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ABSTRACT: A procedure is presented that uses heat of mixing information, calculated by the modified
Guggenheim quasichemical (MGQ) group contribution method, and PVT data for the polymers, correlated
by the Sanchez-Lacombe-Balasz (SLB) lattice fluid model, to predict lower critical solution temperature
(LCST) behavior. Fairly good predictions, to within 20 °C uncertainty, of cloud points are shown for poly-
(vinyl methyl ether) /poly(styrene) (PVME/PS), poly(methyl methacrylate)/poly(vinyl chloride) (PMMA/
PVC), and poly(methyl methacrylate)/poly(ethylene oxide) (PMMA/PEO) binary blends.

Introduction

The formation of miscible polymer blends, blends that
are homogeneous at the polymer segment level of scale,
is well-known to require that the free energy of mixing,
AGnix, be negative.l® In addition, the formation of a
totally miscible system also requires

(6°AG /00 7p > 0 0]

to ensure stability against phase separation, where ¢; is
the volume fraction of component i, T the absolute tem-
perature, and P the pressure. The free energy of mixing
has both enthalpic (AHmix) and entropic (ASp;z) contri-
butions

AGmix = AI{mix - TA‘Smix 2

and these contributions are generally functions of com-
position, temperature, and, in the case of ASy;;, molec-
ular weight. The entropic contribution is quite small at
the molecular weights normally encountered in commercial
polymers, however, and the requirement that AGp; < 0
is equivalent to requiring the heat of mixing to be
exothermic or negative.

Considerable progress toward finding new miscible
polymer ternaries” and binaries® 15 has been made, in part,
by recognizing the importance of exothermic physical en-
thalpic interactions for determining phase behavior. The
heat of mixing between polymer segments is found,
experimentally,’1® to be nearly equivalent to the heat of
mixing of low molecular weight compounds that have
structures that are similar to those of the segments. This
result, which is expected from various statistical mechan-
ical formulations of the liquid state!é-2! by the assumption
that enthalpic interactions are primarily a function of
nearest neighbor functional groups, permits the use of
exothermic heats of mixing of low molecular weight
compounds to indicate probable miscibility of the corre-
sponding polymer binaries.

The success of the analogue heats of mixing approach
for suggesting miscibility of polymers has stimulated the
application of the modified Guggenheim quasichemical
(MGQ) group contribution method, based on heats of
mixing data for liquids, for predicting polymer blend
miscibility.?2-2¢ As the name implies, the MGQ method
is based on an empirical modification of the Guggenheim
quasichemical theory.162122 This method is used only to
correlate and calculate the heat of mixing function in terms
of group contributions and seems to do a good job of
predicting interactions between polar and nonpolar liquids
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at different temperatures and compositions.?? The cal-
culated heat of mixing is found to be sufficient to predict
the “window of miscibility” within which aliphatic poly-
esters with varying carbonyl to CHz ratios in their segment
structures are found to be miscible with poly(vinyl
chloride) (PVC), polycarbonate, tetramethylpolycarbon-
ate, and Phenoxy, the polyhydroxy ether of Bisphenol
A 222 Within the window, heats of mixing of the polymers
are predicted to be exothermic, indicating that miscible
blend formation is possible, and miscible blends are found
experimentally. Outside the window, calculated heats of
mixing are endothermic, and the blends are experimentally
found to be immiscible.

When sufficiently heated, mixtures of low molecular
weight liquids that show exothermic heats of mixing often
transition from single-phase, miscible, behavior to mul-
tiphase behavior.20 This transition, called the lower critical
solution temperature (LCST), is also often seen in miscible
polymer blends.25-32 The LCST transition is thought to
occur when the stability criterion, eq 1, or its equivalent,

aZG) (av) ( &G )2 S

(a¢2 v + P T adJ,aV 0 (3)
where G is the free energy, V the volume, and P the
pressure, is violated. Equation 3 becomes negative when
the system becomes unstable. The term,dV/dP,isrelated
to the system compressibility and is a function of the
equation of state for the mixture. Thisso-called “equation
of state” contribution to the stability criterion is always
negative, and systems tend to become more compressible
with increasing temperature. Consequently, the finite
compressibility of the mixture provides a mechanism for
LCST behavior.

