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ABSTRACT: The miscibility behavior and the specific interactions of binary blends of poly(ethylene oxide)
(PEO) and poly(vinyl methyl ether) (PVME) with poly(p-vinylphenol) (PVPh) are investigated by means
of differential scanning calorimetry, analogue calorimetry, and Fourier transform infrared (FTIR) spectroscopy.
The compositional variation of the glass transition temperature (T;) of PEO/PVPh and PVME/PVPh blends
is analyzed in terms of the Kovacs free volume theory. This theoretical approach is able to reproduce the
glass transition behavior of both systems quite well, although excess volume measurements of PYME/PVPh
blends do not support the physical meaning assigned to the parameters in the theory. The presence of specific
interactions between the PVPh and the polyethers is indicated by the large and exothermic interaction energy
density obtained both from heat of mixing data using model compounds and from melting point depression
data of PEQ/PVPh blends. The specific nature and the average strength of the intermolecular interaction
for the polymer blends and the analogue mixtures are determined by means of FTIR measurements.

Introduction

Many miscible polymer systems show monotonic Ty
composition curves!-3 that can be accounted for by several
theoretical equations proposed in the literature.#® The
important role of specific interactions and their strength
in determining the glass transition behavior of polymer
blends is well recognized, and several predictive equations
have been recently derived that incorporate these ef-
fects.®10

However, a variety of miscible polymer—diluent mixtures
and polymer blends show an unusual, but similar, com-
positional variation of the T, with two different well-
defined curves that meet at a characteristic temperature.
For polymer blends, the presence of this break, or cusp,
in the T;—composition curve was first noticed by Roy and
co-workers!! for the poly(methyl acrylate)/poly(vinyl
acetate) system, as well as for three other systems
previously reported in the literature. In this sense,
Prud’homme and co-workers!2-14 have demonstrated that
binary polystyrene/poly(vinyl methyl ether) (PVME),
poly(e-caprolactone)/nitrocellulose, and polyester/chlori-
nated polymer blends also exhibit this behavior. In
addition, Nishio et al.15 reported the presence of a cusp
in the Ty-composition curve of the poly(vinyl alcohol)/
poly(vinylpyrrolidone) system. In practice, the cusp
appears only when the difference between the T values
of the two components is higher than about 70 K. A
theoretical framework to rationalize the above results is
provided by the free volume theory proposed by Kovacs!6:17
for polymer/plasticizer systems. In particular, the mod-
ified version that includes an interaction parameter, g, to
account for the excess volume upon mixing has been very
useful in reproducing the experimental trends, despite
the shortcomings and limitations of the theoretical ap-
proach. Moreover, information about interaction strengths
from the Kovacs g parameter in qualitative agreement
with that obtained from the classical Flory—Huggins x
parameter has been obtained for certain systems.l* In
this paper, the glass transition behavior of binary poly-
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(p-vinylphenol) (PVPh)/PVME and PVPh/poly(ethylene
oxide) (PEO) blends is reported, and Kovacs’ free volume
theory is employed to analyze the T,-composition vari-
ation.

On the other hand, specific interactions between com-
ponents such as hydrogen bonding,!® dipole—dipole in-
teractions,!® acid-base interactions,?® or transition-metal
complexation?! are frequently responsible for blend mis-
cibility and determine to a large extent the magnitude of
thermodynamic properties such as the volume of mixing
or the enthalpy of mixing. A considerable effort has been
made in recent years in order to identify the nature and
strength of intermolecular interactions in polymer blends.
In this sense, Fourier transform infrared (FTIR) spec-
troscopy has become very useful, because the technique
is particularly sensitive to specific forces between polymer
segments, especially hydrogen bonds. Thus, the presence
of strong intermolecular hydrogen-bonding interactions
between PVPh and ether-containing polymers has been
clearly identified in the FTIR spectra of these blends.?223
Also, analogue calorimetry has provided valuable estimates
of the interaction energy between polymers by recognizing
that enthalpic interactions between functional groups are
very similar for both polymer blends and model compound
mixtures.2+-26 Both techniques are used in this work, as
well as the melting point depression method, in order to
achieve an indication of the intensity and the extent of
the intermolecular interactions involved in PVPh/poly-
ether blends. In addition, the influence of these specific
forces on the excess volume of mixing is investigated for
PVPh/PVME blends, and the experimental results are
compared to the predictions from Kovacs’ theory.

