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ABSTRACT: The miscibility for blends of poly(ethylene oxide) (PEO) with poly(styrene-co-acrylic acid)
(SAA) was examined as a function of the comonomer content of the copolymer. PEQ was found to be mis-
cible with SAA copolymers having an acrylic acid content higher than 7 mol %. The segmental interaction
parameters were determined by combining the equilibrium melting point depression and a binary interac-
tion model. These values suggest that both the specific interaction between ethylene oxide and acrylic acid
segments and the intramolecular repulsive force in SAA copolymer are responsible for the miscibility. The
minimum acrylic acid content in SAA for the blend to be homogeneous was predicted to be 7.7 mol % from
the binary interaction model and the calculated values of segmental interaction parameters.

Introduction

In recent years, the origins of miscibility between poly-
mer pairs have been understood based on theoretical back-
grounds and experimental results.»? Thermodynami-
cally, polymer—polymer miscibility requires a negative heat
of mixing. Therefore, miscible blends will be formed if
there are some specific intermolecular interactions between
polymer pairs such as hydrogen bonding, etc.®

On the other hand, many random copolymers have been
reported to be miscible with homopolymers in spite of
the absence of specific interactions.*® In order to inter-
pret this phenomenon, Kambour et al.? proposed a binary
interaction model for mixtures of a homopolymer and a
random copolymer based on the Flory-Huggins lattice
model. According to this model, the mutual repulsive
force between dissimilar segments in the copolymer can
lead to the negative heat of mixing necessary to attain
miscibility. More recently, Paul et al.,'®!* Karasz et
al.,!51% and others'”'? have further extended the above
binary interaction model to several types of blends con-
taining copolymers and applied the model to interpret
the effect of the copolymer composition on the miscibil-
ity of blends.

According to the binary interaction model, miscible blend
systems can be developed by designing copolymers through
appropriate choices of comonomers and copolymer com-
positions. Besides the mutual repulsive force between
dissimilar segments in the copolymer, some specific inter-
actions between polymer pairs also play an important
role for inducing miscibility. Considering the above two
factors, in this study the acrylic acid (AA) was incorpo-
rated onto polystyrene (PS) to enhance the miscibility
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of poly(ethylene oxide) (PEQO) and polystyrene. The pri-
mary objectives of this study are (1) to investigate the
effect of copolymer composition on the miscibility, (2)
to determine the segmental interaction parameters by
combining the binary interaction model and the data
obtained by analysis of the equilibrium melting point
depression, (3) to ascertain which interactions are respon-
sible for the miscibility, (4) to predict the critical copol-
ymer composition for the mixture to be miscible, and (5)
to clarify the nature of the specific intermolecular inter-
actions by using spectroscopic analysis.

Experimental Section

Materials. Poly(ethylene oxide) (M,, = 1.0 X 10°, T, = -56
°C) was obtained from Aldrich Co. It was used as received with-
out further purification. The poly(styrene-co-acrylic acid) (SAA)
was synthesized in a sealed glass ampule by bulk polymeriza-
tion at 60 °C, using benzoy! peroxide as an initiator. The copol-
ymer formed was isolated by pouring the reaction mixture into
n-hexane and dried in a vacuum oven at 100 °C for 2 days.
The maximum degree of conversion was controlled to about 7
wt %. The acrylic acid content of the copolymer was deter-
mined by titration in benzene/methanol (9/1, v/v) with a stan-
dardized methanolic NaOH solution using phenolphthalein as
an indicator. The intrinsic viscosity was measured at 25 °C in
dilute tetrahydrofuran solution by extrapolation to zero con-
centration. The copolymer composition and other properties
are listed in Table I.

Preparation of Blends. The blends were prepared by dis-
solving the component polymers in benzene/methanol (9/1, v/
v). The solutions were cast on an aluminum dish, and most of
solvent was allowed to evaporate slowly in the air at room tem-
perature. The resulting films were then completely dried in a
vacuum oven at 60 °C for at least 3 days.
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Table I
Properties of SAA Copolymers
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Table I1
Thermal Properties of PEQO/SAA Blends

copolymer composition, intrinsic viscosity,

sample mol % of AA dL/g T,, °C
SAAT7 7.0 1.24 108
SAA1L5 15.0 1.19 115
SAA19 19.0 1.08 119
SAA29 29.0 0.93 125
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Figure 1. Glass transition behaviors for (a) PEQ/SAAT, (b)
PEO/SAA15, (c) PEO/SAAL9, and (d) PEO/SAA29 blends.

