-styrene (ABS) materials generally 
have adequate properties without the use of a compatibilizer 
owing to the nature of the thermodynamic interactions 
between PC and the styrene-acrylonitrile (SAN) matrix of 
ABS. Extensive research has accurately quantified the PC/ 
SAN interaction, and the results may be used to optimize 
blend performance I -~ .  There has been recent interest in 
blends of PC with styrene-maleic anhydride (SMA) 
copolymers ~2. To rationally evaluate the opportunities 
afforded by such blends, it is useful to determine the PC/ 
SMA interaction. Blends of PC with SMA copolymers are 
completely immiscible; however, prior work has shown that 
tetramethyl polycarbonate (TMPC) is miscible with SMA 
copolymers containing limited amounts of MA 13. With this 
knowledge, a strategy to probe polymer interactions can be 
devised through the use of copolymers to dilute the 
unfavourable PC/SMA interactions employing the repeat- 
unit-based accounting procedures of a binary interaction 
model 14-16. This will create an envelope of miscibility in 
the isothermal phase map of SMA copolymer composition 
versus TMPC-PC copolycarbonate composition. The 
boundary separating miscible and immiscible blend com- 
positions can then be used to extract interaction energy 
estimates, thus allowing the verification or refinement of 
previously determined interaction energies and the evalua- 
tion of unknown interaction energies. Furthermore, once 
binary interaction energies for the blend system are known, 
equation-of-state theory can be used to predict phase 
separation behaviour for comparison with experimental 
observations. 

* To whom correspondence should be addressed 

POLYMER BLEND THERMODYNAMICS 

The Gibbs free energy of mixing per unit volume for 
a binary system of monodisperse polymers can 
be modelled by the Flory-Huggins theory 17,18 

f OAln q~A PB~B In 08"~ 
Agmi  x =RT, p A - -  }- q-BdPaOB (1) 

MA ~M T J 
where R is the gas constant, T is the absolute temperature, 
and Pi, 0i, and M i are  the density, volume fraction and 
molecular weight of component i, respectively. The inter- 
action energy density B includes the heat of mixing plus 
other non-combinatorial effects. An expression for the spi- 
nodal condition can be derived from equation (1) if it is 
assumed that B is not a function of composition 

d2Agrnix RT( PA PB ) 
dO 2 - \ ¢~AM A -~- ~ --  2Bsc = 0 (2) 

However, if B is dependent on composition, a new interac- 
tion energy at the spinodal condition, denoted B,c, is defined 
by equation (2). At the critical conditions of temperature 
and blend composition, where the third derivative of Agmi x 
with respect to composition is exactly zero and the system 
lies on the boundary between miscible and immiscible, the 
balance between the combinatorial entropy and component 
interactions is described by 

RT V ~ ~ - p T - - ]  2 
Bcrit = TLV V (3) 

where (.~7/w) / is the weight-average molecular weight j9 22. 

At a given temperature, miscibility is predicted when the net 
interaction energy for a blend is more favourable than Bcrit. 

For a blend of two homopolymers, B is simply the 
interaction energy between the two repeat units involved. 
However, for blends of homopolymers with copolymers or 
for blends of two copolymers, a model must be invoked to 
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account for the multiple intramolecular and intermolecular 
interactions that contribute to the net interaction energy 
density B in equation (1). The binary interaction model 
accounts for such interactions and has been used with 
considerable success for interpreting the phase behaviour of 
blends involving copolymers 14-16. It has the following form 
for a blend of two copolymers 

B = BI301 '03" q- 01401 '04" q- B2302 '03" q- 02402 '04" 

-- BI201 ' 02 '  -- B3403"(,b4 " (4) 

where repeat units 1 and 2 are randomly incorporated with 
volume fractions 0J' and 02' in the first copolymer, and 
repeat units 3 and 4 are likewise incorporated in the second 
copolymer with volume fractions 03" and 04". The binary 
interaction model simplifies to the following expression 

B = BI2(02") 2 (5) 

for a homopolymer/copolymer blend where repeat units of 
type 1 are common to both polymers and where 02" is the 
volume fraction of type 2 repeat units in the copolymer, 
Clearly, when the homopolymer and copolymer share a 
common repeat unit, there is only one binary interaction 
and it may be determined independently of previously eval- 
uated interaction energies. 

The Flory-Huggins theory as presented here can predict 
only UCST-type phase boundaries unless an empirical 
temperature dependence is introduced into the interaction 
energy B. However, most polymer blends, including those 
investigated in this study, show LCST-type phase beha- 
viour. Equation-of-state theories account for the compres- 
sible nature of polymer mixtures and can predict LCST-type 
phase separation. The lattice-fluid theory of Sanchez and 
Lacombe 23-29 is used in this work; however, only a brief 
overview is given here. More detailed discussion and a 
review of its application to polymer blends can be found 
elsewhere 3°'31. The Sanchez-Lacombe equation of state is 
given by 

5̀2 + P +  7" [ln (1 -`5) + (1 - !)`51 = 0 (6) 

in terms of the reduced variables P = P/P*, 7" = T/T*, 
`5 = p/p*= v*/v, where P and v are pressure and specific 
volume, respectively, and r is the chain length defined as 

MP* M 
r = kT*p*-- v'p* (7) 

Variables with asterisks denote equation-of-state character- 
istic parameters with mixing rules as given by Sanchez and 
Lacombe 25. The spinodal condition has been derived as 

(8) 

where ~b is a dimensionless function reviewed elsewhere 25 
and /3 is the isothermal compressibility. In the Sanchez- 
Lacombe theory, the bare interaction energy density, AP*, 
is analogous to B of the Flory-Huggins theory stripped of 
equation-of-state effects. The binary interaction model 
shown in equation (4) for B may also be expressed in 
terms of A p  as 

Ap*AP~301 '0 " q- . . . . . . . .  AP2402 04 3 AP140! 04 +AP2302 03 -t-- . . . .  