Summary of the Kovacs Free Volume Theory. The
starting point is the assumption of the free volume
additivity:'6

f=¢if1+ 0oy 1)

where fis the free volume of the blend, f; is the free volume
of component i, and ¢; is its volume fraction. However,
if the excess volume upon mixing is not negligible, eq 1
should be modified, as shown by Braun and Kovacs,!” to
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take into account this effect:

f=¢1f1+¢J2'Ve/V (2)

where V is the volume of the blend and V, is the excess
volume. The last term in eq 2 is usually related to an
interaction term (g) by means of

V/V =810, 3)
where V, is defined according to Braun and Kovacs!? as
V.=V, +V,-V “)

Hence, a positive ¢ parameter results in a decrease of the
free volume. In practice, an increase in the density of the
blend is expected when strong specific interactions between
its components are present.27.28

In the framework of the free volume theory, the
temperature dependence of f; is assumed to be linear as
a first approximation, so

fi = fp+ 8y (T-Ty) (5)

f2 = fgz + Aaz(T_ ng) 6)

where f;; is the fractional free volume of the component
i at Ty and Ac; is the difference between the volume
expansion coefficients in the liquid and glassy states. At
the glass transition temperature of the blend, the fractional
free volume is given by

fg = ¢1f51 + ¢2fg2 (7)

The expression describing the composition dependence
of T, derived from the equations above is

T = ¢2Tg‘2 + k¢\Tg1 + (g/Aaz)¢1¢2
a ¢y + ko,

where k = Aa;/ Aag and the polymer in the blend with the
higher T value is denoted as component 1. However, eq
8 is only valid for temperatures above a certain critical
temperature (Tqy) given by:1617

Tois = T~ fg/ By 9

At Teit, the free volume of polymer 1 becomes zero, as
well as below this temperature, since negative values of
the free volume have no physical meaning. In this case,
the composition dependence of T is given by:

bifgr + 8610,
byl

In order to analyze the experimental data in terms of
eq 10, it can be rearranged to

T -T g (f )1
g g2 gl
=4 | =)=

¢1 AaZ Aa2 ¢2 (11)

8o that, for T < T, a plot of (T — Ty2)/¢1 versus 1/¢;
should give a straight line with slope f;1/Aaz and intercept
g/Aag. Aap and g can be calculated using the classical
value of 0.025 for £;1.2% On the other hand, for T > Ty,
we can determine the & value using the value of g/Aa:
from T < Ty, the experimental T data, and the following
expression, derived from eq 8.

k= ¢2(Tg2 - Tg) + (E/Aaz)¢1¢2
¢‘1(Tg - Tgl)

Slightly different values are usually obtained due to
experimental uncertainties and, consequently, an average
value of k is more representative. Finally, given Aa; and

@®

T,=T,+ (10)

12)

Binary Poly(p-vinylphenol)/Polyether Blends 103

Table I. Polymers Used in This Work

polymer  wt-av mol wt T, (K) source

PEO 300 0002 218 Polysciences, Inc.
PVME 56 400% 250 Aldrich Chemical Co.
PVPh 30 0002 428 Polysciences, Inc.

¢ Provided by supplier. ® Measured by GPC.

k, it is also possible to estimate Aa; from
Aa; = kAa, (13)

Experimental Section

The characteristics of the polymers used in this work are given
inTablel. Blendswere prepared by mixing appropriate amounts
of the componentsin 2% (w/v) tetrahydrofuran (THF) solutions.
Films were obtained by evaporating the solvent at 323 K. Further
solvent was then removed in a vacuum oven at 333 K for 2 weeks.
This temperature was not found high enough to completely
remove the solvent from blends with a high PVPh content.
Consequently, an additional 3 h of drying at 423 K (under vacuum)
was used to completely remove THF from the blends.

