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Mixing Enthalpy and Phase Behavior of PEO/PVAc Blends
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ABSTRACT: Phase behaviors and heats of mixing of the miscible blends of poly(ethylene oxide) (PEO)
and poly(vinyl acetate) (PVAc) with different molecular weights were investigated by DSC. A method
proposed by Natasohn and Ebert et al. was adopted to estimate the binodal temperatures and the
enthalpies of mixing from onset temperatures and values of areas of a series of endothermic peaks
(corresponding to heats of demixing), respectively, in their heating scanning thermograms obtained with
different heating rates. Phase diagrams and heats of mixing of this blending system were also predicted
by using Sanchez—Lacombe lattice fluid theory. A very good agreement was obtained for both phase
behaviors and heats of mixing obtained with two different methods.

Introduction

Sanchez! had predicted that poly(ethylene oxide)
(PEO) and poly(vinyl acetate) (PVAc) blends should be
compatible, which is due to the fact that the solubility
parameters of the two components are quite close, with
a difference of only 0.02 cal¥2/cm32, PEO can act as a
proton acceptor and form miscible blends with many
proton-donating polymers,?2 since there is a partial
negative charge on the oxygen atom.® On the other hand
there is a partial positive charge on the carbonyl carbon
atom of PVAc. Therefore, one can expect that PVAc may
interact favorably with PEO, and they form a miscible
couple.

In the last 2 decades, research groups have studied
the miscibility of PEO/PVAc blends*~1° from various
aspects including morphology, dynamic mechanical
properties, rheological properties, thermal behavior,
crystallization, and viscosity in dilute solution. Kalfo-
glou et al.*® investigated the morphology, thermal
properties and dynamic mechanical properties of PEO/
PVAc blends. It was indicated that this couple is
probably miscible in the melting state over the complete
composition range or in the solid state with PVAc
content =40 wt %. Furthermore, Munoz et al.® obtained
a negative interaction parameter (y12) from decreasing
of the melting point of PEO in PEO/PVACc blends. This
also suggested that PEO can form thermodynamically
a stable single-phase system with PVAc.

Martuscelli and Silvestre et al.”~® examined the
morphology, crystallization, and thermal behavior of the
systems PEO/PVAc by SAXS, optical microscopy, and
DSC. The addition of PVAc to PEO caused depression
of the spherulite growth rate (G) and the overall kinetic
rate constant (K,). During the isothermal crystallization
process, PVAc was incorporated into the interlamellar
regions of PEO spherulites. At a given crystallization
temperature, the thickness of amorphous and inter-
phase layers increased with increasing the content of
PVAc, but the average lamella thickness was indepen-
dent of the blending composition. Therefore, it could be
concluded that amorphous PVACc existed in the inter-
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lamellar of PEO spherulites. On the other hand, the only
value of the glass transition temperature of PEO/PVAc
blends indicated that the amorphous phases of two
components are miscible. The measured glass transition
temperatures of blends with different compositions were
always less than the value of linear addition. This
behavior was very likely due to the specific interaction
of the two components in the amorphous phase.

In our previous paper,° the miscibility of PEO/PVAc
blends was verified by means of the dilute solution
viscometry method. It was found that the miscible
extent of the systems PEO/PVAc increased with in-
creasing the content of PEO together with decreasing
the molecular weights of components. However, the
above data do not allow one to draw quantitative
conclusion on miscibility of PEO with PVAc. For poly-
mer—polymer blends, the total free energy can be
expressed as AGmix = AHmix — TASpix. A polymer
mixture is miscible only if the value of AGix is negative
and the second derivative of AGnix with respect to
composition is positive. Since the combinatorial entropy
terms are very small for high molecular weight poly-
mers, the enthalpic contribution plays a dominant role
in the sign of AGpix. In other words, a mixture should
be miscible if AHmix approaches zero or is negative.
Weak dispersive forces or van der Waals interactions
between repeat units of two polymers usually lead to
zero or positive value of heat of mixing. If specific
interactions such as hydrogen bonds or dipole—dipole
interactions are established, a negative enthalpy of
mixing (or heat of mixing) can be obtained. Therefore,
the evaluation of heat of mixing is of prime relevance
to judge polymer—polymer miscibility.

