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Thermodynamic analysis of solid—liquid phase separation was performed using Flory’s equation of state
theory adapted to polymer/oligomer systems. Interaction parameters were estimated for isotactic
polypropylene/n-alkane and isotactic polypropylene/n-fatty acid systems using parameters determined in
the previous paper in this series. The adapted Flory’s equation of state theory and parameters proved
reliable by comparing the estimated interaction parameters with the experimental ones obtained from
melting temperature depression measurements. Isotactic polypropylene/n-alkane systems have dominant
free volume effects. Isotactic polypropylene/n-fatty acid systems have greater enthalpic interactions than
isotactic polypropylene/n-alkane systems due to the functional end group of the n-fatty acid. The free
volume effect decreased with increasing chain length. Isotactic polypropylene/n-alkane systems were stable
within the temperature range of interest, and isotactic polypropylene/n-fatty acid systems were expected
to be unstable at temperatures below the iPP crystallization curves.
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INTRODUCTION

In the previous paper in this series’ and other publi-
cations?~1°, it was mentioned that thermodynamic study
of polymer/diluent systems is important in interpreting
the thermally induced phase separation (TIPS) mech-
anism and the resulting structure in TIPS membrane
formation. In this paper thermodynamic analysis was
performed for model systems undergoing solid—liquid
phase separation via polymer crystallization. The analysis
uses Flory’s equation of state (EOS) theory adapted to
the polymer/oligomer systems, as introduced in reference
1. Several isotactic polypropylene (iPP)/n-alkane and
iPP/n-fatty acid systems were selected for this study.

The objective of this paper was to evaluate the adapted
Flory’s EOS theory!'!!~!3 for its ability to represent
accurately the polymer/diluent phase behaviour for the
model systems listed above. The influences of diluent
chain length and functional groups on the polymer/
diluent interaction and phase behaviour were investi-
gated in this paper. Since TIPS membrane structure has
been shown to vary with melt blend composition and
thermal history, another objective was to determine the
variation of the appropriate interaction parameters with
temperature and composition in these model systems.
Ultimately, the knowledge gained from this study will
enable one to predict phase boundary and solution
stability in polymer/diluent systems capable of producing
microporous structures via TIPS.

The EOS parameters for the model systems were
determined in the previous paper!, and were used in this
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paper to estimate the thermodynamic properties by
Flory’s EOS. The estimated polymer/diluent interaction
parameters were compared with those from melting
temperature depression measurement to confirm the
validity of the estimation as well as the EOS parameter
determination in reference 1.

INTERACTION PARAMETER ESTIMATION
BY EOS THEORY

Flory’s EOS theory was adapted by the polymer/oligomer

system in the previous paper in this series'. The residual

chemical potential of the diluent or polymer was derived
from the adapted Flory’s EOS theory.

Aui/RT = Xuirid)} (1)

= (H{ — TS})/RT (2)

where r; is the number of segments of i component
molecule, ¢; is the volume fraction of j component, and
H® and S% are the partial molar residual enthalpy and
entropy, respectively, as introduced in equations (5) and
(6) in reference 1. According to Sanchez’s classification
of composition-dependence interaction parameters, y in
the AG/RT equation (equation (1) in reference 1) must
be changed to x,; in the Au}/RT equation (equation (1)
above)!*,

The interaction parameter (y,;) can be divided into
enthalpic (y,;,) and entropic (x,;) contributions

Xui = Xuis + Xuih (3)

Each contribution is derived from the partial molar
residual entropy and enthalpy as
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Yuis = — TSY/(RTri¢p3) (4)
Xuin = ﬁ?/(RTrid’f) (5)

where x,; is from the enthalpic interaction between
polymer and diluent, which usually decreases with
increasing temperature for the repulsive interacting
system, and y,; is from the free volume effect, which
increases with increasing temperature for any system!2:!3,
Xu and y,, were obtained as the sum of these two
contributions.