Thermal properties such as glass transition temperature (T})
and melting temperature (T,) were analyzed by differential
scanning calorimetry (DSC) with a Perkin-Elmer DSC 2C
apparatus equipped with a TADS microcomputer and calibrated
with indium. In a first scan, the samples were heated from 150
to 423 K at 40 K/min and maintained at that temperature for
3 min to ensure well-defined and reproducible T;’s. The thermal
transitions were recorded at a heating rate of 20 K/min in a
second scan. Results from duplicate or triplicate samples and
subsequent scans indicate an accuracy in the T, data of £1.5 K.
T's were measured at the half-height of the corresponding heat
capacity change, and the heat of fusion (AHy) was calculated
from the area of the corresponding peak. In all cases, the width
of the glass transition region was expressed as the temperature
interval between the onset and completion of the heat capacity
change at T;. The isothermal crystallization from the melt was
also examined by DSC. The crystalline samples were melted at
373 K for 10 min to destroy all prior crystals, cooled quickly to
the crystallization temperature (7T), and then maintained at T,
until the crystallization proceeds to 10% of the overall process.
Subsequently, the samples were heated at 10 K/min in order to
determine the melting temperatures.

Specific volumes were determined at 298.2 K using a pyc-
nometer calibrated with n-heptane (Aldrich; HPLC grade). The
temperature of the water bath was kept constant to within 0.1
K, and the measured values were found to be accurate to £0.001
cm3/g from repeated measurements.

Heats of mixing for low molecular weight analogues of the
corresponding polymers were measured using a Setaram C80D
flux-type calorimeter. 4-Ethylphenol (EPH) was selected as the
analogue of PVPh and 2,4-dimethoxypentane (DMOP) was
employed as the model compound of PVME. Diethylene glycol
diethyl ether (DEGDEE), diethylene glycol dimethyl ether
(DEGDME), and ethylene glycol diethyl ether (EGDEE) were
assumed to closely resemble the PEQ chemical structure and
therefore used as model compounds of this polymer. Table II
shows the molecular structures, densities, and molecular weights
of the analogues used. EPH, DEGDEE, DEGDME, and EGDEE
were obtained from Aldrich (298% pure). They were used as
received without further purification. DMOP was synthesized
by methylation of racemic 2,4-pentanediol (Aldrich; 99% pure)
following a method similar to the Williamson synthesis.®-% The
product was purified by distillation and characterized by 13C and
IH NMR. The heats of mixing were measured at 338.2 £ 0.1 K,
a temperature above the melting point of EPH and below the
boiling point of all the model compounds employed in this work.

Infrared spectra were recorded with a Nicolet 5 DXC spec-
trometer. Thin films of the blends were cast from 1% (w/v)
THF solutions onto potassium bromide windows at room
temperature. The drying conditions were identical to those used
for DSC measurements. A minimum of 64 scans were signal
averaged at aresolution of 2cm. The hydroxylstretching region
of the IR spectrum was analyzed, both for the blends and for the
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Table II. Model Compounds for the Polymers Investigated

density® mol
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Table ITI. Crystallinity Degree and Amorphous
Composition of Crystalline PEO/PVPh Blends (gpves)

compd structure @/cm®)  wt wt % PVPh % crystallinitys ¢PVPL Ty (K)
EPH CHy=CH 0.976 122.2 0 68.4 0.00 218
10 57.5 0.21 228
20 19.6 0.24 222
30 49 0.31 236
OH 35 1.8 0.35 248
DMOP CH,CHCH,CHCH, 0.728 132.0 4 Calculated as the ratio of the experimental heat of fusion to that

by, L,

DEGDEE CH3;CH;0CH;CH;OCH;CH;OCH,CHs 0.865 162.0
DEGDME CH3OCH;CH,OCH;CH;OCH3; 0.897 134.2
EGDEE CHyCH;OCH.CH,OCH,CHj; 0.795 118.2

¢ At 338.2 K.
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Figure 1. Composition dependence of the glass transition
temperature for the PEQ/PVPh blend. The continuous lines
are the prediction from Kovacs’ theory (eqs 8 and 10) using
parameters from Table IV. Error bars are approximately of the
same size as the points represented.
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Figure 2. Composition dependence of the glass transition
temperature for the PVME/PVPh blend. The continuous lines
are the prediction from Kovacs’' theory (eqs 8 and 10) using
parameters from Table IV. Error bars are approximately of the
same size as the points represented.

model compound mixtures. Spectra at elevated temperatures
were obtained by using a SPECAC high-temperature cell,
mounted in the spectrometer, with an accuracy of +2 °C.