Equation 3 suggests that phase stability occurs when
the first term dominates and is positive. This term is
positive when the curve of G vs ¢;, the free energy “well”,
is concave up, and the magnitude of this term is propor-
tional to the depth of the well. From the argumentsabove,
the depth of the well is directly related to the magnitude
of the exothermic heat of mixing for mixtures of high mo-
lecular weight materials. The heat of mixing of any system
tends toward zero as the temperature of the system is
raised and the mixture approaches the thermodynamic
ideal limit. Consequently, raising the temperature of the
mixture can, in principle, reduce the magnitude of the
first term in eq 3 sufficiently to allow domination by the
second term and resulting phase instability. This approach
suggests that the temperature dependency of the heat of
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mixing is potentially responsible for LCST behavior.
Miscible polymer blends can show positive excess heat
capacities, Cp® = dAHny// T, and hence can show reduced
exothermic %eats of mixing with increasing tempera-
ture.338 Crude correlations between the magnitude of
the exothermic heat of mixing at the melting point of one
of the blend components and the cloud temperature also
suggest that the LCST occurs at a temperature where the
first term in eq 3 has been sufficiently reduced.!5

This paper combines the heats of mixing prediction of
the MGQ method with the generalized lattice fluid
equation of state SLB model, by Sanchez-Lacombe-
Balasz,353 to predict the LCST behavior by use of the
general stability criterion, eq 3. Inthisapproach,the MGQ
group contribution method is used to estimate the heat
of mixing as a function of composition and temperature.
The parameters for this method, discussed below, are
obtained from heats of mixing data for liquids containing
the same groups as those in the polymer segments. PVT
data for the polymers are analyzed by the SLB model to
obtain the pure component parameters required for
estimating the mixture properties by this model. Two
unknown, energy-related, parameters in the SLB model
are evaluated by requiring that the predicted heat of mixing
by the model equal that predicted by the MGQ model.
This requirement then permits the prediction of the LCST,
via eq 3, without the need for adjustable parameters. The
important features of these models and their use are
summarized below.

Thermodynamic Models

Modified Guggenheim Quasichemical (MGQ)
Model. The MGQ model?2-24 is based on a quasichemical
model, proposed by Guggenheim,!8 for predicting changes
in thermodynamic properties associated with the mixing
of liquids. The MGQ model considers the heat of mixing
to arise from the energies associated with the formation
of i-j from the i~ and j—j contacts identified with the
pure components I and j

2AE;;
(i-i) + G- — 2(-)

N 2

itV jj

where N;; is the moles of i-j contact pairs and AE;; is the
energy change associated with the formation of an i~j pair.
Theaddition of the parameter A;;to Guggenheim’s original
theory is an empirical modification that greatly improves
the ability of the model to fit and to predict heats of
mixing.22 The rationale for including it involves consid-
ering K;; to be a “true” chemical equilibrium constant,
from which it follows that A;; is related to the exchange
entropy, AS;j, via

A;; = exp(2AS,;/RT) 5

The number of equilibrium contact pairs, N;, can be
related to the number of structural groups, n; and n;,
through a series of standard relationships. 16,18.2137 Each
group is considered to have zg; nearest neighbors, where
z = 10 is the standard coordination number, and where
q; is a parameter that is proportional to its surface area,
Ayi, as defined by Bondi®?

g;=A4,/@25x10% (6)
The average area fraction of n; groups is then
¥; =qn;/A, M

Macromolecules, Vol. 24, No. 14, 1991

where

A= am; (®)

The number of contacts for the locally nonrandom,
nonathermal, mixture is then given by

N;=N; =T zA¥Y; =I,(z/2)A, ¥} (9a)

where I' is the nonrandom parameter?! that expresses the
deviations in local composition from the global average.
This parameter is symmetric (I';; = T';;), and the conser-
vation of contact sites further requires that

D= (9b)

The nonrandom parameter can be evaluated for each i-j
pair by combining egs 10, 9a,b, and 4

Iy,

=K; (10)
(1 Z}#l J u)(l Zl#) i u !

In a system containing f different functional groups, cal-
culaton of the I';; parameters requires the simultaneous
solution of f(f — 1) /2 equations, each of the form of eq 10.

The heat of mixing of groups is then2?

AHp ~ AUpy = 24,0 > 5 T,AE Y, (11)

The heat of mixing of two real fluids must account for
the “self-interactions” that occur between the structural
groups that comprise the pure component molecules to be
mixed. This can be accomplished by treating each pure
component as if it were a separate solution of structural
groups, and by subtracting the “heats of mixing” associated
with the pure component “solutions” of groups from that
associated with the mixture of components.!! This ap-
proach leads to a heat of mixing for the real multigroup
fluids of the form

AHmix, = AI-Imix/v = ZinxBu’\I, \II

thiZj>iq,k3ij/(h)\l,i(k)\l,j(k> (12)

where @, is the volume fraction of pure component k& in
the solution, ¥;® is the area fraction of group ; in pure
component k, and B;/ is the interaction energy density for
the icj interaction

Bij, = (Al/V)FUAEU (13)

and B;;/*! is evaluated for the “solution” of groups for each
pure component & by application of the method, outlined
above, at the same temperature.