Lt = (PTVT/RT"1¢%){3T1 In[(V1? = 1)/(V'7 —1)]
+ (V7' =V} + (VE/RT$3)(63X 12/ V) (6)

Yuz = (PEVE/RTry¢}) (3T, In[(V37 — 1)/ (V7 — 1)]
+ (V7' = V7)) + (V3/RT$3)(03X 1o/ V) (7)

In this paper the interaction parameters (x,;, and x,,)
for iPP/n-alkanes and iPP/n-fatty acids systems in the
temperature range of interest were estimated by equations
(6)and (7)and compared with y,, determined by melting
temperature (T,,) depression measurement. An entropic
contribution due to the specific interaction (Q,,) was
ignored for the systems in this study as suggested by
Chahal et al.'® and Sham and Walish?’, since iPP and
the diluents are relatively non-polar.

INTERACTION PARAMETER FROM MELTING
TEMPERATURE DEPRESSION

The chemical potential of the polymer per repeat unit is
derived by differentiating the AG/RT equation (equation
(1) in reference 1) with respect to moles of polymer
molecules (n,)*%.

g = S =RT[1/r,In¢y — (1/ry — /1))y + xu2$1]
(8)

where 15! is the chemical potential of polymer units in
the solution phase and u¢ is that of pure polymer melt
at the same temperature.

The chemical potential of crystal (u) per repeat unit
is defined as

Mo = My = —AH., (1 = T/Ty) (9)

where 4 is the chemical potential of the pure polymer
crystal unit at temperature T, AH,, is the enthalpy change
of melting a polymer single crystal unit, and T is the
equilibrium melting temperature of pure polymer. At the
equilibrium melting temperature of polymer in the
presence of diluent, ug equals p°.

The combination of equations (8) and (9) makes the
T,, depression equation

[(Y/ry=V/r))¢, —1/r;In¢,]
— (1T, —1/T2)(AH/R) = y,,67 (10)

where T, and TO are the equilibrium melting tem-
perature of the polymer in a mixture and in the pure
state, respectively!8:1°,

Melting temperature depression measurement

iPP of weight average molecular weight 243000 and
degree of polymerization 1033 was supplied by Himont
Co. (Profax 6723, lot no. 79316). In the literature T2, of
iPP is given as 460.5 K and AH,, is given as 6930 J mol ~*
of repeat unit for iPP?°. These values were confirmed by
experimental results (72, = 460.5 K, AH;, = 6955 J mol !

per repeat unit of iPP). n-Alkanes (C,,H;,, C;0H,,,
C;,Hge ) were purchased from Alfa Products, and n-fatty
acids (C,,H,,COOH, C,;H;,COOH) were obtained
from Aldrich Chemical Co.

Homogeneous polymer/diluent mixtures were prepared
in test tubes in a hot oven. To prevent oxidation during
mixing, the test tube was purged with N, and sealed
before heating in the hot oven. Each sample composition
was confirmed by measuring the amount of diluent
removed using a Soxhlet apparatus. A Perkin—-Elmer
DSC 7 was used to measure the melting temperature of
each sample. Initially the sample was heated to 473 K
and held there for 10 min to minimize any thermal
history. It was reported by Lim that the initial holding
at 473 K for 10 min was sufficient to minimize the thermal
history?!. The sample was then quenched to the desired
crystallization temperature (7T,) and held there for a
specified crystallization time before heating. The heating
rate was 10K min™! and the endotherm peak tem-
perature was taken as the melting temperature.

Equilibrium melting temperatures were determined
using a Hoffman-Weeks plot??; a typical plot is shown
in Figure 1. The other Hoffman—Weeks plots are given
in reference 23. Equilibrium T, depression curves for
n-alkane and n-fatty acid systems are plotted in Figure 2.
With a decrease in the number of carbons in the diluent,
T, is further depressed for both n-alkanes and n-fatty
acids. Depression by n-fatty acid is less than that by
n-alkane with the similar number of carbons, since the
acids have a greater interaction parameter than n-alkanes
due to the functional group at the end of the chain
{(—-COOH).
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Figure 1 Hoffman-Weeks plot for iPP/C,,H,, system (crystalliz-
ation time = 1 h): (1) pure PP; (®) 83 vol% iPP; (@) 65 vol% iPP;
(©)47 vol% iPP; (M) 18 vol% iPP

POLYMER, 1992, Volume 33, Number 5 1037



Thermodynamics of polymer [ diluent systems. 2: S. S. Kim and D. R. Lloyd

460 |
”
3
~ 450
£
3
=
2
'S
o
w
4u0 F
-
430 A 1 " 1 2 1 " 1 "
0.0 0.2 0.4 0.6 0.8 1.0