Results and Discussion

A. Glass Transition Behavior. The miscibility of
PEO/PVPh and PVME/PVPh blends has been ascer-
tained by the determination of a single, composition-
dependent, glass transition temperature. Figures 1 and
2 show the Tg—composition curves of both systems as a
function of the volume fraction of PVPh. For the PEO/

of 100% crystalline PEQ.3
240

1 i {

0 2 4 6 8 10

Figure 3. Analysis of the experimental data for PEQ/PVPh
blends according to Kovacs’ theory (—). The additivity rule is
represented by the dashed line.

240

1 L 1 n ]
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1/p,
Figure 4. Analysis of the experimental data for PVME/PVPh

blends according to Kovacs’ theory (—). The additivity rule is
represented by the dashed line.

PVPh system, a correction has been made in order to take
into account the true composition of the amorphous phase
when crystallization takes place. Table III shows the
degree of crystallinity measured for these compositions as
well as the real composition of the amorphous phase.
According to the single- T} criterion, both systems are
miscible across the full composition range, although the
experimental T;—composition curves do not follow a simple
monotonic function but appear to contain two well-defined
regions separated by a singular point or cusp. This
behavior has been shown to occur, in the framework of the
free volume theory,'617 when the difference between the
Tg's of the components is large enough to allow the free
volume of the high-T; polymer to vanish at a critical
temperature T, An improved analysis of the experi-
mental data for T < T can be made in terms of this
theory using eq 11 as shown in Figures 3 and 4. T data
below T, can be fitted to a straight line from which the
parameters g and Aag can be determined using the classical
value of 0.025 for f5;.2%%0 On the other hand, the glass
transition behavior above T is given by eq 8. However,
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Table IV. Parameters of Kovacs’ Free Volume Theory for
PEO/PVPh and PYME/PVPh Blends

Tonn
system Ay (K1) Aag (KY) k 8§ (K) ¢yeit

PEQ/PVPh  3.11 X 10~* 2.22 X 10~ 1.40 £ 0,17 -0.020 348 0.62
PVME/PVPh 2,97 X 10~ 2.02 X 10~ 1.47 £ 0.14 —0.011 344 0.49

Table V. Specific Volumes of PVME/PVPh Blends at

2982 K
wt % PVPh Vip (cm¥/g) wt % PVPh Vip (cm?/g)
0 0.957 75 0.862
25 0.919 100 0.849
50 0.892
0.02
0.01
VY 0
-0.01
-0.02 1 4 1
0 0.25 0.5 0.75 1
%

Figure 5. Excess volume of mixing (see eq 4) for the PVME/
PVPh blend at 298.2 K: (@) experimental; (O) predicted by
Kovacs’ theory with the g parameter taken from Table IV.

due to the lack of the experimental Aa; values, we have
used the T, results above T to calculate Aa; by means
of egs 12 and 13. Table IV summarizes the parameters
determined for PEQ/PVPh and PVME/PVPh blends as
well as the cusp temperatures (Ti;) and the related critical
compositions ¢,°rit,

The thermal expansion coefficients of PEQ, PVME, and
PVPh reported in Table IV are in the usual range found
for most vinyl polymers, e.g., 1.5 < Aa < 6 (10~ K-1),35
Also, good agreement has been found for the value of the
coefficient of thermal expansion of PVPh, Ax;, estimated
from both the PEO/PVPh and PVME/PVPh systems.
Hence, the critical temperature predicted by the theory
for PVPh (eq 9) is almost the same in both cases, e.g., 346
+ 2K. The corresponding ¢;°rit for each system is however
slightly different since it is highly sensitive to the actual
(Tg1 - ng) value.