- AP*I20, '02' -- AP~403"~b4" (9) 

where volume fractions are based on hard core volumes. 
Furthermore, if the volume fractions used in the Flory-Hug- 
gins theory are assumed to be equivalent to those used in the 
Sanchez-Lacombe theory, the Flory-Huggins interaction 
energy and the bare interaction energy can be related 3°'32 

f 
Bsc =`5Ap* + / [ p ~  - P7 + (02 -- 01)AP *] 

RT ~) 
+ - - ( r ~ v .  1 r~v~2) -RTI ln ( ! - -  p [ `52 +- o] 

v L S f- ,52( 1 _ `5~ -F - -  

( l - I / r ) ]  -J ]} 
(lO) 

where r ° is the number of sites occupied by molecule i in the 
pure close-packed state such that riUv~ = riv*. 

MATERIALS AND PROCEDURES 

The polymers used in this study are listed in Table 1 and 
Table 2 along with their physical properties. The polysty- 
rene (PS), Cosden 550, was obtained from Cosden Oil and 
Chemical Co., while the SMA copolymers were obtained 
from Arco Chemical Co. and Dow Chemical Co. as 
indicated. The numerical suffix on the copolymer acronym 
indicates the weight per cent of MA. Three of the SMA 
copolymers, SMA9, SMA10.7 and SMA12.2, contain 
rubber particles added by the manufacturer to improve 
impact resistance. The PC is Lexan 131-111 from General 
Electric Co. and the TMPC is from Bayer AG. TMPC-PC 
copolycarbonates were synthesized in our laboratory using 
an interracial polymerization technique described pre- 
viously 4"33. The suffix on the copolycarbonate code 
indicates the weight per cent of TMPC. Molecular weight 
information was determined by gel permeation chromato- 
graphy calibrated with polystyrene standards. 

Polymer blends of 50/50 composition by weight of 
TMPC-PC and SMA copolymers were cast from a common 
solvent, either dichloromethane, DCM, or tetrahydrofuran, 
THF. Blends containing SMA copolymers with rubber 
modifier were prepared on a rubber-free basis by subtracting 
the weight of the rubber from the actual SMA weight; 
thereby, the correct SMA to TMPC-PC blend ratio was 
maintained. Films from DCM solutions were cast at room 
temperature by evaporation from an open beaker, allowed to 
dry overnight, and then annealed for up to 96 h in a vacuum 
oven at 180°C. At room temperature, DCM solutions 
containing 2 wt.% of polymer dried into films within 2 h. 
Blends were also hot cast from DCM and THF by pouring 
2 wt.% polymer solutions on to a glass plate maintained at 
50°C and 60°C, respectively. The films were dry to the touch 
within 3 rain but were allowed to remain on the glass plate 
for an additional 5 min before they were removed and 
annealed in a vacuum oven at 180°C for up to 96 h. 

Glass transition temperatures were determined and blend 
miscibility was assessed with a Perkin-Elmer DSC-7 system 
using a scan rate of 20°C min-~. Two scans were performed: 
the first to erase the thermal history and the second to 
evaluate the thermal characteristics. Both the onset and the 
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Table 1 Styrene polymers used in this study 

Polymer MA Molecular weight information" Tg (°C) 

(wt.%) M, ~/,, Onset Endpoint 

Source 

Polystyrene (PS) 
PS(330) 0 100000 330000 98 103 

PS(52) 0 50500 h 52000 b 103 

PS(35) 0 34200 h 35000 b 102 

PS(22) 0 21000 b 22000 ~ 102 

PS(17) 0 16300 ~ 17500 h 101 

PS(9.2) 0 8900 b 9200 b 96 

Poly(styrene-co-maleic anhydride) 
SMA2 2 183000 320000 105 

SMA4.7 4.7 94000 179000 106 

SMA6 6 152000 273000 110 

SMA8 8 100000 200000 I 15 

SMA9' 9 100000 240000 115 

SMA10.7 d 10.7 100000 210000 118 

SMA12.2' 12.2 91000 190000 119 

SMA 13 13 108000 203000 127 

SMA 14 14 92000 178000 125 

SMAI7 17 52000 114000 132 

SMA 18.1 18.1 92000 260000 135 

Cosden Oil and Chemical Co. 
(Cosden 550) 

Polymer Laboratories Ltd. 

Polymer Laboratories Ltd. 

Polymer Laboratories Ltd. 

Polymer Laboratories Ltd. 

Polymer Laboratories Ltd. 

112 Arco Chemical Co. 

115 Dow Chemical Co. 

118 Arco Chemical Co. 

123 Arco Chemical Co. 

124 Arco Chemical Co. 

127 Arco Chemical Co. 

130 Arco Chemical Co. 

136 Arco Chemical Co. 

133 Arco Chemical Co. 

141 Arco Chemical Co. 

143 Dow Chemical Co. 

"Determined by g.p.c, analysis using PS standards 
hProvided by supplier 
'Contains 16% rubber by weight 
acontains 5% rubber by weight 

Table 2 Polycarbonates used in this study 

Polymer PC 

(wt.%) 

Molecular weight information" Tg (°C) Source 

Onset Endpoint 

TMPC 0 13700 37900 

TMPC95 5 10800 32700 

TMPC90 10 8600 49400 

TMPC85 15 7300 29900 

TMPC83 17.5 8700 39500 

TMPC80 20 8800 31300 

TMPC75 25 7500 34300 
PC 100 37000 76500 

190 199 Bayer AG 

181 191 Synthesized h 

172 184 S ynthesized" 

175 185 Synthesized' 
183 191 Synthesized/' 

177 185 Synthesized b 

174 187 Synthesized' 
147 158 General Electric Co. 