Equation 12 is identical in form with the binary
interaction model for copolymers, proposed earlier.!! In
the present formulation, however, the interaction param-
eters B;/ are functions of both temperature and compo-
sition, through eq 4. As expected from the formulation
above, K;j, I'y;, B;j/, and AHp;, approach zero as the tem-
peratureisincreased. While the temperature dependency
of the heat of mixing for polymers is generally not known,
the MGQ model appears to be able to correctly estimate
the temperature dependency of the heat of mixing for
mixtures of alcohols with alkanes, where hydrogen bonding
is important.22 To the extent that the heat of mixing of
polymer segments is identical with that of small molecules
made of the same structural groups, the MGQ model may
give a reasonable estimate of the heats of mixing for
polymer binaries at high temperatures where LCST
behavior is likely to occur.

SLB Lattice Fluid Model. The detailed development
and application of the SLB lattice fluid model is presented
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elsewhere®38 and only the equations pertinent to the
present work are discussed here. At zero pressure, the
free energy per mer, g, of & binary mixture of Ny molecules,
which occupy ry lattice sites, with N> molecules of size ro
is given by

g =—p,ep* — T(s, + s,) (14)

where s, is the Flory-Huggins entropy of mixing per mer
associated with mixing of occupied lattice sites

-8,/k = (®,/r) In (®,) + ($,/ry) In ($,) (15)
and s, is the entropy of mixing of lattice sites with vacancies

—s,/k = ((1-p)/p) In (1-p) + 1/ In (o)) (16)

In eqs 14-16, the term p; is the reduced density of the
mixture and equals the fraction of occupied lattice sites,
®; is the volume fraction of component i at zero temper-
ature (p, = 1), as defined by

$ = riNi/erj-Nj a1

The size parameter, r;, for each pure component is
computed from the molecular weight, M, and from the
characteristic, starred, parameters, via

ri=M/(p*v;) (18)

where the parameter »,; is the characteristic volume per
mole of sites, given by

v = (RT*)/P* (19)
The volume of the system is computed by
V= (r\Ny + roNov,/p, (20)

where the characteristic volume per mole of sites, »,, is
given by

/vy = @,/vgy + By/vgy (21)

for the binary mixture.

The characteristic parameters, T;*, P;*, and p;*, are
evaluated from PVT data for the pure components, using
the high molecular weight form? of the reduced equation
of state, which is associated with eq 14

p2+P,+ T[iIn(1-p) +p]=0 (22)

where p; = pi/p*, P = P/P*, and T, = T/T;* are the
reduced parameters representing density, pressure, and
temperature, p;, P, and T, respectively. The characteristic
parameters can be determined by a nonlinear least-squares
fit of eq 22 to the PVT data. This procedure yields a set
of parameters that best fit the experimental densities over
the pressure and temperature ranges considered. An
alternative approach that is useful when data are limited
first obtains the parameters p;* and T;* by setting P, =
0 in eq 22 and fitting this approximation to atmospheric
density vs temperature data. The characteristic pressure
is then determined by comparing the theoretical reduced
isothermal compressibility at zero pressure

ﬂrio = (l/pri)(apri/apr)T,,P,-O

= (1/P,,-)2(1 - pri)/(Tr - 2(1 - pri)) (23)
with the experimental isothermal compressibility obtained
by fitting the well-known Tait equation to the data

v=1/p, = A(T){1-0.0894 In [1 + P/B(T)]}

B = =(1/0)(80/OP) 1 pag = 0.0894/B(T)  (24)
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where B(T) is the Tait parameter, which is usually fit to
the form B(T) = B, exp(~-B;T). The characteristic
parameter, P* = 8.,/ Bi, is typically evaluated at several
points over the range of experimental temperature where
compressibility data are available. Values of P* are found
to increase slightly with increasing temperature and are
either averaged or fit to a polynomial in temperature to
describe the variation.

The enthalpy parameter, ¢7*, for the mixture, eq 14, is
a function of temperature and composition

GT* = ¢12€1* + 2¢1¢£12* + ¢22€2* (25)

where ¢* is the characteristic energy of interaction for
component i, a value that is related to the characteristic
temperature, T;*, via

Gi* = kTi* (26)

The parameter, g12*, is a free energy parameter associated
with the interaction of 1 with 2. In the Sanchez-Balazs3®
modification of the Sanchez—LaCombe? model, which we
are calling the SLB model, the parameter is defined as

812* = ¢x* + 0¢*-RT In [(1 + d)D] 27)
D=Q1+d exp(—cSe"‘/kT)'1 (28)

The energy parameter ¢2* is that associated with non-
specific interactions, assumed to be temperature inde-
pendent, and d¢* is the additional energy associated with
the strong specific interaction, which is temperature de-
pendent. The parameter d is a statistical degeneracy
related to the number of ways the specific 1-2 interaction
can occur. It is assigned a value of 10 on the recommen-
dation of Sanchez.® The parameters ¢)o* and d¢* are
generally not known from the properties of the pure
components, although they have been evaluated by
application of the SLB model to known PVT and LCST
experimental data.3®