To measure the enthalpy of mixing, AHmix, directly
is impossible.!! This is due to the fact that the diffusion
between components in solid state is so slow that the
value of AHpnix cannot be measured by any sensitive
calorimetry. Mixing of polymers in their melting state
needs to import a large quantity of energy from the
environment. At the same time, shear and friction
happening during the mixing process would produce
much energy. Therefore, it is impossible to measure
AHnmix in the melting state. Several indirect methods
were used to measure the heat of mixing.12-16 One of
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them is to measure heats of solutions of components and
their blends in a common solvent and to evaluate AHnix
by using a thermodynamic cycle based on Hess'’s law,1516
shown as follows:

AH

polymer 1+ polymer 2 — mixture (1+2)

+ + +
solvent solvent solvent
L4H, {AH, LAH,
A4H;

solution 1+ solution 2 — solution (1+2)

Another indirect method to measure AHmix!"~2° was
proposed by Natansohn” and Ebert et al.’® by using
DSC. A series of endothermic (or exothermic) peaks and
corresponding onset temperatures were obtained by
scanning a blend sample with different heating rates
in the range of the phase-separation temperature. Ebert
et al.1® argued that for miscible blend the endothermic
peak of demixing should roughly corresponds to the total
heat of demixing. Usually, values of heat of demixing
and onset temperatures increase with heating rate and
reach a plateau value when the heating rate is high
enough. This is a common behavior for polymer blends.
By extrapolating the onset temperature to zero heating
rate, the “cloud point” temperature or binodal temper-
ature could be estimated. In a similar manner, by
extrapolating heats of demixing toward large heating
rates a nearly constant value of heat of demixing was
obtained. This value was taken as the heat of mixing
with opposite sign.

In our previous communication,?! heats of mixing of
PEO/PVAC blends were determined by measuring their
heats of solution and using Hess’s thermodynamics.
Negative values of mixing enthalpy were measured. A
simplified Patterson theory?? was adopted to evaluate
the polymer—polymer interaction parameter. It indi-
cated the presence of weak specific interactions between
different repeat units.

In this paper, the enthalpy of mixing as a function of
molecular weight of PVAc and composition and the
phase diagrams in the systems PEO/PVAc were ob-
tained by using DSC measurements. Sanchez—Lacombe
lattice fluid (LF) theory2324 was applied to calculate
spinodals and binodals and the enthalpy of mixing of
this system. The main purpose of this work is to
compare the values of enthalpy of mixing given by
means of different indirect measuring methods with
those calculated by LF theory and to find the preferred
method to evaluate the enthalpy of mixing and phase
behavior of miscible polymer blends.

Theoretical Background. In the lattice fluid theory,
as formulated by Sanchez and Lacombe,?324 the Gibbs
energy of mixing for polymer—polymer blends is related
to the Gibbs energy per mer (indicated by the double
bar) of the mixture (index m) and that of the pure
components (index 1 or 2) by

AGy, = rN[éM - (¢1C=51 + ¢2(=32)] (1)
where rN is the total number of lattice sites occupied

in the mixture and rN = r%N; + r%Nj, = r{N; + raNs.
The Gibbs energy per mer of pure component reads
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;= 1) In(1 — ) +

rioln(cf—('))” i=10r2 (2)

and that of the mixture is

(=3M=e*{—,?>+l51")~l—T(f)—l)ln(l—ﬁ)+%lnf>+

o) 2] o
rn \o) r; \o

where ¢; stands for the close-packed volume fraction of
component i. pi, Pi, 9i, Ti and p, P, 9, T are the reduced
parameters of density, pressure, volume, and temper-
ature of the pure components and those of the mixtures,
respectively. They are defined by their actual pressure
(P), volume (V), and temperature (T) and scaling
parameters (denoted with asterisks) as follows:

P, =P/P*, P =P/P* (4)
T,=TT*, T=T/T* (5)
b, = ViIV*, ©=VIV* (6)

pi =10, p=1/v 7)

Vx5 =rONp* V* = (1 Ny + rpNu* (8)

The close-packed volume of a mer, v*, and the
average number of mers for a molecule, r, in the mixture
are given by

v* = ¢, lv*) + ¢,lv*, 9)
r = ¢,/r; + ¢,lr, (20)

Because the close-packed volume of one chain mol-
ecule is conserved in the mixture and in the pure state,?
the size of one lattice site in the mixture, v*, and that
in the pure component i, v*;, must fulfill the following
condition:

ro* = rlo*, (11)

where r% and r; are the number of lattice sites occupied
by a molecule of component i in the pure fluid and that
in the fluid mixture, respectively. For the pure compo-
nent, r% can be calculated from the following relation-
ship:

r = MP*/KT*; p%; 12)
Here M; is the molecular weight of component i, p*j, the
close-packed density of component i, and k, the Boltz-
mann constant.