Volume fraction of iPP

Figure 2 Equilibrium melting temperatures of iPP/n-alkane and
iPP/n-fatty acid systems: ([J) iPP/C;,Hge; (®) iPP/C,0H,,: (%)
iPP/C,,H;,; (O)iPP/C,4H;,COOH; (A) iPP/C,,H,,COOH

Interaction parameter determination from melting
temperature depression

Based on equation (10), a linear plot of

[(1/ry = Ur)dy = 1/ry In @] —(1/ T — 1/ TR )(AH,/R)

versus ¢ was obtained. y,, at T, can be determined
from the slope of the plot, and AH, can be determined
from the intercept of the plot. It must be noted that y,,
obtained by this procedure is not a value at a specific
composition and corresponding T,,. That is, the pro-
cedure is based on the assumption that y,,, is independent
of composition and temperature within the T, depression
range of each mixture. Therefore, it is reasonable to
regard these y,, values as those at the iPP volume fraction
of 0.5 and corresponding T,, for each mixture.

LA/ri=1r2)dy = 1/ry In 1 — (/T —1/TR)(AH/R)

is plotted versus ¢? for iPP/n-alkanes and iPP/n-fatty
acids in Figure 3. In every case a linear plot was obtained
with R? =0.95-1.00, the slope of which is y,, as
indicated by equation (10).

With an increase in the number of carbons in the
diluent, y,, decreases for both n-alkane and n-fatty acid
systems. As the chain length of the diluent increases, the
diluent approaches the polymeric structure and the free
volume effect decreases, thereby causing y,, to decrease.
In terms of enthalpic interactions, as the chain length of
n-fatty acid increases, the density of carboxyl group
decreases and so does the interaction parameter, which
was reflected in reference 1 as a decrease in X,,.
Moreover, increasing the chain length reduces the chain
end effect and leads to a decrease in the interaction
parameter.

%z of an iPP/n-fatty acid system is greater than that
of an iPP/n-alkane of similar chain length. That is, y,,s
of iPP/C,,H,,COOH and iPP/C,,H;,COOH systems
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are greater than those of iPP/C,,H;, and iPP/C,,H,,
systems, respectively. The enthalpic interaction between
iPP and n-fatty acid is much greater than that between
iPP and n-alkane due to the carboxyl group at the end
of the n-fatty acid.

COMPARISON OF ESTIMATED AND
EXPERIMENTAL INTERACTION PARAMETERS

X.2 Was estimated at an iPP volume fraction of 0.5 and
compared with that from the T, depression method for
each system in Figures 4 and 5. For iPP/n-alkane systems
they were in good agreement with the maximum
deviation being 3 x 1073 for the iPP/C,,H;, system.
The deviation decreased with increasing chain length.
iPP/n-fatty acid systems also have fairly good agreement
between experimental and estimated y,, with a slight
underestimation. This deviation might result from the
determination of X, parameters by extrapolation in
Figure 9 in reference 1. For both iPP/n-alkane and
iPP/n-fatty acid systems, increased chain length of
diluent within the same class of diluent decreased the
interaction parameter.

The critical composition (¢,.) and the critical inter-
action parameter (y,,.) of the system are important for
the system stability test and for predicting an upper
critical solution temperature (UCST') and a lower critical
solution temperature (LCST). If x,,, at a certain
temperature and ¢,,, is greater than y,,., the system is
unstable. A UCST or an LCST is the point where y,,
becomes identical to y,,. at ¢,.. ¢, and x,,. can be
obtained by applying the critical point conditions with

(L =17ry) =1y 10 6, 1-(1/ T_1 /T?n) (BH IR} (x 10%)

Figure 3 Interaction parameter determination from melting tem-
perature measurement for iPP/n-alkane and iPP/n-fatty acid systems:
(A)iPP/C,H;COOH; (@) iPP/C,,H;,COOH; ( x }iPP/C  H;;
(#)iPP/CyoH,,; (M) iPP/C;,H,,