In this paper, we will use the MGQ model to estimate
the heat of mixing from which ¢;2* and d¢* can be obtained.
To do this, we need to determine the heat of mixing for
the SLB model. The enthalpy per mer of the mixture can
be computed from eq 14 by

h=g+Ts (29)
The entropy per mer is just
s=-dg/dT =s, + s, + 2p,®,B,(dg,,*/dT) (30)

where -dg;2* /d T is the entropic contribution to the system
from the g1o* free energy parameter

dg,,*/dT = <k{ln (1 + d)D] - (1 - D)ée*/RT} (31)
Combining eqs 14 and 29-31 yields
h= ‘P,[‘i’lzﬁ* + &)%* + 28,,(8;,* - T(dgy,*/dT))]
= —p [$,%,* + B,2¢* + 28, B,(¢;,* + Dbe*)] (32)
The heat of mixing is then given by
AH_, =H,-H -H,

= (r\N; + roNph = r\Ni(-py,*) - ’21\72(‘1’:2‘2*)(33)

which can be rewritten as
AH = Ny + roNo)[-ph + 810,060 + Boppe*]  (34)
The heat of mixing per unit volume for the SLB model is
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Figure 1. Calculational flow sheet for LCST prediction.

then computed from eqs 34 and 20 to be

AHmix/V = (pr/yo) [_prh + q’lprlel’.l + q’2pr2€2*] (35)

The unknown mixing parameters ¢;2* and d¢* can be
evaluated from the pure component parameters, eq 35
and eq 12, by using the procedures discussed below.

The free energy of the binary system, G, can be written
as

G = (r,N, + r,N,)g (36)

where g is defined by 14. Consequently, the criterion for
phase stability, eq 3, becomes

A1) 2
(rl(I>1 r2¢2) o [-28¢*/ET + Q*TP*8.] > 0 (37)

where
Ae* = g% + e;* — 2g* (38)
Q=p(dep*/d,)/RT-(1/ry-1/r,)
= (20,/ kT ®,6,* + g1*(Dy — B)) + Pye*] -
(1/ry-1/ry) (39)

The first term on the left of eq 37 derives from the com-
binatorial entropy. The second term consists of two
separate contributions; a term that contains Ae* and is
derived from the heat of mixing, and a term that contains
the compressibility and is related to free volume consid-
erations.

Phase separation is primarily determined by the bal-
ancing of terms in eq 37. If the heat of mixing, hence Ae*,
is sufficiently positive, blends will show phase separation
at low temperature. If Ae¢* is negative or nearly zero, then
miscible solutions may be possible at low temperature,
even though the system phase separates at higher tem-
perature.

Calculational Procedure for Predicting LCST
Behavior. Figure 1 shows a flow sheet of the FORTRAN
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Table 1
Equation of State Information Used in Calculations for the
PS/PVME System
names of
polymer components
{up to four characters long) PS PVME
molecular weight of repeat unit M, 104.1 58.1
weight-average molecular weight M, 230000 389 000
coefficients of specific volume vs a  0.9200 0.9335
temperature polynomial b 5102X 10 5.837 % 10
v=a+bt+ct?+ded ¢ 2.354x1077 1.034 X 1077
(¢ in °C, v in cm3/g) d 0 0
coefficients of the Tait B, 2435.0 1885.1
parameter Br,i: = By B; 414x10% 6.20x 108
exp(~Bit)(¢t in °C, B in bar)
characteristic equation of state  v* 0.8403 0.9091
parameters (v* in cm3/g, T* T* 735.0 657.0
in K, P* in cal/cm?) P* 855 86.7
Table II
Structural Group Assignments and Characteristics for the
PS/PVME System
no. of no. of
structural type class groups groups
group MW/q no. no. inPS in PVME
>CH, 14.03/0.540 1 1 1 1
>CH 13.02/0.228 2 1 1 1
=CH-arom 13.02/0.400 3 2 5 0
=C<-grom 12.01/0.120 4 2 1 0
OCH;3 31.03/1.088 5 3 0 1

calculations used to predict LCST behavior from the
models described above. In this program, called Poly-
phase, the unknown parameters are considered to be ¢12* /&
and &e¢*/k. The program initially estimates ¢;0*/k and
d¢*/k to be small and negative. It then calculates the
theoretical spinodal (temperature vs phase composition
diagram) by application of eqs 27-39, over the entire
composition range in increments of 0.05% by volume. The
heat of mixing per unit volume at each spinodal temper-
ature and composition is then calculated from eq 35. The
heat of mixing per unit volume is also computed from the
MGQ model at each spinodal temperature and compo-
sition, using eq 12. The root-mean-square error relative
to the MGQ estimation is then computed for all the points
comprising the spinodal and saved. New estimates of the
parameters ¢;o*/k and d¢* / k are then made and the process
isrepeated to yield a new error relative to the MGQ model.
This error is compared with the previous value to obtain
new estimates of the parameters. The process is repeated
until the relative error is minimized to yield the “best”
estimates of ¢;2*, é¢*, and the spinodal.