(Lexan 131-111) 

"Determined by g.p.c, analysis using PS standards 
Z'Ref. 33 
'Ref. 4 

endpoint of  the glass transitions were recorded; the onset Tg 
was evaluated at the intersection of the pre-event baseline 
and a line drawn tangentially to the inflection point, while 
the endpoint was evaluated at the intersection of the 
inflection point tangent and the baseline established after 
the thermal event. 

In the evaluation of polymer blend miscibility, the 
number of Tgs, their location, and their breadth were 
considered. Blends with a single, narrow Tg were judged 
miscible, while blends with two distinct or slightly 
overlapping Tgs were evaluated as immiscible. The non- 
equilibrium blend phase behaviour was investigated when 
the differential thermal calorimetry (d.s.c.) scans showed a 
single but broad Tg, or when it showed significantly shifted 
Tgs. Phase separation temperatures were evaluated by d.s.c. 
usmg a temperature programme of annealing followed 
by a scan to assess the miscibility. Annealing for times of 

5 - 6 0 m i n  was performed in the differential scanning 
calorimeter while for longer times, up to several days, 
annealing was performed in a vacuum oven. A series of  
experiments was performed to bracket the phase separation 
temperature; at temperatures below this value, annealing 
failed to induce a change in miscibility, while annealing at 
temperatures above this value led to two Tgs. When 
possible, the reversibility of  the phase behaviour was 
investigated by annealing a two-phase blend at a tempera- 
ture below its observed phase separation temperature but 
well above the blend Tg. A change from two Tgs to a single 
Tg confirmed that an equilibrium phase boundary was 
crossed. 

When possible, visual assessment of the phase behaviour 
was used to confirm the d.s.c, evaluations. Refractive 
indices were estimated by group contribution methods, and 
for all blend pairs the difference was estimated to be greater 
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Table  3 Summary of published interaction energies 

AP~I B,j Evaluation temp. Bii" 
Interaction pair (cal cm 3) (cal cm 3) (°C) (cal cm-3) System Reference 

TMPC/PC - 0.25 - 0.32 140 - 0.10 TMPC-PC/SAN 4 

TMPC/PC - 0.23 - 0.33 140 - 0.08 T M P C - P C / S M M A  4 

TMPC/PS - 0.17 0.02 240 - 0.09 to - 0.02 TMPC/PS 32 

TMPC/MA 10.6 b 10.0 ~ 170 9.7 to 10.2 TMPC/SMA 13 

PC/PS 0.44 0.43 50 0.40 to 0.41 PC/PS 35 

PC/PS 0.49 - 0.44 to 0.45 PC/SMMA 35 

PC/PS 0.43 0.49 140 0.39 to 0.40 TMPC-PC/SAN 4 

PC/PS 0.41 0.61 140 0.37 to 0.39 T M P C - P C / S M M A  4 

PS/MA 11.5' 10.7 170 10.4 to 10.7 PMMA/SMA 13 

"Calculated at 180°C 
bRecalculated using reported miscibil i ty boundaries and temperature corrected B~j 
'Conversion of B,j to APii ~ recalculated using the characteristic parameters reported in Table 4 

Table 4 Sanchez-Lacombe  characteristic parameters 

Temperature range 
Repeat unit type Parameter code P* (MPa) T* (K) P* (g cm 3) (°C) Reference(s) 

TMPC TMPC 440 729 1.185 220-270  32 

PC PC 496 802 1.276 220-280  39 

PS" PS180 385 781 1.101 180-230 13 31 

PS" PS200 379 795 1.097 200-250  13 3J 

PS PS220 373 810 1.092 220-270  32 

MA "'h MAIS0  656 832 1.540 180-230 13 31 

MA "'~' MA200 477 915 1.551 200-250  13 31 

MA ~' MA220 423 946 1.578 220-270  t3 31 

"Recalculated from data in reference 
hBased on an extrapolation of SMA copolymer characteristic parameters 

than 0.05; as a general rule, a refractive index difference of 
0.01 is sufficient to use visual evaluation to determine the 
miscibility 34. The use of visual evaluation was limited, 
however, to blends where the polymers were transparent 
prior to blending. For this reason, SMA copolymers con- 
taining rubber could not be evaluated optically. Addition- 
ally, several of the TMPC-PC copolymers appeared to 
have particulate contamination that precluded any visual 
assessment. The filtration of solutions of blends containing 
these TMPC-PC copolymers or rubber-modified SMA did 
not improve the optical clarity but had no effect on the 
miscibility behaviour observed by d.s.c. 

SUMMARY OF PREVIOUSLY EVALUATED 
INTERACTION ENERGIES 

To completely describe the phase behaviour for blends of 
TMPC-PC copolycarbonates with SMA copolymers, six 
binary interaction energies are required, as may be seen in 
equation (4) or alternatively in equation (9). These 
interactions correspond to those that occur between each 
of the four repeat units involved. All but two of the 
interactions relevant to the current blend system have been 
previously quantified with considerable confidence and 
verified in many cases by several methods or by indepen- 
dent studies. Table 3 is a summary of the most refined 
estimates of these interaction energies available to date and 
a discussion of their evaluation follows. 