Negative values of the Kovacs g parameter have been
obtained for both systems and, consequently, an increase
of the free volume (eq 2) is expected from the T analysis
of these systems. The experimental specific volumes of
PVME/PVPh blends are summarized in Table V, and a
comparison of the experimental and predicted excess
volumes of mixing (defined according to eq 4) are shown
in Figure 5. A striking feature in this case is the
disagreement between theoretical predictions and exper-
imental results. However, asimilar density increase upon
mixing poly(oxymethylene) and PVPh has also been
observed by Machado and French.3¢ Although the excess
volume is the result of several different and often
competing factors,%8 the above results can be rationalized
in terms of strong hydrogen-bonding interactions between
PVPh and polyethers promoting shorter intermolecular
distances at the expense of the free volume. Hence, it
could be more appropriate, at least for these systems, to
take the g parameter as a merely adjustable parameter
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Figure 6, Composition dependence of the glass transition widths
forthe PEQ/PVPhsystem. The continuouslineis intended only
as a visual guide.
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Figure 7. Composition dependence of the glass transition widths
for the PVME/PVPh system. The continuous line is intended
only as a visual guide.

rather than identify it with an interactional term. In the
absence of experimental data, the same statement is also
valid for the Aa; parameters.

Despite the shortcomings of the theory (e.g., an iso-
free-volume transition is assumed and the dependences
of the free volume on molecular weight, chain stiffness
and geometry, intermolecular forces, etc., are not taken
into account), it predicts the presence of a cusp in the
Ty-composition curve of miscible blends involving PVPh
at a Ter¢ given by eq 9. Interestingly, the T results of
Belfiore and co-workers® concerning PVPh/linear poly-
ester blends as well as those of Landry et al.#? for PVPh/
etheric polyphosphazenes are consistent with this theo-
retical prediction.

Inorder to obtain additional information about the blend
homogeneity of PVPh/polyether blends, we have also
measured the corresponding glass transition widths (see
Figures 6 and 7). As seen for many systems,*!-43 the glass
transition width for midrange compositions is larger than
those of the pure components. This departure from width
additivity is usually attributed to frozen-in local concen-
tration fluctuations related to the level of interaction
between blend components, since a broadening of the glass
transition zone has been found experimentally for many
systems when the blend interactions weaken.!! In our
case, the PVME/PVPh system shows a slightly larger
deviation from additivity than the PEOQ/PVPh system.
Following the transition width criterion above, a slightly
more favorable interaction energy might be involved for
PEO/PVPh blends than for PVME/PVPh blends. A
similar conclusion is obtained from heat of mixing mea-
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Table VI. Equilibrium Melting Temperatures of Pure PEO
and Crystalline PEQO/PVPh Compositions As Determined

by DSC
wt % PEO Tw® (K) wt % PEO Tw® (K)
100 342 70 338
90 340 65 336
80 339

surings using model compounds, as will be demonstrated
below.

B. Interaction Energies. The melting point depres-
sion technique is a valuable method for measuring the
interaction energy density between PEO and PVPh. The
equilibrium melting temperatures of pure PEO and the
crystalline blend compositions are listed in Table VI. They
were determined by DSC# employing the Hoffman-Weeks
method. 4

The melting point depression (AT,,°) of a semicrystalline
polymer caused by the addition of a miscible polymeric
dilugnt is related to the interaction energy density (Bis)
by:4

AT,® = -Byy(Vo/ AHp) T, (14)

A value of Bys = -7.1 cal/cm3 was obtained from a linear
regression of the data in Table IV using the following
literature values:3¢ Vy, = 38.9 cm3/mol and AH,, = 2.1
kecal/mol. The Bjsvalue is close to that reported previously
by Belfiore and co-workers?? (-10.2 cal/cm?), taking into
account that a low-molecular-weight PVPh and nonequi-
librium melting temperatures were used by these authors.
Once again, the presence of specific interactions between
components is pointed out in the large negative value of
BlZ-