Thermodynamics of polymer/ diluent systems. 2: S. S. Kim and D. R. Lloyd

8.0

-
[=]
= 4o f
o
>
——a o — . e
2.0 F
et X .
0.0 A 1 - 1 A L i 1 e
300 350 400 450 500 550

T{K)

Figure 4 Temperature dependence of interaction parameter for iPP/n-
alkane systems at iPP volume fraction = 0.5 (open symbols: z,, ; closed
symbols: x,;): (A, &) iPP/C i Hyo; (O, ) iPP/CyoHuy: (O, W)
iPP/C3,Hgg; (%) x,2 from T, depression

the assumption of a composition independent interaction
parameter*>-18,

O(AU5/RT)/0¢, = 1/(ry¢;) — (1/ry — 1/ry)
= 22 (1 — ¢2) =0 (11
0% (AUS/RT)[0¢3 = —1/(ry¢3) + 21,, =0 (12
bre = 1/[1 + (ra/ry)""?] (13
Tuze = (1/2)(1/ry% + 1/r}/%)? (14)

The x,,. value for each system was estimated by using
r? = 1033 (degree of polymerization of iPP) and each
estimated r, value at 450 K as listed in Table 1.

The y,,. value of a polymer/oligomeric diluent system
decreases with increasing chain length of diluent (r,).
For a polymer/simple solvent system, r, = 1.0 and
Xuze = 0.5 as proposed by Flory'®. The y,, parameter
without consideration of y,,. or r; and r, of the system
is not a proper parameter representing the system
miscibility, and the z,, parameters based on different
Xu2S are not directly comparable with each other. The
ratio of y,, to y,,. is a reasonable parameter for
comparing systems, and is listed in Table I at each
equilibrium melting temperature. In this study, the
molecular weight distribution effect was ignored for both
iPP and diluents.

)
)
)

Contributions of enthalpic and entropic
interaction parameters

Xu2s and y,,, were estimated separately by equations
(4)and (5), and y,, was obtained by summing these two
contributions. The interaction parameter variations with
temperature at the critical compositions are shown in
Figures 6—8 for iPP/n-alkane systems and in Figures 9
and 10 for iPP/n-fatty acid systems. With increasing
temperature y,,, decreased due to the decrease in
enthalpic interaction, and y,,, increased due to the
increase in free volume effect.

For iPP/n-alkane systems covered in this study, the
Xu2s contribution to y,, was significant, since the free
volume effect was usually great in the polymer/diluent
system. The y,,,, contribution to y,, was small, since the
iPP/n-alkane system was non-polar/non-polar and had
a small enthalpic interaction. It was proved that the
Flory-Huggins theory could not accurately estimate the
interaction parameters for these systems, which have a
significant free volume effect. Therefore, the advantage
of EOS theory over Flory—Huggins theory for the
estimation of polymer/diluent system was illustrated.

With the increase of the chain length of n-alkane the
free volume effect (yx,,s) decreased, since the difference
in EOS parameters decreased. This trend was also true
for y,,,, since x,, mainly depends on i, for iPP/n-alkane
systems. Therefore, the miscibility of the iPP/n-alkane
system was enhanced with the increase in chain length
of n-alkane, mainly due to the decrease of free volume
effect. The ratio of y,,/x,,. of iPP/C;,Hgs was the
smallest (most miscible) and that of iPP/C,,H;, was
the greatest (least miscible) as listed in Table 1.

o 3¢

T

300 350 400 450 500 550
T{K)

Figure 5 Temperature dependence of interaction parameter for iPP/n-
fatty acid systems at iPP volume fraction = 0.5 (open symbols: x,;;
closed symbols: y,,): (A, A) iPP/C,H,,COOH; (O,®)
iPP/C,4H;33,COOH;; ( x ) x,, from T, depression

Table 1 Critical compositions and critical interaction parameters of
iPP/n-alkane and iPP/n-fatty acid systems