Kim and Paul investigated the TMPC/PC interaction in 
two independent studies by blending TMPC-PC copolymers 

with SAN copolymers and with SMMA copolymers 4. 
Binary interaction energies were evaluated from isothermal 
miscibility data by fitting the Flory-Huggins theory 
combined with the binary interaction model to the boundary 
between miscible and immiscible blends. The reported 
values of - 0.32 and - 0.33 cal cm -3 for BTM~fec are in 
excellent agreement. In the same study, estimates for BpctPs 
of 0.49 and 0.61 were made. The PC/PS interaction was 
further probed by Callaghan and Paul using the critical 
molecular weight technique 35. The phase separation 
behaviour of PC blends with PS of varying molecular 
weights was modelled by both the Flory-Huggins theory 
and the Sanchez-Lacombe equation-of-state to obtain 
interaction energies of Bpc/p s = 0.43 and AP~c/p s = 0.44. 
These values are in good agreement with those determined 
by Kim. A thorough investigation of the TMPC/PS 
interaction was reported by Kim and Paul using homo- 
polymer blends and an equation-of-state analysis of phase 
separation behaviour 32. The reported bare interaction of 
APTMPC/p s = --0.17 cal cm-3  is in line with studies made 
on the system using light and neutron scattering 36-3s. By 
investigating blends of SMA copolymers with SMMA 
copolymers and with SAN copolymers, Gan and Paul 
offered a refined estimate of BpS/MA = 10.713. Additionally~ 
an approximate range for BTM~/MA of 11.3--11.7 cal c m -  
was reported using the miscibility limit for SMA copoly- 
mers with TMPC. The latter values contain an error in 
accounting for the temperature dependence of the binary 
interactions, which when properly corrected changes the 
approximated BTMPC/MA range to 9.9-10.1 cal cm -3. 
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For each Flory-Huggins interaction energy in Table 3, an 
evaluation temperature is reported. Equation (10) was used 
to correct Bij values to 180°C, and thereby allow comparison 
with the Bij interactions determined in this study. For these 
calculations, bare interaction energies (APij) were assumed 
to be independent of temperature, an assumption that is 
reasonable in the absence of strong specific interactions and 
that is tantamount to saying that interactions do not depend 
on spatial orientation but only the distance between 
molecules. Equation-of-state theory accounts for the latter 
by considering changes in density with temperature• The 
characteristic parameters in the Sanchez-Lacombe equation 
of state, used for the temperature corrections of Bij, are listed 
in Table 4 for each of the repeat unit types. It should be 
noted that the characteristic parameters for MA are based on 
an extrapolation of the parameters for SMA copolymers to 
100% MA since the homopolymer cannot be synthesized, 

• 13 ts and therefore, cannot be characterized directly . Three se 
of parameters are reported for both PS and MA correspond- 
ing to temperature ranges of 180-230°C, 200-250°C, and 
220-270°C. The effect of using these different parameter 
sets is reflected in the ranges reported for B~j at 180°C. 
Overall, the calculated variation is small compared to the 
magnitude of the interaction energy itself. The effect of 
characteristic parameter sets on equation-of-state-based 
analyses will be considered further in a later section. 

EVALUATION OF S/MA INTERACTION ENERGY 

At least one B o value must be known from an independent 
study to extract binary interactions from the copolymer/ 
copolymer isothermal miscibility map investigated in this 
study. Any of the previously determined Bi) values 
summarized in Table 3 could be used for this purpose. 
Moreover, all the well-established interaction values could 
be held fixed in the binary interaction model to reduce the 
number of unknowns. This approach may increase the 
accuracy of newly evaluated parameters, but on the other 
hand, errors included in previously evaluated B 0 could, 
potentially, offset the benefits of this strategy. A model 
study would independently evaluate all interactions, con- 
firming or refining earlier estimates while determining 
unknown values. For these reasons, an independent 
evaluation of BpS/M A w a s  investigated. 

By blending a homopolymer and a copolymer that share a 
common repeat unit, the reduced form of the binary 
interaction model shown in equation (5) makes it possible 
to independently evaluate the associated binary interaction. 
For example, PS and SMA blends are miscible when the 
MA content is low but become immiscible as the MA 
content is increased 13. The binary interaction energy BpS/M A 
can be estimated when the copolymer compositions that 
define the miscibility boundary are known. The critical 
molecular weight technique is an alternative approach that 
is applicable when the interaction energy lies in a range such 
that changes in molecular weight can induce a change in the 
phase behaviour 4°'41. Repeat unit interactions are held 
constant (i.e. the blend ratio and copolymer composition are 
fixed) while the entropic contribution to the free energy of 
mixing is raised or lowered by changing either of the 
polymer molecular weights. 

A more refined estimate for the S/MA interaction can be 
evaluated by combining both techniques to investigate the 
miscibility boundary created by concurrently changing the 
copolymer composition and homopolymer molecular 
weight. For this study, the polystyrenes listed in Table 1 

were blended with SMA copolymers. Figure 1 shows the 
blends found to be miscible or immiscible, denoted as empty 
or filled symbols, respectively, on a plot of weight per cent 
of MA in SMA versus PS weight-average molecular weight. 
Blends represented by empty circles were prepared by 
solvent casting and annealing at 170°C, while the filled 
circles represent blends prepared by melt mixing at 170°C. 
The phase behaviour of blends prepared by both techni- 
ques is in agreement except near the miscibility boundary, 
where blends represented by the empty squares were found 
to be homogeneous when melt-mixed but were phase 
separated when solvent-cast• Because melt-mixed blends 
are not susceptible to solvent-induced effects, the results for 
these blends were used for evaluation of the interaction 
energy. 

By equating equation (3) and (5), an expression tor the 
border between miscible and immiscible blends of PS with 
SMA copolymers can be derived 

q~MA = - -  (11) 
(/~fW)SMA 

This result assumes that the 50/50 blend compositions used 
in the experiments match or deviate only slightly from the 
actual critical compositions. The severity of this assumption 
is investigated later in this paper. If, to a good approxima- 
tion, the first term within the square brackets in equation 
(11), can be represented by a constant, then the slope from a 
plot of ~bMA versus V/Pes/(lf4w)es will allow the evaluation 
of BpS/MA. Such a plot is shown in Figure 2. The line separ- 
ating miscible from immiscible blends was fitted to the data 
by a linear regression forced to pass through a y-intercept 
consistent with the calculated a v e r a g e  v/PsMA/(/~W)SMA. 
An estimate of -~ " Bps/M A = 10•6 cal cm - was obtained by 
this analysis, which is in good agreement with the estimate 
obtained by Gan and Paul ]3. The phase boundary shown in 
Figure 1 was calculated from this value of BpS/M A using 
equation ( 11 ). 