Itshould be noted that the B;; parameter obtained from
the melting point depression technique generally contains
both enthalpic (Bi2?) and excess entropic contributions
(B12°).264748 Consequently, it can be expressed as

B, = B12h -TByy (15)

An estimation of the enthalpic contributions, B;sb, can
be achieved by means of heat of mixing measurements
employing low-molecular-weight model compounds by
recognizing that enthalpic interactions are mainly deter-
mined by contacts between nearest-neighbor functional
groups.?+%8 In this sense, we have selected appropriate
model compounds of PEO/PVPh and PVME/PVPh
blends (Table II) in order to measure the heats of mixing
for analogue mixtures of the corresponding polymer blends.
Figure 8a shows the heats of mixing for binary mixtures
of EPH as the analogue of PVPh and several model
compounds of PEO such as DEGDEE, DEGDME, and
EGDEE. A good agreement between data derived using
these model compounds is found in spite of their slightly
different chemical structures. The corresponding enthal-
pic interaction energy density (Bjsb) is given by

B,,P = (AH_/V)/¢,6, (16)

The dependence of B;5P on the volume fraction of EPH
(¢upn) for these mixtures is represented in Figure 8b. A
linear relationship is experimentally found, that can be
expressed as

B, =-18.62 - 28.30¢gpy (cal/cm® (17

A comparison between the enthalpic BisP parameter
given by eq 17 for the analogue mixtures and the interaction
(free) energy parameter (B;z) of PEQ/PVPhblendsreveals
substantial differences between them. First, Bis! fromeq
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Figure 8. (a) Heats of mixing of EPH with DEGDEE (@),
DEGDME (X), and EGDEE (0) at 338.2 K and (b) dependence
of the enthalpic interaction energy density on the volume fraction
of EPH for the same mixtures.
17 has a strong composition dependence, whereas By; from
melting point depression appears to be constant in the
range of PEOQ weight fractions between 0.65 and 0.9.
Second, the value of Bjsh in the range of compositions are
considerably higher than the value of B3 for PEQ/PVPh
blends. In terms of eq 15, this can be explained as a
consequence of two different factors: the enthalpic
contribution to By; for analogue mixtures is very different
from that of PEQ/PVPh blends, and/or excess entropic
contributions play an important role in the PEQ/PVPh
system. Inthelatter case, an unfavorable (negative) excess
entropy contribution should be involved since |B;3| < |B;2h.
Physically, a loss of entropy upon mixing can be expected
as a result of some kind of ordering in the blend due to
the formation of directional-specific interactions.® Since
hydrogen-bonding interactions play a key role in explaining
the miscibility of PEQ/PVPh blends,?223 the balance
between the number and strength of hydrogen bonds
broken (in pure PVPh) and formed upon mixing (in the
blend) probably determines the magnitude and the sign
of the presumed excess entropic contributions.

Information about Bjs from melting point depression
cannot be obtained for PVME/PVPh blends because in
this case both components are amorphous. Heats of mixing
data using EPH as the model compound of PVPh and
DMOP as a close analogue of PVME are represented in
Figure 9a. The corresponding B,." parameter is shown in
Figure 9b as a function of composition. A linear rela-
tionship is also found for the compositions investigated:

Bt =-17.43-19.72¢gpy (cal/cm®)  (18)

In this case, the values of B;o! are slightly less exothermic
than that corresponding to analogue mixtures of PEO/
PVPh blends.
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Figure 9. (a) Heats of mixing of EPH with DMOP at 338.2 K

and (b) dependence of the enthalpic interaction energy density
on the volume fraction of EPH for the same mixture.

3525

g
|

Absorbance
L1

- L .

e S

3800 3400 3200 3000
Wavenumber (cm-1)

Figure 10. Hydroxyl stretching region of the FTIR spectra at
298 K for (A) EPH and (B) PVPh.

Interestingly, FTIR measurements enable one to esti-
mate the average hydrogen-bonding interaction strengths
for the mixtures of model compounds and for the polymer
blends. In the following section the FTIR results are
analyzed and compared to those from analogue calorim-
etry.