Summary of Input Data

PVME/PS. Typical input data for Polyphase are
illustrated in Tables I-III for the PVME/PS system. All
of the information is obtained from the experimental work
of others. The polymer molecular weights are taken from
data set 1 in the work of Han et al.?? These data show
experimental phase separation as determined by small-
angle neutron scattering and are compared against the
model predictions, below. The polynomial coefficients
that describe the thermal dilatation of PS are determined
from Richardson and Saville,® and those that describe
the thermal behavior of poly(vinyl methyl ether) (PVME)
are calculated from a density vs temperature polynomial
in Uriarte et al.%? The Tait parameters for PVME are fit
from equations for thermal pressure and thermal expansion
in ref 39, while those for poly(styrene) (PS) are fit from
the data in ref 40. The characteristic parameters, v*, P*,
and 7™, in Table I, were calculated from the thermal
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Table III
MGQ Group Interaction and Entropy Parameters

structural groups®

i J systems studied data pts sources Ajj AE;;, cal/mol % rms error
>CH: ==CH-arom 5 91 47-50 0.935 28.8 6
>CH, OCH,3 3 27 41 1.038 76.5 3
>CH, CH,COO0O 9 123 51-53 1.000 1374 10
>CH; CH:0 5 46 41, 54 0.612 70.3 14
>CH; >CHCl 3 23 22 0.438 78.3 4
=CH-arom OCHj; 3 13 42 1.087 0.985 6
CH,0 CH,CO0 1 8 55 0.700 -46.5 2
>CHCI CH.C00 3 23 22 2.14 -0.90 4
¢ >CHj; class includes CH; and >CH; =CH (arom) class includes =C < (arom); CH,COO class includes >CHCOO and —~CCOO.
Table IV Table V
Equation of State Information Used in Calculations for the Structural Group Assignments and Characteristics for the
PMMA/PVC System PMMA/PVC System
names of no. of no. of
polymer components structural type class groups groups
(up to four characters long) PMMA PVC group MW/q no. no. inPMMA inPVC
molecular weight of repeat unit M, 100.1 62.5 CH;,4 15.04/0.848 1 1 2 0
weight-average molecular weight M, 60 000 56 000 >CH, 14.03/0.540 2 1 1 1
coefficients of specific volume vs a  0.8254 0.7183 >CC(0)0  56.02/0.888 3 2 1 0
temperature polynomial b 2838x10* 2924 X 10+ >CHCI 48.47/0.952 4 3 0 1
v=a+bt+ct?+ded ¢ 1.792X 107 9.747 X 1077
(t in °C, v in em?3/g) d o 0 Table VI
coefficients of the Tait B, 2875.0 2989.0 Equation of State Information Used in Calculations for the
parameter B, = By B, 4.15%x10°® 3.86% 103 PMMA/PEQ System
exp(-Bit) (t in °C, B in bar) names of
characteristic equation of state v* 0.8035 0.6890 polymer components
.3 3
prgnen s T T o e ' ooy e pao
molecular weight of repeat upit M, 100.1 44.0
expansion and compressibility information over the tem- weig}mt:av::agfe mol.t;gularlwelzht My (1)?2(5)20 808(3] 220
perature range 100-200 °C by application of eqs 22-24. coeliclents of specilic volume vs & 4. i
The parameters are substantially the same as those temperature P‘gly“m;“al b 2.838x 10_7 6.107 X 10:;
36 . . qe. s v=a+bt+ct2+di c 7.792 X 1077 2.620 X 10
reported elsewhere for this system, thus indicating the (t in °C, v in cm?®/g) d 0 0
accuracy of our procedures. coefficients of the Tait B, 2875.0 2121.3
The structural groups used in the MGQ calculation are parameter Byt = By B, 415X10% 3.99x10%
summarized in Table II. The identification of groups exp(-Byt) (¢ in °C, B in bar) \
follows that recommended by Bondi,”” as does the cal- ~  characteristic "(gfai::"c‘]‘ng? i A by
culation of the surface area parameter, g;. The choice of Fn K, P+ i; cal/cm?) & Pr 1237 121.0

classes of groups follows Lai et al.2223 and Abrams and
Prausnitz.!® For example, the CH; class also includes CHj
and >CH groups, because these groups are found to
function identically in correlating the data. Similarly, the
aromatic carbon class, Tables II and III, include =C<
and =CH groups.