Temperature
SyStem (K) ry ¢2c Kuze X‘AZ/K}AZC
iPP/C,H;q 444.1 5.84 0.070 0.099 0.616
iPP/C,,H,, 4476 7.74 0.080 0.076 0.355
iPP/C4,Hg, 451.0 11.56 0.096 0.053 0.170
iPP/C,H,,COOH 446.8 580 0.070 0.100 0.920
iPP/C,,H;,COOH 449.6 7.47 0.078 0.079 0.785
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Figure 6 Contributions of enthalpic and entropic interaction par-
ameters for iPP/C,,H,, system at its critical composition: ([J) ,.;
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Figure 7 Contributions of enthalpic and entropic interaction par-
ameters for iPP/C,,H,, system at its critical composition: ([J) x,.;
(®) Xuzs; (M) Xyu2n
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Figure 8 Contributions of enthalpic and entropic interaction par-
ameters for iPP/C;,Hg, system at its critical composition. Symbols as
in Figure 7
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Figure 9 Contributions of enthalpic and entropic interaction par-
ameters for iPP/C,,H,;COOH system at its critical composition.
Symbols as in Figure 7
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Figure 10 Contributions of enthalpic and entropic interaction par-
ameters for iPP/C,oH;,COOH system at its critical composition.
Symbols as in Figure 7

For iPP/n-alkane systems, y,, remained nearly con-
stant with temperature change, since the changes in y,,,
and y,,, cancelled each other. y,, was smaller than y,,,
within the temperature range of interest shown in each
plot, which means every system is stable. The UCST type
phase separation behaviour is not expected for iPP/n-
alkane systems. However, the LCST type phase separation
is expected due to the significant free volume effect at
high temperature, though it was not shown within the
temperature range of each plot.

The iPP/n-fatty acid system had greater y,, than
the iPP/n-alkane system of equivalent chain length of
diluent. x,,, of the iPP/n-fatty acid system was greater
than that of the iPP/n-alkane system, since the iPP/n-
fatty acid system had greater enthalpic interaction
(greater X,, parameter) than the iPP/n-alkane system.
The iPP/C,,H,,COOH system had greater y,,, than
iPP/C,gH;,COOH, since C, ,H,,COOH has a higher
carboxyl group density than C, H;,COOH and thereby
the iPP/C,,H,,COOH system had greater enthalpic
interaction (greater X,, parameter) than the iPP/
C,9H33COOH system. The iPP/C,,H,,COOH system
also had greater y,,, than the iPP/C,,H;,COOH
system, since the decrease in diluent chain length resulted
in an increase in free volume effect, as discussed for
iPP/n-alkane systems. Consequently, with increase of
chain length of n-fatty acid, both y,,, and y,,,, decreased,
and the miscibility of the iPP/n-fatty acid system was
enhanced. The ratio of y,,/x,2. of iPP/C,,H;,COOH
was smaller than that of iPP/C,,H,,COOH as listed in
Table 1.

The change in y,,, was greater than that of y,,, in the
temperature range of interest for iPP/n-fatty acid

systems. Therefore, the y,, plot decreased with increasing
temperature as shown in Figures 9 and 0. At the lower
temperature range x,,, is quite close to the y,,. boundary,
and if the temperature is lowered further it should exceed
the x,,. value, which means liquid-liquid phase separation
will occur. If it is recalled that y,, for iPP/n-fatty acid
systems were underestimated in Figure 5, a UCST can
be expected for iPP/n-fatty acid systems, though it is not
shown in Figures 9 and 10.

At high temperatures y,,, becomes significant, which
should increase y,, with increasing temperature to reach
an LCST. Therefore, both UCST and LCST type phase
separation are expected for iPP/n-fatty acid systems,
though they were not shown in the temperature range of
the plots.

COMPOSITION DEPENDENCE OF
INTERACTION PARAMETERS

In the Flory—Huggins theory, the composition dependence
of the interaction parameter is ignored. However, the
composition dependence of the interaction parameter
was reported in many polymer solution systems, and was
predicted by EOS theory!324-26,

In Figures 11 and 12, the composition dependence of
the interaction parameter near the equilibrium melting
temperatures (450 K) is illustrated. For all of the
iPP/n-alkane systems and the iPP/C, gH;,COOH system,
the interaction parameters are estimated to be nearly
constant with composition, which confirms the postulation
made in the x,, determination from T, depression
measurements. However, there is a slight composition
dependence for the iPP/C, ,H,,COOH system.