In the close-packed state, w; and % are number of
configurations available to a ri-mer and r%-mer2325 and

w; = o;rjloe"! (13)

0% =06% r%o%e” ! (14)

where 6;, 8% and i, ¢% are the flexibility parameters



Macromolecules, Vol. 32, No. 18, 1999

and the symmetry numbers of an ri-mer and of an r9%-
mer, respectively. In the present case, o; = 0i° = 1 and

0, =1z(z—1)"? (15)

6% =z2(z — 1) 2 (16)

where z is the coordination number of the lattice (z =
12).

Scaling parameters can also be expressed in terms of
the interaction energies €*j; for pure component and €*
for mixtures

P* = e*ilv*, P* = e*fv* a7)

I
*=e*ulk T*=e*/k (18)
where P*;, T*;, and p*; can be obtained by fitting the

following equation of state to PVT data for pure com-
ponents:

pi+ P+ T,

In(L — 3) + (1 - rio);)i] =0 (19a)

The equation of state for the mixtures is formally
identical with eq 19a for pure component and can be
written as

5 +p+ 'T'[In(l — B+ (1 - %)5] =0 (19b)

In a binary mixture there are three possible contacts
with the nonzero interaction energy: 1-1, 2—2, and
1-2. Therefore, ¢* consists of the three interaction
energies according to the relationship

€* = 4512 €*11 T 2¢1¢™ 1, + ¢22 €% (20)

where €*1, is the interaction energy of a mer of compo-
nent 1 (or 2) when it is surrounded by z-mers component
2 (or 1). The spinodals and binodals are calculated by a
method?6:27 not requiring the derivatives of the Gibbs
energy. The only adjustable parameter is €*1, in our
calculation. As we know, the Gibbs energy of mixing can
be split into its enthalpic part and entropic part. Then
the enthalpy of mixing per mer reads in the LF theory:

AH = IilM - (¢1|j|1 + ¢2|i|2) (21)

—_ M ~
APy =B — ex(—p 4 B3) -

[pre*11(=p1 + Islﬁl) + €% 50(—p, + If)252)] (22)

Experimental Section

Samples. PEO was purchased from Fluka AG without
further purification. PVAc was obtained from Aldrich-Chemie.
To have PVAc samples with narrow molecular weight distri-
bution, a step precipitation method was used to fractionate
the commercial PVAc. Acetone and petroleum ether were used
as a solvent and a precipitating agent, respectively. The
molecular weight of PEO and PVAc samples were character-
ized by GPC and listed in Table 1.

Preparation of Blends. PEO/PVAc blends with different
compositions of PEO/PVAc (80/20, 70/30, 60/40, 50/50, 40/60,
and 20/80 by weight) were prepared by the solution casting
method. Chloroform was used as the solvent. After over 24 h
of stirring, the solutions were cast on a Teflon plate. To remove
the residual solvent in blends, the casting films were vacuum
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Table 1. Average Molecular Weight of PEO and PVAc
Measured by GPC

Mp (x1074) My (x1074) My/Mn
PEO46 4.00 4.62 1.15
PVAcl7 0.89 1.68 1.89
PVAC50 3.81 4.95 1.30
PVACc126 8.47 12.6 1.50
Tg-65C AH 0.287J/g
Onset-36.4C : T
toa
£ Tg30.5¢C
5 Onset24.0C 1 +
B e
g
[
- 79 35.4¢C :
3 Oneet 304 _7__.._ a First scan
T c t b Second scan
¢ Pure PVAc
75 25 és ) 50 ) 125 150
Temperature(C)

Figure 1. DSC curves for a 60/40 (by weight) PEO46/PVAc50
blend. Curve a: first scan for PEO46/PVAc50. Curve b: second
scan for PEO46/PVACc50. Curve c: scan for pure PVAC50.

desiccated at 80 °C for 24 h. Since PEO easily absorbs water,
the samples prepared were kept in a desiccator.