Thermal Analysis. Thermal analysis was performed on a
Du Pont 910 differential scanning calorimeter (DSC) equipped
with a mechanical cooling accessory. Samples were first main-
tained at 130 °C for 5 min to destroy the solution history. They
were then cooled to -60 °C at a rate of 10 °C/min and heated
to 150 °C at a rate of 20 °C/min. Using this dynamic program,
we determined thermal properties such as melt crystallization
temperature (T, ), melting temperature (T,,), heat of fusion
(AH,), and glass transition temperature (TK)' The isothermal
crystallization from the melt was also examined by DSC. The
samples were melted at 85 °C for 5 min, cooled quickly to the
crystallization temperature (T,), and then kept at T, for at least
20 min. After isothermal crystallization was completely termi-
nated, the samples were then cooled to 20 °C and heated to 100
°C with a heating rate of 20 °C/min for measuring the melting
temperature (7,,).

FTIR Spectroscopy. FTIR spectroscopy was used to exam-
ine the interaction in the blends. Infrared spectroscopy was
used to examine the interaction in the blends. Infrared spec-
tra were obtained by using a Digilab FTS-20/80 spectrometer.
Sixty-four scans at a resolution of 2 ¢cm™ were signal averaged
and stored on a magnetic disk system.

Results and Discussion

Thermal Properties and Miscibility. The glass tran-
sition behaviors are shown in Figure 1. The glass tran-
sition temperature was taken as the midpoint of the heat
capacity change, and the glass transition range was taken
as the temperature range between the two onset points
of the low-temperature and high-temperature base lines.
The glass transition temperatures of the blends with higher
PEO contents were not observed since PEO in the blends
crystallized sufficiently on cooling. Blends of PEO/
SAA15,PEO/SAA19, and PEO/SAAZ29 have a single glass
transition between those of components. The samples

sample blend ratio (wt/wt) T, °C T, °C AH?°, J/g°
PEO/SAA7 40/60 51.3 16.0
50/50 9.0 52.2 83.4
60/40 24.9 56.9 103.0
70/30 35.7 58.8 123.6
80/20 317.9 59.9 127.5
90/10 38.5 60.0 132.2
PEO/SAA15 50/50 51.5 55.8
60/40 51.6 72.5
70/30 18.6 57.0 125.7
80/20 30.1 58.3 137.5
90/10 36.8 58.9 133.0
PEO/SAA19 50/50 53.5 48.8
60/40 5.2 53.5 66.7
70/30 17.1 55.7 122.6
80/20 30.3 56.7 136.3
90/10 37.0 59.8 127.8
PEO/SAA29 50/50 49.9 94
60/40 -5.1 51.3 50.2
70/30 5.0 52.1 78.6
80/20 26.9 55.2 81.9
90/10 31.9 61.7 84.4

% The heat of fusion for the pure PEO fraction.

rich in SAA were transparent at room temperature. How-
ever, the blend samples became increasingly less trans-
parent with increasing the PEO contents owing to the
crystallization of PEO. All of the blend samples were
transparent just above the melting point of PEO. These
mixtures are clearly miscible according to the glass tran-
sition behavior and transparency. The mixture of PEO
and SAA7 shows a single but very broad glass transition.
The samples with low PEO contents (up to 30 wt %)
were transparent, but at higher PEO contents the sam-
ples were cloudy even above the melting temperature of
PEQ, indicating that the PEO/SAAT blend is not com-
pletely miscible over the entire blend ratio. The compo-
sition dependence of the glass transition temperature is
compared with the Fox equation.?’ The glass transition
temperature deviates more negatively from the Fox equa-
tion as the AA content in SAA decreases. This result
agrees well with the fact that the number of the inter-
molecular interaction between PEO and SAA copolymer
chain decreases with increasing the AA content of SAA.
Consequently, the more the AA content in SAA, the bet-
ter the miscibility.