If the interaction parameter is composition independent,
X1 and x,, must be identical. Therefore, the composition
dependence of the interaction parameter can also be
examined by comparing y,, and x,,. x,; and x,, are not
much different from each other for the iPP/n-alkane and
iPP/C,; H3,COOH systems as shown in Figures 11
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0.0 0.2 0.4 0.6 0.8 1.0

Volume fraction of iPP

Figure 11 Composition dependence of interaction parameter for
iPP/n-alkane systems at 450 K. Symbols as in Figure 4
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and /2, which means that the interaction parameters are
not strongly composition dependent for these systems at
450 K. There is a slight deviation for the iPP/C,,H,,-
COOH system, since there is a slight composition
dependence for this system.

It was shown in Figures 4 and 5 that the interaction
parameters for the iPP/n-alkane and iPP/C, H;,COOH
systems are not strongly composition dependent at tem-
peratures other than 450 K, since x,,; and x,,, are not much
different from each other. For the iPP/C,,H,,COOH
system, there is a slight difference between y,, and y,,,,
which means that the interaction parameter was slightly
composition dependent for the temperature range of
interest. The difference between x,, and x,, was nearly
independent of temperature for every system, which
means the composition dependence of the interaction
parameter does not change much with temperature
within the temperature range of interest.

The composition dependence of the interaction par-
ameter could have been more exactly estimated, if the
EOS parameters, especially the group contribution
values of surface fraction, were determined more precisely.

EQUILIBRIUM MELTING TEMPERATURE
ESTIMATION

The equilibrium melting temperature of each system
covered in this study was estimated using the melting
temperature depression equation (equation (10), in
which the interaction parameter (y,,) was estimated by
EOS. Therefore, the equilibrium melting temperature
curve, the phase boundary of solid-liquid phase separ-
ation, was estimated without any experimental work for
the melting temperature depression measurement.

In Figures 13 and 14 the estimated equilibrium melting

8.0 I

X,.(x 10%)

2,0

Volume fraction of iPP

Figure 12 Composition dependence of interaction parameter for
iPP/n-fatty acid systems at 450 K. Symbols as in Figure 5

1042 POLYMER, 1992, Volume 33, Number 5

470

460

450 1

Equilibrium Tm(K)

440 +

430 : 1 L L N 1 X 1 N
0.0 0.2 0.4 0.6 0.8 1.0

Volume fraction of iPP

Figure 13 Comparison of experimental and estimated equilibrium
melting temperature curves for iPP/n-alkane systems (open symbols:
estimated ; closed symbols: experimental). Symbols as in Figure 4
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Figure 14 Comparison of experimental and estimated equilibrium
melting temperature curves for iPP/n-fatty acid systems (open symbols:
estimated ; closed symbols : experimental ): (O, @ )iPP/C,,H,,COOH;
(A, A)iPP/C H;,COOH



Thermodynamics of polymer/ diluent systems. 2: S. S. Kim and D. R. Lioyd

temperatures for iPP/n-alkane and iPP/n-fatty acid
systems were compared with the experimental results.
For iPP/n-alkane systems, they were accurately estimated
with the maximum deviation from the experimental
results of <1K. For iPP/n-fatty acid systems the
estimated melting temperature depression curves were
located below the experimental ones. This underestimation
came from the deviation of the X, parameter extrapo-
lation for the polymeric system.

THERMODYNAMIC STABILITY OF

THE SYSTEM
The thermodynamic stability conditions are'®:
AG/RT <0 (15)
¢*(AG/RT)/é¢,* > 0. (16)

For an unstable system, there are two kinds of liquid—
liquid separation points : spinodal and binodal, for which
there is a polymer-lean (¢3) and a polymer-rich phase
(9%). At the spinodal points (¢5, and at ¢3,) equation
(17) is satisfied at a certain temperature (T = T,)?’.

[0*(AG/RT)/0¢31p7 =0 (17)

At the binodal points (¢5, and at ¢%,) at T, equations
(18) and (19) must be satisfied in order to draw a
common tangent line?”.

[0(AG/RT)/0¢,] at ¢p, = [0(AG/RT)/d;] at ¢3,
(18)
{(AG/RT)— [C(AG/RT)/0¢,]1¢,} at ¢y,

= {(AG/RT) — [0(AG/RT)/0¢,]¢,} at ¢3, (19)

The details of liquid-liquid phase separation are covered
in a subsequent paper in this series®”.