15 

< 10 
CO 
.c: 

E 
o )  

5 

' ' ' I ' ' ' I ' 

[3  • • • • 

[ ]  [ ]  • • 

0 0 0 0 0 

0 0 0 0 0 

0 I i i I I L I I I I I 

0 20 40 60 

Polystyrene Mw (in thousands) 

Figure I Miscibility behaviour for 50/50 blends of SMA copolymers with 
monodisperse polystyrenes of varying molecular weight. ((3) Judged 
miscible as prepared by solvent casting; (V1)judged miscible as prepared by 
melt mixing; (0) immiscible. The curve fit to the boundary between 
miscible and immiscible blends is based on Bps/M A = 10.6 cal cm-  3 
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F i g u r e  2 Graphical analysis of equation (11) to evaluate the B p S / M  A 

interaction energy from the slope of the line separating (O) miscible from 
(O) immiscible blends of SMA coploymers with PS of varying molecular 
weights 

ISOTHERMAL MISCIBILITY MAP 

The d.s.c, evaluation of the miscibility of various TMPC-  
PC/SMA pairs at 180°C was aided by graphical construc- 
tions that allow simultaneous comparison of the measured 
versus the predicted (assuming miscibility) glass transitions 
for blends of copolymers. In these graphs, an example of 
which is shown in Figure 3 for blends of TMPC80 with a 
range of SMA copolymers, the shaded zones are established 
between the onset and endpoint glass transitions for the 
unblended copolymers. A third zone is then predicted for a 
miscible blend using the Fox equation 42 

l w I w 2 
+ (12) 

T g - - r g  I Tg 2 

where wi and Tgi are component i mass fractions and glass 

200 

160 

G 

120 

80 
0 2 4 6 8 10 12 14 

Weight % MA in SMA 

F i g u r e  3 Example of graphical analysis used to evaluate the blend 
miscibility. Measured (A) onset and (T) endpoint of the glass transition 
region for blends of TMPC80 with SMA copolymers overlaid on shaded 
glass transition zones measured for the pure copolymers and predicted for 
their miscible blends via the Fox equation 

transitions, respectively. By overlaying measured blend 
transition temperatures on the three shaded zones, interpre- 
tation of the d.s.c, results is simplified, and for the example 
shown, a window of miscibility is easily identified for 
blends with SMA copolymers containing between 6 and 
10 wt.% MA. Furthermore, this analysis may help to iden- 
tify partial miscibility evidenced by broadened or shifted 
Tgs. 

Establishing that a blend has either one or two phases 
does not guarantee that the equilibrium state of miscibility 
or immiscibility is known, since blend preparation techni- 
ques can sometimes produce non-equilibrium phase beha- 
viour. For instance, the so-called 'solvent' effect can lead to 
a phase separated mixture when a miscible pair is cast from a 
common solvent 43-46. This effect is caused by an asym- 
metry in the polymer-solvent interactions which gives rise 
to a closed region of immiscibility in the ternary solvent- 
polymer-polymer phase diagram 44. A blend may become 
trapped within this region during casting, leading to 
heterogeneity of the resulting blend when the two polymers 
are indeed miscible. Solvent casting can also produce 
homogenous blends that are actually immiscible, as was 
demonstrated for blends of PC with poly(methyl methacry- 
late) 47'4s. When the polymer solution becomes concentrated 
during casting, the mixture cannot reach its equilibrium 
state because of limited molecular mobility. Rapid solvent 
removal can exacerbate the latter mobility effect but can 
help avoid the previously mentioned solvent effect. In either 
case, when phase separation or phase dissolution kinetics 
are slow, very long annealing times may be required for 
blends to reach their equilibrium state. Therefore, special 
consideration must be exercised when using a solvent-based 
preparation method, including the appropriate choice of 
solvent, casting technique and annealing programme. 

The complete matrix of TMPC-PC and SMA copolymer 
blends were prepared by solvent casting from DCM. The 
samples were annealed at 180°C for 48 h under vacuum, 
evaluated for miscibility, returned to the vacuum oven for 
an additional 48 h, and then re-evaluated for miscibility. 
The additional annealing altered the phase behaviour of 
several blends along the miscibility border, causing them to 
change from two-phase to one-phase, thus expanding the 
envelope of observed miscibility. Blends prepared by hot 
casting from DCM showed the same phase behaviour. These 
observations suggest that solvent effects during DCM 
casting may have left blends trapped in a non-equilibrium 
state. For slow kinetics of phase separation, longer 
annealing times may allow the system to reach equilibrium, 
and blends determined to have two phases after short 
annealing times could become homogeneous mixtures with 
longer annealing times - -  as was observed. In general, the 
miscibility region opened to higher MA contents with 
increased annealing time, but this was only evident when the 
copolycarbonate contained 10 wt.% or more PC and the 
SMA copolymer contained 6 wt.% or more MA. The 
copolymer composition has a dramatic effect on the glass 
transition temperature, as shown in Table 1 and Table 2, and 
can significantly affect molecular mobility. Maleic anhy- 
dride repeat units stiffen the SMA backbone while TMPC 
repeat units, with their bulky methyl side groups, reduce the 
mobility of copolycarbonates. If solvent effects are 
exacerbated by limited molecular mobility, it is possible 
that the miscibility map may actually open to higher MA 
contents at low PC content in the copolycarbonate where 
mobility is the most restricted. 