Measurement of Cloud Points and Heats of Mixing.
Cloud points and heats of demixing for PEO/PVAc blends were
determined by using a Perkin-Elmer DSC7 scanning calorim-
eter. The weight of samples was about 8—9 mg for any
analysis. All samples were heated at a rate of 20 °C/min from
room temperature to 80 °C and held there for 15 min, followed
by cooling at a rate of 1.3 °C/min to room temperature. This
process was made to eliminate the influence of heating history
on the measurement of heat of demixing. Afterward, these
samples were heated again from room temperature to 200 °C
at different heating rates ranging from 20 to 60 °C/min. A
series of endothermic peaks which correspond to each heating
rate were given by thermograms. The extrapolation of a curve
of the onset temperature of each endothermic peak vs the
corresponding heating rate to zero heating rate yielded the
“cloud point” temperature of the blend. In a similar manner,
by extrapolation of the curve of heat of demixing vs corre-
sponding heating rate toward increasing heating rates, a
nearly constant value was obtained. This value was taken as
the heat of mixing of this blend with opposite sign.

Results and Discussion

Figure 1 shows thermograms of the blend with
PEO46/PVACc50 = 60/40 (curves a and b) and of the pure
PVAC50 (curve c). In the first scan, a single glass
transition temperature (Tg = —6.5 °C), which is between
T4 of pure PEO (—73 °C®) and T4 of pure PVAc50 (35.4
°C), and a phase-separation temperature occurring at
112.3 °C could be found. According to the explanation’~1°
the endothermic peak around 112.3 °C corresponds to
the heat of demixing of this blend. In the second scan,
the glass transition temperature of the blend moved to
30.5 °C, which is close to Ty of pure PVAc50 (curve c).
It meant that this T4 was almost the contribution of
pure PVACc50. At the same time, the endothermic peak
disappeared. Therefore, we can conclude that the phase
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Figure 2. Dependence of the onset temperature on the
heating rate for the PEO46/PVAc126 blend (80/20, by weight).

The solid line is the extrapolation of the onset temperature to
zero heating rate.

separation has occurred in the amorphous part of the
blend after the first scan. According to the literature,®
PEO is very easy to crystallize and the content of the
amorphous phase is very low; thus, it is very difficult
to measure the Ty of PEO in general. We did not get
the experimental value of Ty for the pure PEO46 by
using DSC. So it was not shown in Figure 1.

As shown in Figure 1, the system PEO46/PVAc50 (60/
40) is miscible below the starting phase-separation
temperature, 112.3 °C. Therefore, it can be suggested
that PEO/PVAC blends should exhibit what are known
as lower critical solution temperatures (LCST). A simi-
lar conclusion was obtained in our previous paper.?t We
found out that the interaction parameter y1/\V1* of this
blending system increased with temperature.?! It can
be tentatively explained as the miscible extent of PEO/
PVACc blends decreasing with increasing temperature.

Figure 2 shows the typical relationship of heating
rates vs the onset temperature (phase-separation tem-
peratures) of the blend PEO46/PVAcl7 (80/20). The
phase-separation temperature increases with the heat-
ing rate in the beginning and reaches nearly a constant
value when the heating rate is higher than 50 °C/min.
By extrapolation of the curve of the phase-separation
temperatures vs heating rates to zero heating rate, the
equilibrium phase-separation temperature (binodal) or
“cloud point” temperature could be obtained for the
corresponding blend. The equilibrium phase-separation
temperatures of blends of PEO46 and PVAc with
different molecular weight in different weight fractions
are shown in Figure 3.