Table 111 gives the values of the group interaction energy,
AE;;, and entropy, A;j, parameters required by the MGQ
model for the three binary systems presented in this paper.
Values of the interaction parameters describing the
interaction of the methoxy functional group were deter-
mined for this work from literature heats of mixing data!42
and previously determined interaction parameters for the
other functional groups in the data set.22-2¢ The percent
root-mean-square (% rms) error associated with methoxy
group interactions with alkane and aromatic carbon
functional groups were 3% and 6% for 27 and 13 data
points, respectively. These results indicate that a quite
acceptable fit of the data to the model is obtained when
theinteraction parameters in Table III are used to describe
the heats of mixing of the experimental liquids.

PMMA/PVC. Table IV shows the input parameters
used in calculating the equation of state contributions to
the spinodal. The specified molecular weights are those
specified by Jager et al.3! in their study of phase splitting
on heating through observation of optical cloud points.
Their cloud point data are used for comparison with the
calculated spinodal, below. The volume dilatation pa-
rameters for poly(methyl methacrylate) (PMMA) are

obtained by curve fitting the PVT data obtained by Olabisi
and Simha,*3 while those for PVC were obtained by fitting
the equation of state given by Beret and Prausnitz.4¢ These
parameters were obtained for temperatures between 100
and 200 °C.

The structural groups in the repeat structures of PMMA
and PVC and their Bondi®? area parameters system are
showninTable V. Theinteraction parameters correspond-
ing to the interaction of these groups is shown in Table
ITI. As discussed in Lai et al.,%% the researchers obtained
the interaction parameters for the CH,/CHCl and for the
CHCl/CH.COO interacting pairs by simultaneous re-
gression, as opposed to their usual practice or regressing
on one set of unknown AE;; and A;; parameters at a time.
This approach was found to better fit the heats of mixing
data measured by the authors.

PMMA /PEOQO. Table VI shows the input parameters
used for calculating equation of state parameters. The
molecular weights reported here are those reported by
Fernandes in her study of the cloud points of PMMA/
poly(ethylene oxide) (PEQ) mixtures.3045 These data are
used for experimental comparisons with the model, below.
The Tait and polynomial parameters for PMMA are taken
to be the same as those reported in Table IV. The
parameters for PEO were obtained by curve fitting PVT
data for PEO given by Jain and Simha.4¢ These param-
eters were used to calculate the characteristic parameters
for PEO over the temperature range 100-200 °C.
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Figure 2. Comparison of heats of mixing at the spinodal. —,
estimates from MGQ; B, estimate from SLB for PVME/PS; o,
estimate from SLB for PMMA/PVC; A, estimate from SLB for
PMMA/PEQ.

Table VII
Structural Group Assignments and Characteristics for the
PMMA/PEO System
no. of no. of
structural type class groups groups
group MW/q no. no. inPMMA inPEO
CH; 15.04/0.848 1 1 2 0
>CH, 14.03/0.540 2 1 1 1
>CC(0)O  56.02/0.888 3 2 1 0
CH;0 30.03/0.780 4 3 0 1
Table VIII
Summary of Estimated Parameters
SE in
system e*12/k, K de*/k, K AHpi; estimate, %
PS/PVME 6526+ 15 447.4@16.7 8.8
PMMA/PEO 646.820.7 7409279 39
PMMA/PVC 6720875 4515844 37.7

The structural groups and their Bondi area parameters
are shown in Table VII. These groups are used with the
MGQ interaction parameters in Table III to estimate the
heat of mixing at the spinodal, as described above.

Results and Discussion

Figure 2 summarizes a comparison between the MGQ
heat of mixing evaluated at the spinodal temperature and
composition, eq 12, with that computed from eq 35 by
using the “best fit” parameters, ¢;2* and d¢*, summarized
in Table VIII. Generally, the calculated heats of mixing
are small and negative at the spinodal, as expected from
the SLB model. Quite good agreement between the heats
of mixing estimated by the SLB and MGQ models is seen
for both PMMA/PEO and PVME/PS binaries. The
errors between the SLB heats of mixing relative to the
MGQ model estimates are only 4% and 9%, for PMMA/
PEO and PVME/ PS, respectively, and both models show
substantially the same variation of heat of mixing with
composition at the spinodal. On the other hand, the
agreement between the heats of mixing of the two models
is quite poor for the PMMA /PVC binary, as evidenced by
a 38% relative error. The reason for this behavior seems
to be related to the different curve shapes predicted by
the models for thissystem. The computer fitting technique
appears to be attempting to minimize error; however, the
SLB model cannot skew sufficiently with composition to
fit the minimum required by the MGQ model.

Figure 3 shows a comparison of the heats of mixing for
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Figure 3. Comparison of heats of mixing estimates for the
PVME/PS system at various isothermal temperatures. (a)
estimated from SLB model; (b) estimated from MGQ model.