To identify and eliminate DCM solvent effects, blends 
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Figu re  4 Isothermal miscibi l i ty map for 50/50 blends of SMA 
copolymers with T M P C - P C  copolymers at 180°C. Empty circles, blends 
determined to be miscible by d.s.c.; filled circles, immiscible  blends. The 
solid line was calculated using B~rit = 0.032 cal cm - 3 and the set of best-fit 
interaction energies (cal cm -~) determined to be BxMPC/PC = --0.1, 
B T M P C / p  S = - -  0.02, B T M P C / M  A = 9.6, B p c / p  S = 0 . 3 7 ,  B p C / M  A = 8.3, a n d  

Bps/M A = 10.6. The broken line was calculated using the same set of 
interaction energies but with Bcrit = 0.028 cal c m -  3 

were hot-cast from THF and annealed at 180°C for 48, 96 
and 144 h. An increased annealing time did not affect the 
observed phase behaviour; hence, 96 h of annealing was 
deemed adequate to ensure that equilibrium phase beha- 
viour was observed. Furthermore, degradation was not 
evident in the glass transition behaviour, n.m.r, spectra, or in 
the molecular weights of sampled blends following this 
thermal treatment. Figure 4 shows the complete isothermal 
miscibility map for the system of SMA and TMPC-PC 
blends prepared by THF hot casting. Compared to the map 
found for DCM-cast blends, the upper miscibility boundary 
is shifted to higher MA compositions. These results support 
the hypothesis that for this blend system, DCM casting can 
trap blends of limited molecular mobility in a two-phase, 
non-equilibrium state. 

FLORY-HUGGINS ANALYSIS OF ISOTHERMAL 
MISCIBILITY MAP 

The isothermal miscibility map defines the locus of blend 
compositions where the entropic contribution to mixing, 
calculated in terms of Bcrit using equation (3), exactly 
balances the net B interaction, calculated using the appro- 
priate form of the binary interaction model. Graphically 
fitting the theory to the experimental miscibility map in 
Figure 4 requires that a single Bcrit value be used to 
represent all blend compositions. However, use of a 
constant Bcrit is appropriate only when there is only a 
small variation in molecular weights within each copolymer 
set and the quality of the fit is relatively insensitive to 
changes in Bcrit. Figure 5 shows the Bcrit values calculated 
for each blend composition using equation (3) and 
information in Table 1 and 2. The shaded boxes correspond 
to the blends that lie along the miscibility boundary. An 
average Bcri~ value of 0.032 cal cm -3 accurately represents 
blends along the phase boundary with 4.7 wt.% or more MA 

in the SMA, while a smaller Befit value of 0.028 better 
represents blends containing 2 wt.% and less MA. For B~j 
eva lua t ions ,  Befit will be set at 0.032, keeping in mind that 
the actual fit at lower SMA compositions will be less 
favourable when the smaller Bcrit is taken into account. 
Blends with TMPC83 were omitted from this analysis 
because a lower than average molecular weight makes its 
isothermal window of miscibility with SMA significantly 
wider than for neighbouring blends. 

Using equation (4), Bcrit=0.032, and BPS/M A set at 
10.6 cal cm -3, the remaining interaction parameters were 
obtained by optimizing the fit of the phase boundary 
predicted by the binary interaction model to the experi- 
mental data. This process was aided by a computer program 
that minimizes the sum of the squares of the orthogonal 
distance between experimental data points and the predicted 
phase boundary 3~. The solid line shown in Figure 4 
represents the best fit of the isothermal miscibility map 
and was calculated from the Flory-Huggins theory with 
Befit = 0.032 and the Bi~ interaction energies listed in Table 5. 
The broken curve in Figure 4 was calculated using the same 
set of B~j interactions but with Bcrit = 0.028. This change 
shifts the miscibility envelope to the left, owing to a 
reduction in the entropic contribution to mixing, and allows 
for an improved representation of the phase behaviour for 
blends with SMA compositions of 2 wt.% MA or less. 
Moreover, the quality of the predicted phase boundary does 
not lessen when the entropic contribution to miscibility is 
considered for each blend rather than an overall averaged 
Bcrit. This was verified by calculating the net B interaction 
energy for each blend composition and comparing the value 
with the corresponding Bcrit. The accurate prediction of 
miscibility or immiscibility was found in nearly every case. 
When the molecular weights of the omitted TMPC83 blends 
are taken into account, the model predicts the wider limits of 
miscibility that necessitated their exclusion from this 
analysis. 

The isothermal phase boundary drawn in Figure 4 is 
based on the set of best-fit B~j interactions, but it should be 
recognized that a reasonable representation of the data can 
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smaller Bcrit of 0.028 better represents blends with SMA containing 2 wt.% 
and less MA 
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Table 5 Binary interaction energies determined in this study at 180°C 

Confidence limits 
Interaction pair Ap~ (cal cm-3) Bij (cal cm 3) for Bij (cal cm-3) 

TMPC/PC - 0 . 2 5  -0 .1  -+ 0.1 
TMPC/PC - 0 . 0 9  to - 0 . 1 7  - 0 . 0 2  -+ 0.01 
TMPC/MA 9.9 to 10.4 9.6 -+ 0.2 
PC/PS 0.40 to 0.41 0.37 -+ 0.05 
PC/MA 8.8 to 9.1 8.3 -+ 0.5 
PS/MA 11.3 to 11.6 10.6 + 0.2 

still be realized with slight variations to this set. Confidence 
ranges for each Bij value were evaluated by individually 
varying each parameter and determining whether a good fit 
to the data could be achieved by adjusting the remaining 
parameters; the last column in Table 5 shows the limits 
estimated in this way. Thus, for any B 0 value that lies within 
its defined range of confidence, a set of interactions that 
accurately predict the isothermal phase boundary can be 
formulated using parameters from the confidence intervals 
prescribed for the remaining interactions. These ranges do 
not correspond to any quantifiable statistical significance 
but are provided to help give a feel for the confidence with 
which each parameter is known. 