For the binary polymer mixture, de Gennes?8® gave
the dependence of the critical Flory—Huggins interac-
tion parameter on molecular weight of components as

2. O N1—1/2N2—1/2 (23a)

where y. is the critical value of the Flory—Huggins
interaction parameter and N; and N are the numbers
of repeat units of components 1 and 2, respectively. If

Macromolecules, Vol. 32, No. 18, 1999

430

PEO46/PVAcX

420

410 4

400 4

T/IK

380 4

370 4

360 m calculated critical point

1 e calculated spinodal
350 4

calculated binodal
0O A o experimental points
340 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

o,

Figure 3. Comparison between the experimental cloud points
and calculated binodal, where €*1, = 619.505 for PEO46/
PVACc126, €¢*;, = 619.536 for PEO46/PVAc50, and €*;; =
619.596 for PEO46 /PVACc17.

Table 2. Scaling Parameters of PEO and PVAc

P* (atm) o* (g/cm?3) T (K)
PEO 6245.00 1.223 589.30
PVAc 5021.25 1.253 649.01

N is changeable while N; is fixed, we can rewrite eq
23a as

%o O N, Y2 (23b)

Because both y. in Flory—Huggins theory and e*i, in
LF theory represent the interaction of asymmetry
segments between components, we can give a similar
equation for e*;,%°

e*,,= A+ BM, 1?2 (24)

where M, is the molecular weight of component 2
(PVAC).

For the blends of PEO46 and PVAc with different
molecular weight, we obtained A = 619.45 and B =
18.72 by fitting the experimental “cloud points”. Ac-
cording to eq 24, the interaction energy parameter €*,
can be calculated as e*12 = 619.505 for PEO46 /PVAC126,
€*12 = 619.536 for PEO46 /PVAC50, and €*1, = 619.596
for PEO46 /PVAc17. According to the above €*1, the
spinodals and binodals can be calculated by means of a
new method not requiring the derivatives of free energy
developed by Horst and Wolf.26-27 The equation-of-state
parameters, P*, T*, and p*, used in our work are given
in Table 2. They have been used to calculate phase
diagrams (spinodal and binodal) of polymer mixtures
on the basis of the Gibbs free energy of mixing, AG. No
derivatives of AG with respect to the composition
variables are required. The calculation procedure of the
spinodal line in binary systems is demonstrated below
where AG is written as a function of the volume fraction.
For the calculation the volume fraction is divided into
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n points. For each of these points it is checked whether
the system is unstable or not. If the overall value of AG
for the demixed system (AG®?) is less than AG of the
homogeneous system, the overall composition lies within
the unstable area, because here the beginning of the
demixing process leads to a decrease in AG (no energy
barrier). Otherwise the overall composition lies in stable
or the metastable range. Checking all points yields the
entire unstable area, and thus the spinodal line, as its
boundary. For the overall composition, set of volume
fractions is found for which AG°2 has its minimum
value. Connecting these volume fractions yields the
binodal line.

It is seen that there is only one adjustable parameter
(¢*12) in this calculation on the basis of LF theory, and
phase diagrams of the systems PEO46 and PVAc with
different molecular weights can be obtained. Further-
more, the heats of mixing of this polymer pair can also
be calculated by using the interaction energy parameter
€*12, which has been determined by eq 24. The phase
diagrams of the systems PEO46/PVAcX (X = 17, 50, and
126) are shown in Figure 3, where ¢, is the volume
fraction of PVAc. The dotted and solid lines in Figure 3
represent the spinodal curves and binodal curves cal-
culated by LF theory, respectively. The symbols are the
“cloud points” measured by DSC. Obviously, a good fit
between the binodals and the measured cloud points is
obtained and the phase diagrams with LCSTs are seen
for the systems PEO/PVACc as discussed in the above.
Furthermore, the critical temperatures (T.) and com-
positions (¢2c) decrease with increasing of PVAc molec-
ular weights (the detailed data are given as follows: T,
= 395.35 and ¢, = 0.489 for PEO46/PVAcl7, T, =
379.63 and ¢, = 0.283 for PEO46/PVAC50, and T, =
361.74 and ¢, = 0.178 for PEO46/PVAc126). The
conclusion is identical with that of Nishi et al.3? by
experimental results and of An et al.®! by calculated
data. To summary it is concluded that the miscibility
and miscible extent decrease with increasing molecular
weight of PVAc, and the critical points shift to high PEO
concentration with an increase of the molecular weight
of PVAc.