Table II indicates that at higher PEO contents, PEO
crystallizes from the molten mixture of PEQ and SAA
on cooling. The peak temperature of the melt crystalli-
zation decreases with increasing the SAA content in the
blend. The peak temperature also decreases with increas-
ing the AA content in the SAA copolymer at the same
blend ratio. When the sample was reheated after cool-
ing, the cold crystallization also occurred at concentra-
tions of higher than 50 wt % PEO for PEQO/SAA7, whereas
the crystallization occurred at a concentration higher than
60 wt % PEO for PEO/SAA15, PEO/SAA19, and PEO/
SAA29. This phenomenon suggests that the SAA in the
blend hinders the crystallization of PEO, which is a typ-
ical phenomenon of a miscible blend in which the glass
transition of an amorphous polymer is higher than that
of a crystalline component. This result can be also sup-
ported by the data of heat of fusion. If the SAA copol-
ymer has no effect on the crystallization of PEO, the heat
of fusion for the pure PEQ fraction must be constant for
all the blends. However, the heat of fusion for the pure
PEO fraction decreases with increasing the SAA concen-
tration in the blend and with increasing the SAA con-
tent in SAA at the given blend ratio.
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Figure 2. Hoffman-Weeks plots for (a) PEO/SAA7, (b) PEO/
SAA15, (c) PEO/SAA19, and (d) PEO/SAA29 blends: (@) 100,
(D) 85, (m) 80, (V) 75, and (v¥) 70 wt % PEO.
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Analysis of Melting Point Depression. The meit-
ing point of a miscible polymer blend is depressed due
to both the morphological effect and the thermody-
namic reason. To eliminate the morphological effect from
the melting point depression, the method of Hoffman
and Weeks?! has been used, and the equilibrium melt-
ing temperatures for pure PEQ (T,,°) and blends (T;,,°)
of given compositions were determined. Figure 2 repre-
sents the Hoffman-Weeks plots to obtain the equilib-
rium melting points for pure PEO and PEO/SAA blends.
The T,,.,° values for PEQ/SAAT7 blends are almost the
same as the T,°. However, T,,,° values for the other
blends decrease with increasing the content of SAA. This
trend is more prominent for the blend of higher AA con-
tent in SAA. Generally, the blend which is immiscible
or partially miscible does not show the depression of equi-
librium melting point. But in the case of a miscible blend,
especially containing the specific interactions between the
components, the T,,° is much more depressed with
increasing the content of an amorphous polymer. There-
fore, it is considered that the PEO/SAAT7 blend is immis-
cible or partially miscible and that the other blends are
miscible. These results are well consistent with the glass
transition behavior.

In order to obtain quantitative information about the
thermodynamic interactions in the blends, we used the
Nishi-Wang equation:??

BVy
N oy
2uq51

where AH,, /V,, means the latent heat of fusion of 100%
crystalline component per unit volume, B is the interac-
tion parameter between blend components, and ¢, is the
volume fraction of the amorphous component. As shown
in Figure 3, the melting point depressions, AT, for PEO/
SAA15, PEO/SAA19, and PEO/SAA29 increase lin-
early with ¢,%. The weight fractions were converted into
volume fractions by using the molar volumes of mono-
meric units determined by group contribution method.?®
By use of eq 1 and the data of B,, = 41.4 and AH,, =
1980 cal/cm?, B values were calculated from the slopes
of Figure 3. The calculated values are as follows:

B=-22%+0.4cal/cm® for PEO/SAA15

=-3.3% 0.6 cal/em® for PEOQ/SAA19
B=-6.2%0.2cal/ecm® for PEO/SAA29

Tm° - Tmb° = _Tm‘>
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Figure 3. Plots of the equilibrium melting point depression vs

the square of the volume fraction of SAA: (B) SAA15, (®) SAA19,
and (v) SAA29.

The negative B values for the above three systems sup-
port the fact that these systems are miscible in the melt,
which is consistent with the results of the glass transi-
tion behavior. According to eq 1, the intercept of a plot
of AT, vs ¢,% should be close to zero. However, the lines
have finite values of the intercept. This phenomenon
has been reported in other systems and may be due to
the nonnegligible entropic effects which occur during mix-
ing the two polymers.242?