The Flory-Huggins interaction energies determined in 
this work are in excellent agreement with those from 
previous studies when temperature corrections are made, as 
seen by comparing Bij values in Table 3 and 5, respectively. 
These results support the assumption that to a good 
approximation, the bare interaction energies from the 
Sanchez-Lacombe theory are independent of temperature, 
and that the temperature dependence of Flory-Huggins- 
type interactions arises from equation-of-state effects. 
Furthermore, it demonstrates the effectiveness of the 
accounting procedures of the binary interaction model. In 
addition to the verification and refinement of previously 
determined interaction energies, interaction energies for 
TMPC/MA and PC/MA were found to be BTMPC/M A = 

9.6 cal cm - 3 and BpC/M A = 8.3 cal cm - 3. 

PREDICTED PC/SMA INTERACTION ENERGY 

The interaction of PC with SMA as a function of the maleic 
anhydride content in the latter can be calculated using the 
interaction energies for PC/PS, PC/MA and PS/MA given in 
Table 5 and the following form of the binary interaction 
model 

BpC/SMA = Bpc/PSO S ' --[- BpC/MAOMA' - -  BpS/MA~bS '~bMn'  

(13) 

A plot of BpC/SMA ver sus  SMA composition is shown in 
Figure 6, and includes, for comparison, the interaction 
between PC and SAN. The latter curve is based on refined 
PC/AN and PS/AN interactions determined by Callaghan et 
al. l appropriately adjusted to 180°C using AN characteristic 
parameters reported elsewhere 31. Both curves show a mini- 
mum at a certain copolymer composition; this occurs at 
about 16 wt.% MA for SMA and about 21 wt.% AN for 
SAN. The minimum PC interaction energy with SAN is 
more favourable than the minimum PC interaction with 
SMA. When these curves were recalculated at 270°C to 
investigate how interactions might change under processing 
conditions, the PC/SMA curve was altered negligibly while 
the minimum in the PC/SAN interaction shifted upward by 
around 0.02 cal cm -3, nearly one-third of the difference 
between the two minimum values at 180°C. 
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Figure  6 Calculated F lory-Huggins  interaction energies at I80°C for 
polycarbonate with SMA (solid line) and SAN (broken line) as a function of 
copolymer composition. Curves are based on the following binary 
interaction parameters (cal cm-3) Becn~s = 0.37, BeC/MA = 8.3, 
BpC/A N = 4.8, BpS/M A = 10.6 and BpS/A N = 7.0 

PHASE SEPARATION BEHAVIOUR 

The temperatures at which phase separation occurs on 
heating were determined for blends found miscible at 180°C 
and are reported inside the circles at each blend composition 
in Figure 7. The notation < 180 indicates blends that were 
assessed to be immiscible at 180°C while > 300 indicates 
that phase separation on heating was not observed prior to 
thermal degradation. A reversal of phase separation 
behaviour was confirmed for blends at several locations 
within the miscibility envelope, but often required several 
hours of annealing and special precautions to avoid thermal 
degradation. For many blends, the phase separation process 
could not be reversed because the phase separation 
temperature was too close to the blend Tg. In these cases, 
the polymer chains lack the mobility and the thermody- 
namic driving force necessary to allow homogenization of 
the two-phase mixture by diffusion within a reasonable 
amount of time. At higher temperatures, degradation proved 
to be a particular concern. For example, when a miscible 
blend of TMPC95 with SMA14 was annealed at 275°C, 
phase separation was observed within 5 min by the 
development of two Tgs, but additional annealing for 
10 min led to a single Tg again. An n.m.r, analysis helped 
to identify degradation as the cause of this unusual phase 
behaviour. 

EQUATION-OF-STATE ANALYSIS OF PHASE 
BEHAVIOUR 

It is possible, in principle, to obtain an independent 
evaluation of interaction energies using phase separation 
temperatures evaluated at several blend compositions 4. This 
requires calculation of Ap* for each blend using the 
equation-of-state theory followed by a regression of these 
values versus copolymer composition to the binary inter- 
action model, equation (9). However, for such an analysis 
to be statistically significant, more data points must be 
known than are available for this blend system. Alter- 
natively, the above equation-of-state analysis can be used 
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Figure 7 Isothermal miscibility map showing experimentally measured phase separation temperatures (°C) of the LCST-type given inside the circle at each 
blend composition. A value greater than 180 indicates that the blend was deemed miscible at the isothermal condition of 180°C, the notation < 180 indicates 
that the blend was found to be immiscible at 180°C, and the notation > 300 indicates that phase separation could not be observed prior to thermal degradation 
of the sample. Phase separation temperatures predicted by the equation-of-state theory are given to the immediate right of the circles containing the 
experimental values; the two values shown were calculated using characteristic parameters for PS and SMA noted in Table 4 for the 180-230°C and 220- 
270°C temperature ranges, corresponding to the upper and lower numbers, respectively 

in reverse to predict phase separation temperatures when 
interaction energies are known. Predicted values may 
then be compared to experimental phase separation 
temperatures. 