Both positive and negative heats of demixing detected
by DSC have been reported for different blends.1’~2° For
miscible polymer blends, the heat of demixing should
be positive (endothermic) and the heat of mixing nega-
tive (exothermic).

Heats of demixing of PEO46/PVAcl7 blends with
PEO/PVAc = 80/20 (in weight) obtained by DSC with
different heating rates are shown in Figure 4. It is
observed that the values of heats of demixing are
positive and increase with increasing of heating rate in
the beginning and reach to a nearly constant at high
heating rates (=40 °C/min). To the heat of mixing
defined by Flory,32 it is the difference between the total
interaction energy of the mixture and that of the pure
liquid components. Torkelson'® and Natansohn!” argued
that at the very high heating rate, the miscible blend
was forced to transform from a single-phase system into
a two-phase system. The thermal behavior (endothermic
or exothermic) is a measure of the two components’
interaction. So the area under the peak at the high
heating rate should be heat of demixing especially when
the two phases mainly contain the pure components.

Figure 5 and Figure 6 show the comparison between
the enthalpies of mixing measured by DSC and those
calculated by LF theory for the systems PEO 46/PVAcX
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Figure 4. Dependence of the mixing enthalpy on the heating
rate for PEO46/PVAc126 blend (80/20). The solid line is the
extrapolation of the mixing enthalpy to zero heating rate.
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Figure 5. Comparison of mixing enthalpy between experi-
mental points and calculated points for PEO46/PVAc50 with
different compositions. The theoretical points are calculated
at corresponding temperatures.

-0.35 4
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0404 m calculated A Hy

(X =50 and 126). All open points represent the heats
of mixing, which are obtained by extrapolating heats of
demixing to the high heating rate and all solid points
the heats of mixing calculated by LF theory at the
measured temperature. During a continuous heating
process in the DSC measurement, we cannot obtain
heats of mixing of different compositions at a fixed
temperature. The phase-separation temperatures of the
samples with different compositions were used to cal-
culate the enthalpy of mixing by LF theory. In this
calculation, the following temperatures, i.e., 382.4,
380.4, 381.4, and 381.3 K, for which the corresponding
composition is ¢ = 0.2, 0.3, 0.4, and 0.5 for the system
PEO46/PVACc50, and 362.96, 367.17, 375.38, 378.43, and
390.40,K, for which the corresponding composition is ¢;
= 0.2, 0.4, 0.5, 0.6, and 0.8 for the system PEOA46/
PVACc126, were adopted.

As shown in Figures 5 and 6, the enthalpies of mixing
obtained from DSC experiments and those calculated
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Figure 6. Comparison of mixing enthalpy between experi-
mental points and calculated points for PEO46/PVAc126 with
different compositions. The theoretical points are calculated
at corresponding temperatures.

by LF theory are totally negative in the investigated
ranges of molecular weights of components, of composi-
tions, and of temperatures. It gives the fact that the
mixing of PEO and PVAc in the amorphous phase is
exothermic. From Figures 5 and 6, it can be observed
that the enthalpies of mixing determined by DSC is
close to the calculated values by LF theory. It seems
that the enthalpy of mixing measured by DSC could be
accepted as the real enthalpy of mixing for the blends
in a sense.

Conclusion

(1) According to the relationship between the Flory—
Huggins parameter and the molecular weight of com-
ponents given by de Gennes,2%2 eq 24 is obtained and
proven to be true. It is shown in phase diagrams and
Figures 5 and 6 how well the calculated curves and
points agree with experimental results. We can assume
that the thermal behavior of PEO46 mixed with PVAc
of any molecular weight can be predicted by using eq
24 and LF theory.

(2) Phase diagrams of PEO/PVACc blends with differ-
ent molecular weights of PVAc are obtained for the first
time. LCST behavior is investigated in accordance with
the prediction.>1” With increasing molecular weight of
PVAc, the spinodal line and binodal line have been
pushed down to lower temperature and the critical
composition has been shifted to higher PEO concentra-
tion.

(3) Negative values of mixing enthalpy demonstrate
that this polymer pair is completely miscible. The
miscibility and the content of miscibility increases with
decreasing the molecular weight of PVAc. The influence
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of composition on heat of mixing is also investigated,
although the value of mixing enthalpy is relatively small
which is attributed to the weak interactions between
polymer units.
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