Application of Binary Interaction Model. The
enthalpy of mixing is usually responsible for the misci-
bility, since the entropy change for the polymer mixture
is negligibly small. The heat of mixing AH , can be gen-
erally described by a Van Laar type expression:

AH,
- - B¢, (2)

where V is the total volume of the mixture and ¢, is the
volume fraction of the i component. For a binary mix-
ture of a homopolymer A and a random copolymer C,D,_,,
the B value of eq 2 can be expressed as

B=yBuc+ (1-y)Bap-y(1-3Bcp (3)

Equation 3 shows that the overall interaction parameter
B consists of the segmental interaction parameters between
the segment pairs and does not depend on the blend ratio
of two polymers. The interaction parameter should be
negative for a polymer blend to be miscible, since the
combinatorial entropy of mixing is close to zero. Thus,
the miscibility of a blend containing copolymers depends
on the segmental B;; values and the copolymer composi-
tions.

To apply the above binary interaction model to the
PEO/SAA blend system, the monomeric units (or seg-
ments) are designated as A, C, and D for ethylene oxide,
acrylic acid, and styrene, respectively. The copolymer
compositions were converted in mole fractions into vol-
ume fractions by using the group contribution method.
Now we can use eq 3 to calculate the segmental B;; val-
ues. In the previous section, three overall B values were
obtained for the blends containing the SAA copolymers
of three different copolymer compositions. Thus, seg-
mental interaction B,; values can be calculated by fitting
three B values into eq 3. The obtained values are

By = -15.5 cal/cm®
B,p = 1.8 cal/cm®
Bgp = 36.6 cal/cm®

Uncertainties of these values are estimated to be £30%
from error analysis. The negative value of B, indicates
that the heat of mixing of poly(acrylic acid) (PAA) and
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Figure 4. FTIR spectra for SAA copolymers in the range 1800-
1650 cm™%: (A) SAA29, (B) SAA19, (C) SAA15, and (D) SAAT.

PEO is exothermic. This result can be explained by the
fact that PAA is miscible with PEQ,? and the polymer
pair forms a complex in aqueous systems by hydrogen
bonding between the ether oxygens in PEO and the car-
boxylic acids in PAA.2” The positive values of B, and
Bcp, suggest that the PEO/PS and PAA/PS blends are
immiscible. The fact that the value of B¢y, is relatively
higher than the value of B,y may be due to the presence
of a strong self-association of carboxylic acid groups. The
values also suggest that both the attraction (negative
B,c) between ethylene oxide and acrylic acid and the
intramolecular repulsion (positive Bcp) in the SAA copol-
ymer are primarily responsible for the miscibility. It is
noteworthy that all the calculations are based on ran-
dom mixing.

The binary interaction model predicts the minimum
acrylic acid content in the SAA copolymer where the heat
of mixing of the blend is zero. Equation 3 can be solved
for y after setting the overall B value to zero and substi-
tuting the calculated segmental B;; values. The calcu-
lated y value is approximately 7.7 mol %. Recalling the
PEO/SAAT blend is partially miscible, the model satis-
factorily predicts the copolymer composition of SAA at
which the blend system is marginally miscible.

Evidence of Specific Interaction in Spectro-
scopic Analysis. Figure 4 shows FTIR spectra of SAA
copolymers in the range 1800-1650 cm™ at room tem-
perature. The SAA copolymers have absorption bands
at 1704 cm™ due to a normal mode involving C=0 stretch-
ing for carboxylic acid groups dimerized by hydrogen bond-
ing and at 1748 cm™ due to C=20 stretching for carbox-
ylic acid groups where the carbonyl group is not hydro-
gen bonded. The relative magnitude of absorption at 1748
cm™! increases with decreasing AA content in the SAA
copolymer. Several workers?®3° have studied infrared
spectra for copolymers containing carboxylic acid groups.
Lee et al.?° reported that the majority of carboxylic acid
groups of poly(ethylene-co-methacrylic acid) (EMAA)
copolymers exist as intermolecular dimers with a char-
acteristic infrared band at 1700 cm™, and there is little
evidence of any significant absorption from the band attrib-
uted to the free carbonyl groups which have a character-
istic frequency at about 1750 cm™. But in the SAA copol-
ymers, the band at 1748 cm™ due to the free carbonyl
groups has a significant absorbance. Two possible fac-
tors can be considered: one is a steric effect given by a
large phenyl side group in SAA which may shield the
carboxylic group and the other is the difference in the
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Figure 5. FTIR spectra for PEO< SAA15 blends in the range
1800-1650 cm™: (A) 80, (B) 60, (C) 40, (D) 20, and (E) 0 wt %
PEO.

chain flexibility. The EMAA copolymers is more flexi-
ble than the SAA copolymer.