For this study, the Bij values determined in the isothermal 
analysis were converted to AP 0 using equation (10), and 
spinodal temperatures were estimated using equation (8). 
Both calculations make use of  the appropriate characteristic 
parameters provided in Table 4. The ranges reported for 
several of  the converted Apgj values shown in Table 5 
demonstrate the effect of  using the various temperature- 
dependent characteristic parameter sets. Figure 7 includes 
two predicted phase separation temperatures shown to the 
immediate right of  each measured temperature. The top 
value was predicted using a set of  characteristic parameters 
from Table 4 that include PS and MA parameters for the 
180-230°C temperature range, while the bottom value was 
calculated using PS and MA parameters for the 220-270°C 
range. The large difference in the predicted temperature 
reveals that predictions by the equation-of-state theory are 
quite sensitive to the characteristic parameters used in 
the calculations. Considerably improved predictions are 
obtained when the parameter sets for the 220-270°C range 
are used versus those for the 180-230°C range, owing to 
maximum differences in P*, T* and O* of  approximately 
35%, 10% and 2%, respectively. The greatest of  these 
differences are in the MA characteristic parameters and are 

a consequence of  the extrapolation of  SMA copolymer 
parameters to a homopolymer of MA. The differences 
between the various parameter sets also stem from errors in 
PVT data, and to a greater extent, from the fact that the 
equation of state does not perfectly describe the form of the 
PVT data 49. In this light, it is remarkable that the second set 
of  predicted phase separation temperatures demonstrates 
such a reasonable correspondence with the isothermal phase 
boundary evaluated at 180°C and with individual phase 
separation temperatures, including their trends with chan- 
ging copolymer composition. Although blends with 
TMPC83 were left out of this analysis for the purpose of  
presentation, the phase separation temperatures predicted 
for these blends agree well with experimental observations. 

All phase observations made in this study have been 
assumed to represent the spinodal condition for the purpose 
of  simplified calculations. Spinodal- and binodal-type phase 
boundaries overlap at the critical blend composition which, 
for blends of  polymers having similar molecular weights, is 
at or near a 50/50 blend ratio. To help ensure evaluation of  
the spinodal, blends up to this point in the study were 
prepared with 50/50 ratios. However, the critical composi- 
tion can drift toward the lower molecular weight component 
as the difference in the molecular weights increases. As the 
critical blend composition shifts further from the centre of 
the phase diagram, it becomes more likely that phase 
behaviour observations do not correspond to the spinodal. 
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To investigate the magnitude of this effect and the 
accuracy of the spinodal assumption, blends of TMPC83 
and SMA6 of different compositions were prepared by hot 
casting from THF. All the blends were found to have single 
glass transition temperatures with values that track con- 
tinuously with blend ratio between the Tgs of the neat 
copolymers. Figure 8 shows the phase separation tempera- 
tures evaluated for each blend composition. A AP* value 
was calculated from each phase separation temperature 
using equation (8) and the appropriate characteristic 

parameters from Table 4, and then plotted versus blend 
composition in Figure 9. The values of Ap* are small and 
negative and have a weak composition dependence. This 
dependence may have been caused by the calculation of Ap* 
values from phase separation temperatures that do not 
correspond to the spinodal curve - -  a problem that, as 
discussed above, can occur at blend ratios removed from the 
critical composition. 

If Ap* is assumed to be a constant, equation (8) can be 
used to predict a spinodal phase boundary. Such calcula- 
tions using Ap* evaluated for a 50/50 blend and using Ap* 
for a 70 wt.% TMPC83 blend are shown in Figure 8 along 
with experimental phase separation temperatures. The 70/30 
blend is the theoretically predicted critical composition. 
Both of the predicted spinodal diagrams reflect the general 
shape of the experimental phase boundary and the relative 
magnitude of the phase separation values, but the 50/50 
based calculation seems to be a better representation of the 
experimental data, especially at the higher TMPC83 
compositions. Nonetheless, the small difference between 
the experimental phase separation temperatures for a 50/50 
versus a 70/30 blend suggests that the potential error 
associated with the use of slightly off-critical blend 
compositions is not a serious liability to the accuracy of 
the interaction energies determined in this study. 

Furthermore, using the Ap* evaluated for a 50/50 blend, 
the net Flory-Huggins interaction energy density at the 
spinodal condition, B,~c, can be calculated using equation 
(10). Figure 9 compares these calculations to a composition 
invariant B~c estimated using the interaction energies from 
the isothermal study. Nearly perfect agreement for 50/50 
blends is shown and the deviations for other blend 
compositions are minor. The small positive B~ predicted 
by either method is offset by entropic contributions, as 
miscibility is observed for these blends at 180°C. 

CONCLUSIONS 

Selective phase diagram information and an isothermal 
miscibility map for blends of SMA copolymers with 
TMPC-PC copolycarbonates were determined. A window 
of miscibility exists in the isothermal miscibility map of 
SMA copolymer versus copolycarbonate composition 
where the SMA contains less than 17 wt.% MA and the 
copolycarbonate contains less than 25 wt.% PC. The S/MA 
interaction energy was independently evaluated using a 
copolymer-modified critical molecular weight analysis, and 
the remaining interactions were evaluated from the above- 
mentioned miscibility map using the Flory-Huggins theory 
and the binary interaction model. All values are in excellent 
agreement with previously estimated interactions after 
equation-of-state temperature corrections were performed 
using the Sanchez-Lacombe lattice fluid theory. In addi- 
tion, TMPC/MA and PC/MA binary interactions were 
quantified and found to be large positive values; both are 
less favourable than those reported elsewhere for the 
TMPC/AN and PC/AN interactions. Using the binary 
interaction energies evaluated in this study, the PC/SMA 
interaction energy was calculated and a minimum was found 
to occur at around 16 wt.% MA. This minimum is not as 
favourable as that reported for blends of PC with SAN 
copolymers. An equation-of-state prediction of phase 
separation temperatures was found to be very sensitive to 
the equation-of-state characteristic parameters. None- 
theless, within the ranges of the parameter sets investi- 
gated, the analysis was able to predict phase separation 
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temperatures that show reasonable agreement with experi- 
mental observations. 
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