Since there is a significant difference in the size of iPP
and diluent molecules, the number of moles of mixture
is changed with the composition of the mixture. Then,
these thermodynamic functions must be distorted, if they
are expressed on a mole basis as shown in equation (1)
in references 1 and 15. Therefore, it was more convenient
to define them on the basis of the number of lattice sites.
Then equations (15)-(19) must be divided by the total
number of lattice sites in the system (n,r; + n,r,). Then
AG/RT must be replaced by AG'/RT (AG/RT per lattice
site).

AG'/RT can be expressed in terms of EOS as the sum
of the combinatorial entropy per lattice site (AS<'), the
residual entropy per lattice site (S*') and the residual
enthalpy per lattice site (H™).

AG'/RT = (— TAS® — TS¥ + HY)/RT  (20)

where AS®', S* and H® are obtained by dividing ASS,
S® and H® by the total number of lattice sites which
resulted in the following expressions:

ASC =y /riIn(¢) + ¢3/rsIn(62) (21
SM = —3(VH/r){by (PH/THI[VI? — 1)/ (7 = 1)]

+¢,(P/ T3 Wm[(V3? - 1)/(V'? - 1]} (22)
HY = (V3/r){ PYVT = V) + ¢, PE(V; =77
+[($:60,)(X12/V)1} (23)

J(AG'/RT)/0¢, was obtained by differentiating equations
(20)—-(23), and was simplified by using x,,, as introduced
in equation (7).

d(AG'/RT)/0¢, = —In(¢,)/r, + In($,)/r;

+ (1/ry = 1/ry) + 2,2(dy — ¢2)
(24)

The second derivative of AG'/RT was obtained by
differentiating equation (24), where the composition
dependence of y,, was considered.

0*(AG'/RT)/0¢3 = 1/(ri¢1) + 1/(r29,)
= 282 + (91 — $2) 02,2/ 09, (25)
where 0y,,/0¢, can be obtained from equation (1) as

%2/ 00y = {[8(AU3/RT)[0¢,] + 2rap1 2,01} /12001
(26)

A derivative of the residual chemical potential in terms
of ¢, was obtained as

0(Au3/RT)/0¢,
= (P3V3/RT$)[—(2V/0¢,)/(V - V?7)]
+ [P3V5(0V/0$,)/RTV?]
—[(2V$/RT}(X12/V)(0:/,)°1]
— [V3X,,(0V/0¢,)(03/RTV?)(¢:/4,)*]  (27)

The derivatives of reduced parameters were obtained
according to Sham and Walsh’s method!"-28,

(0V/o¢py) = (0P /0, — [(P + 1/7?)/T1(0T)0¢,)}
H2/V3) = [TV - 2/3)]

/[175/3('171/3_ 1)2]} (28)

(0P/0¢,) = P/P**{ Pt — P¥ — X ,0,[1 — (6,/¢,)]}
(29)

(8T/0¢,) = [T(0Po¢;)/ P11+ [(P5T, — PYT,)/P*]
(30)

AG'/RT, 6(AG'/RT)/d¢, and 6*(AG'/RT)/0¢3 were
estimated by the above equations for various compo-
sitions and temperatures. The plots of the iPP/C,,H,,
and iPP/C,,H;,COOH systems are shown in Figures
15-20. The plots of the iPP/C, ,H;, and iPP/C;,H,
systems have similar trends to those of the iPP/C,,H,,
system, and are shown in reference 23. The plots of the
iPP/C,,H,,COOH system are similar to the iPP/
C,4H33,COOH system, and are also shown in reference

As shown in Figures 15 and 16, AG'/RT is always
negative for the iPP/C,,H,, and iPP/C,,H;,COOH
systems within the temperature range of interest, and this
was true for the other n-alkane or n-fatty acid systems.
AG'/RT of the iPP/C,oH,, system was smaller than that
of the iPP/C, H;,COOH system ; therefore, the iPP/n-
alkane system is more miscible than the equivalent
iPP/n-fatty acid system with similar diluent chain length.
The first stability conditions as shown in equation (15)
were satisfied for iPP/n-alkane and iPP/n-fatty acid
systems.