When the SAA15 is mixed with PEO, a new absorp-
tion band at 1728 cm™ is observed as shown in Figure 5.
The other blends show similar spectra (not shown here).
As the PEO content in the blend increases, the band at
1728 cm™! becomes dominant over the acid dimer band
at 1704 cm™. Therefore, the band at 1728 cm™ must be
due to the carboxylic acid groups which form the inter-
molecular hydrogen bonds with the ether oxygens in PEO.
If PEO and SAA are not mixed in molecular level, the
absorption band at 1728 ¢cm™ must be very small or not
detectable. Hence, the spectral change in the carbonyl
region as a function of blend composition suggests that
these blends are mixed in the molecular level.
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ABSTRACT: Recent measurements of forces between DNA polyelectrolytes have shown a direct and con-
tinuous coupling between intermolecular forces and molecular disorder in lattices of interacting particles.
Over a wide range of conditions the work of assembly is dominated by the configurational entropy of mol-
ecules restricted by repulsive forces from their neighbors. This observed entropic force decays half as fast
as what is predicted from the decay lengths for an electrostatic double layer or hydration forces between
parallel molecules. It cannot be fit by the traditional model of flexible molecules with an effective hard
wall radius. In this paper we develop a statistical mechanical model of a Gaussian randomly walking poly-
mer surrounded by an effective “tube” of its neighbors, a model that can be solved in strict formal analogy
to the problem of a bounded two-dimensional quantized oscillator. The doubling of the underlying expo-
nential decay length emerges naturally. One may also extract the underlying direct intermolecular force

through which molecular motion is restricted.

Introduction

Ever since the seminal work of Onsager® on the pack-
ing of stiff rods into ordered structures, it has been known
that purely repulsive forces can act to create condensed
assemblies of particles. The entropic consequences of
steric repulsion have come to be a popular topic in sta-
tistical mechanics. The key simplifying feature of virtu-
ally all theories has been the assumption that the con-
tinuously variable repulsive force between rods can be
replaced by that of a hard cylinder whose radius of sud-
den repulsion depends on the strength of the actual force
(see, e.g., the discussion of Stigter?).

Recent simultaneous measurements of the molecular
disorder of and the forces between polyelectrolytes in par-
allel arrays® suggest that this hard particle assumption
is incorrect. For the specific system observed, parallel
double helices of polyelectrolyte DNA, one sees two regimes
of repulsion:

At separations less than 10 A, molecules repel with an
exKonentially decaying force whose decay constant is about
3 A and is negligibly dependent on salt concentration, as
expected for hydration forces;* repulsion is so powerful
thgt it suppresses energetically significant molecular dis-
order.

At greater separations, one observes the onset of molec-
ular disorder and an exponentially decaying intermolec-

* To whom correspondence should be addressed.
* On leave from J. Stefan Institute, P.O.B. 100, YU, 61111 Ljubl-
jana, Yugoslavia.

ular force whose decay rate depends on salt concentra-
tion but is approximately one-half that expected from
the standard double-layer theory.

Indeed, this extended decay is the key to the model
that we develop here to explain molecular packing. Steric
repulsion within an array of parallel flexible rods varies
as a power of separation, R,>" quite different from what
is observed. The only effect of the underlying soft (e.g.,
electrostatic) potentials is to change the effective sep-
aration.? This assumption is again not substantiated by
the observed forces.

To develop a better description of the observations,
we have formulated a Gaussian model of a polymer
enclosed in an effective “tube” of its neighbors confined
to their main positions. Solution of this model, formally
equivalent to a quantized two-dimensional harmonic oscil-
lator held inside fixed circular boundaries, predicts the
two experimentally observed regimes—one close in where
forces are just those that act directly between molecules
and a second one with appreciable molecular disorder,
where forces decay exponentially at half the rate of the
underlying direct force.

The length of the Gaussian polymer steps, a priori
unknown for a free flight chain, is found to be ~40 A
when the model is fit to measured values. This step length
is essentially the same as the 45-A length of the indepen-
dently fluctuating unit length previously inferred ther-
modynamically from correlation of measured lateral fluc-
tuations and osmotic compressibilities. It is also close
to the “deflection” length introduced by Odijk®> to describe
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