498 T v T -
PVME/PS |

K

PYEY N
4481 . -

423F -, 7

Temperature,

3981 1

373 A L . ;
00 02 04 06 08 10

Volume Fraction, PVYME

Figure 4. Spinodal diagram for the PVME/PS binary. —,
calculated; - - -, calculated error limits; @, experimental.

the PVME/PS system as calculated at several isothermal
temperatures by the MGQ and SLB models. The best fit
parameters to the MGQ model at the LCST, Table VIII,
are used for this comparison. Although the excess heat
capacity, CpE = dAH ' /d T, predicted by the SLB model
issmall, rou%hly +0.0015 cal/(cm?°C), it predicts a larger,
positive, Cp® than that predicted by the MGQ model.
Interestingly, the C,E value predicted by the SLB model
is itself nearly a factor of 10 lower than measured C,E
values® in miscible blends other than PVME/PS. Since
it is doubtful that excess heat capacities vary by a factor
of 10 as the polymeric constituents in the miscible binary
are changed, one could conclude that neither model is
able to correctly predict the temperature dependency of
the heat of mixing. The equation of state contributions
in the SLB model, alone, are apparently insufficient to
explain the excess heat capacity. Likewise, the nearly zero
C,E predicted by the MGQ model results from the low
AE;; interaction energies associated with the structural
grgc\lxps in the PVME and PS repeat structures in this
model.

Figure 4 compares the predicted PVME/PS spinodal
with the experimental data of Han et al.2? These data are
obtained from small-angle neutron scattering experiments
and are thought to accurately represent the spinodal
transition. Very good agreement is seen between the
experimental and predicted spinodal, using the calcula-
tional procedures outline above. The dashed lines in
Figure 4 represent the boundaries of uncertainty associated
with the prediction. These uncertainties include the
uncertainties reported in Table VIII, which are related to
inconsistencies between the MGQ and SLB models as well
as to uncertainties in experimental values required for the
computation. Asindicated inFigure 4, these uncertainties
cause the spinodal temperature to be uncertain by
approximately 25 K.

Figure 5 compares the predicted spinodal for PMMA
PVC with the cloud points reported by Jager et al.3!
Despite quite different predictions by the two models for
AH iy at the spinodal, Figure 2, which lead to estimated
uncertainties as high as +£100 K in the location of the
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Figure 5. Spinodal diagram for the PMMA /PVC binary. —,
calculated; - - -, calculated error limits; @, experimental cloud
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Figure 6. Spinodal diagram for the PMMA/PEO binary. —,
calculated; - - -, calculated error limits; @, experimental cloud
points,

spinodal temperature, the differences between experi-
mental cloud points and calculated spinodal are less than
20K. Interestingly, the calculated spinodal appears to fit
the experimental data somewhat better in the PMMA-
rich regime, where the heats of mixing, calculated by the
MGQ model, are better fit to the SLB model (see Figure
2).

Figure 6 shows the comparison between the experimental
cloud point data of Fernandes®045 and the calculated spin-
odal for the PMMA/PEO system. Despite quite good
agreement between the two models, as implied by the low
uncertainty in energetic parameters, Table VIII, and the
correspondingly small error bounds, Figure 6, the agree-
ment between experiment and calculation is rather poor.
The reason for the poor prediction in this case has not
been identified. One possibility for the discrepancy may
be slow kinetics of phase growth to the size necessary to
scatter white light. The experimental measurements were
made with optical light by placing the sample in a cavity
that was heated at between 5 and 10 °C/min, following
aprocedure described previously.?s Ifthekinetics of phase
growth were slow, the detected transition could occur at
temperatures that are greater than the actual spinodal.
This problem may always be of some concern when one
attempts to compare the temperature at which spinodal
decomposition occurs with that associated with an optically
determined cloud point. The good agreement shown in
Figures 4 and 5 between experimental cloud points and
spinodal prediction may therefore be a fortunate conse-
quence of phase-growth kinetics and optical properties in
those particular systems.

Summary and Conclusions

The procedure outlined in this paper for predicting the
spinodal in miscible polymer blends is an engineering
approach that combines the MGQ group contribution
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model for estimating the heat of mixing at the spinodal
with the SLB generalized lattice fluid equation of state
model. Neither model could be used separately toestimate
the temperature location of the spinodal. The MGQ model
estimates only AHp;, and its derivatives with tempera-
ture and composition. No mechanism is provided in this
model for spinodal decomposition. The SLB model
provides the needed mechanism; however, there is no
independent way to determine the energy parameters, ;0*
and. d¢;o*, needed for estimating the spinodal.

The two models are not conceptually consistent with
one another, as indicated by their quite different estimates
of excess heat capacity. Despite this inconsistency, the
AH s estimates obtained from the MGQ model at tem-
peratures near the spinodal are close enough to reality to
permit good estimates of the spinodal decomposition tem-
perature to be made when the AH,,;; estimates are used
to estimate the energy parameters in the SLB model.