In Figures 17 and 18 the plots of 6(AG'/RT)/d¢,
versus ¢, are shown for iPP/C,,H,, and iPP/C,H;,-
COOH systems within the temperature range of interest.
Since each d(AG'/RT)/d¢, plot is monotonically in-
creasing with increasing ¢, within the temperature range
of interest, the binodal point conditions of equations (18)
and (19) are not satisfied. This is also true for the other

POLYMER, 1992, Volume 33, Number 5 1043



Thermodynamics of polymer/ diluent systems. 2: S. S. Kim and D. R. Lloyd

0.08

)
§
~
)

AG'TRT(x 102

]
w
o

Volume fraction of iPP

Figure 15 AG/RT per lattice site for iPP/C, H,, system: () 333 K ;
(®)373K; (A)413K; (©0)453K;(0O) 493K
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Figure 16 AG/RT per lattice site for iPP/C,,H;,COOH system.
Symbols as in Figure 15
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Figure 17 First derivative of AG/RT per lattice site for iPP/C,oH,,
system. Symbols as in Figure 15
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Figure 18 First derivative of AG/RT per lattice site for iPP/
C9H3,COOH system. Symbols as in Figure 15
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systems, the plots of which are shown in reference 23.
However, the iPP/n-fatty acid system might have
satisfied the binodal conditions at low temperatures if
the X |, parameter had been more accurately determined.

In Figures 19 and 20 6*(AG'/RT )/0¢,*> was shown
within the temperature range of interest for the iPP/
C,oH,, and iPP/C, H;,COOH systems. Every point is
positive and satisfies the second stability condition as
shown in equation (16). This is also true for the other
systems, and spinodal points are not expected. If the X,
parameter was more accurately determined for iPP/n-
fatty acid systems, there may be some negative points at
low temperature, where the system was unstable.

CONCLUSIONS

The interaction parameters and the phase diagrams of
iPP/n-alkane and iPP/n-fatty acid systems, estimated
by Flory’s EOS theory were in good agreement with the
experimental data from equilibrium melting temperature
measurements. The free volume effect was significant for
these polymer/diluent systems, which illustrated the
advantage of the EOS theory over the Flory—Huggins
theory. This study allows the tracing of the variation
of the interaction parameter with temperature and
composition change during TIPS.

Simplified methods of determining the EOS parameters,
as introduced in reference 1, proved to be reliable.
For iPP/n-alkane systems the free volume effect was
dominant, and the interaction parameter was nearly
independent of temperature due to the mutual cancellation
of the changes in enthalpic and entropic interaction
parameters. The interaction parameter decreased with
increasing n-alkane chain length due to decreasing free
volume effect. The iPP/n-fatty acid systems have greater

1.5
1.0
~N~ P
<
2
= b
24
o
<3
-~
©
0.5
0.0 1 1 . 1
0.0 0.2 0.4 0.6 0.8 1.0

Volume fraction of iPP

Figure 19 Second derivative of AG/RT per lattice site for iPP/C,,H,,
system. Symbols as in Figure 15

1.5

2
2

226 RTYI30

0.5

0.0 0.2 0.4 0.6 0.8 1.0
Volume fraction of iPP

Figure 20 Second derivative of AG/RT per lattice site for iPP/
C,oH33COOH system. Symbols as in Figure 15

interaction parameters than those of iPP/n-alkane
systems. The iPP/n-fatty acid systems have greater
enthalpic interactions than the iPP/n-alkane systems
due to the carboxyl group at the end of the chain. The
interaction parameters of the iPP/n-fatty acid systems
decreased with increasing temperature due to the domi-
nating enthalpic interaction. With increasing n-fatty acid
chain length, the interaction parameter decreased, since
both enthalpic and entropic interaction decreased.

It was confirmed that iPP/n-alkane systems were
stable within the temperature range of interest. Therefore,
liquid-liquid phase separation is not expected and
solid—liquid phase separation via iPP crystallization is
the only phase separation mechanism possible for these
systems. iPP/n-fatty acid systems were also estimated to
be stable within the temperature range of interest.
However, they are expected to be unstable at tem-
peratures below the iPP crystallization curves. This
instability would be predictable if the X,, parameters
were more accurately extrapolated.
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