Comparison of the LCSTs, Figures 4-6, for the three
systems studied with the corresponding magnitudes of
their exothermic heats of mixing at their spinodals, Figure
2, is qualitatively consistent with previous experimental
observations;1% the more exothermic the heat of mixing,
the higher the temperature at which phase separation
occurs. If one plots the phase separation temperature at
&, = 0.5 vs the absolute value of the heat of mixing at that
composition, the slope of the approximate line that results
is ~200 °C/(cal/mL) for the systems studied here. This
compares fairly well to a slope of approximately 400 °C/
(cal/mL) for poly(vinylidene fluoride) (PVF3) containing
systems where AHy,;, is determined experimentally from
melting point depression of the PVF; in blends with
polyesters.1® The difference between these observations,
a factor of 2, could be a consequence of differences in the
two systems, caused by the presence of weak hydrogen
bonding in the PVF;-containing blends. The difference
could just as well be a consequence of measurement and
extrapolation errors. In still other systems where the
comparison can be made,?324 similar differences in the
heats of mixing are observed; however, in these cases the
AH iz obtained from liquid heats by the MGQ model is
a factor of 2 lower than that observed from melting point
depressions.

Given the extreme sensitivity of the temperature location
of the spinodal to the magnitude of the exothermic heat
of mixing, the thermal extrapolations and other approx-
imations and assumptions associated with estimating
AH iy at the spinodal with the MGQ model, and the similar
uncertainties in experimental data and approximations
associated with the SLB model, it is quite amazing that
the predictive scheme works as well as it does. Thesuccess
of the combined models suggests that one ought to be able
to write a nonrandom lattice fluid theory that successfully
integrates the major concepts of both the MGQ and SLB
models. Until that is accomplished, the procedure dis-
cussed here can be employed to give hopefully reasonable
Estin&ates of the spinodal boundary in miscible polymer

lends.
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Glossary
Ay MGQ parameter related to exchange entropy, AS;;
A Bondi area for structural group i in MGQ theory

(cm?/mol)
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B()

AS mix
8¢

Sy

T
T;
AU mix

ﬂio
Ae*
Oe*

Tait parameter used for estimating compressibility
(bar)

coefficient in Tait equation (bar)

coefficient in Tait equation (K1)

MGQ interaction energy density for mixture (cal/
cm?)

MGQ interaction energy density for groups i and
J in pure component k (cal/cm?)

mathematical term in SLB model

number of ways (d = 10 assigned) specific 1-2
interaction can occur in the SLB model

MGQﬁxchange energy of formation of i—j pair (cal/

mo

number of structural groups in the system defined
by the MGQ model

free :lnergy of a binary system in the SLB model
(cal)

free energy of mixing (cal)

free energy per mer units in SLB model (cal)

free energy per mer associated with specific in-
teraction in the SLB model (cal)

enthalpy of mixing of pure components (cal)
enthalpy of mixing per unit volume (cal/cm?)
enthalpy of mixture per mer in SLB model (cal)

apparent equilibrium constant in the MGQ model,
which describes the fraction of i—j pairs in the
system

Boltzmann constant (cal/K)

number of molecules of type i in SLB model (mol)
number of groups of type i in MGQ model (mol)
number of i-j contacts in MGQ model (mol)

characteristic pressure for pure component i in the
SLB model (cal/cm?)

reduced pressure, P/P*, in the SLB model

surface area parameter of group i in MGQ model
(cm?/mol)

ideal gas law constant (cal/(mol K))

number of lattice sites in SLB model occupied by
component i

exchange entropy for formation of i-j pair in MGQ
model (cal/(mol K))

entropy of mixing (cal/K)

combinatorial entropy per mer in SLB model for
mixing occupied sites (cal/K)

combinatorial entropy per mer in SLB model for
mixing vacant and occupied sites (cal/K)

absolute temperature (K)

characteristic temperature in SLB model (K)

reduced temperature, T;/T;*, in SLB model

potential energy of mixing of pure components in
MGQ model (cal)

system volume (cm?)

specific volume (cm3/g)

coordination number in MGQ model

pure component compressibility (bar-!)

exchange energy per mer in the SLB model (cal)

energy parameter per mer in the SLB model that
is associated specific interactions (cal)

characteristic energy of interaction for component
{ in the SLB model (cal)

chn(aralc)teristic energy for mixture in SLB model
cal

energy parameter per mer that is associated with
nonspecific interactions (cal)

characteristic volume per mole of sites for pure
component i in the SLB model (cm3/mol)

characteristic volume per mole of sites in SLB
model (cm3/mol)
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i density of pure component i (g/cm3)

oi* characteristic density of pure component: (g/cm3)

Pr reduced density, p/p*, in SLB model

Ty nonrandom parameter in MGQ model

¥, area fraction of group { in MGQ mixture

VAL area fraction of group i in pure component k in
MGQ model

$; volume fraction of component i

Q term in SLB model
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