C. Hydrogen-Bonding Interaction Strengths. The
hydroxyl stretching regions of the FTIR spectra of EPH
and PVPh at 298 K are shown in Figure 10. It has been
shown?223 that the narrow band appearing as a shoulder
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Figure 11. (a) Hydroxyl stretching region of the FTIR spectra
for DMOP/EPH mixtures at 298 K: (A) 40/60 wt %; (B) 80/20
wt %. (b) Hydroxyl stretching region of the FTIR spectra for
PVME/PVPhblends at 2908 K: (A) 40/60 wt %; (B) 80/20 wt %.

at higher wavenumbers (ca. 3525 cm1) is due to free
(unassociated) hydroxyl (OH) groups, while the broad band
at lower wavenumbers (ca. 3350-3370 cm-1) corresponds
toa wide distribution of (self-associated) hydrogen-bonded
OH groups. The frequency difference (Av) between the
free hydroxyl absorption and that of the hydrogen-bonding
species provides a measure of the average strength of the
hydrogen-bonding interaction.?! For both EPH and
PVPh, the value of Ay is about 165 cm-L.

Figure 11a shows spectra in the hydroxyl stretching
region of DMOP/EPH mixtures at 298 K. As can be seen,
the hydrogen-bonded hydroxyl band of EPH shifts to lower
frequencies and narrows considerably in the presence of
DMOP. In addition, the intensity of the band corre-
sponding to free OH groups is observed to decrease
significantly in DMOP/EPH mixtures. Allthese features
are indicative of strong interactions between the hydroxyl
groups of EPH and etheric oxygens of DMOP. Theaverage
strength of this intermolecular hydrogen-bonding inter-
action, as measured by Ay, is about 190 cm! (Table VII),
whereas that corresponding to self-association of hydroxyl
groups in pure EPH is considerably smaller (Ay = 165
cm-t). The FTIR spectra of PVME/PVPh blends in the
region between 3700 and 3000 cm! at 298 K are illustrated
in Figure 11b. The shape and position of the hydroxyl
stretching band for the polymer blend are very similar to
those of the analogue mixture. Hence, the average
intensity of the hydrogen-bonding interaction is almost



108 Pedrosa et al.

Table VII. Frequency Difference Ay (em™') between the
Free Hydroxyl Absorption and That of the
Hydrogen-Bonded Groups for Polyether/PVPh Blends and
Analogue Mixtures at 298 K

composition composition
(wt %) (wt %)

40/60 80/20

DEGDME/EPH 160 173
POE/PVPh 185 270

40/60 80/20

DMOP/EPH 190 193
PVME/PVPh 209 203

0. 15

D. 10

Absorbance

0. 0S5

0. 0o

L L i I
3800 3400 3200 3000

Wavenumber (cm-1)

Absorbance

3800 3400

3200 3000
Wavenumber (cm-1)

Figure 12. (a) Hydroxyl stretching region of the FTIR spectra
for DEGDME/EPH mixtures at 298 K: (A) 40/60 wt %; (B)
80/20 wt %. (b) Hydroxyl stretching region of the FTIR spectra
for PEQ/PVPh blends at 298 K: (A) 40/60 wt %; (B) 80/20 wt

%.

the same for PVME/PVPh and DMOP/EPH mixtures
(Table VII), suggesting that the hydrogen-bonding envi-
ronment is similar for the polymer blend and the mixture
of model compounds.

The hydroxyl stretching region of the FTIR spectra of
DEGDME/EPH mixtures at 298 K is shown in Figure
12a. In this case, the infrared frequency shifts are about
30 cm™! less than those corresponding to DMOP/EPH
mixtures, 8o it can reasonably be deduced that the mean
specificinteraction between EPH and DEGDME is weaker
than the intermolecular EPH/DMOP interaction. Similar
results were obtained when EGDEE or DEGDEE were
employed instead of DEGDME. Although the strength
ofthe hydrogen-bonding interactions appears to be slightly
increased in the DMOP/EPH system, the number of such
specific contacts may differ significantly for DMOP/EPH
and DEGDME/EPH mixtures. Indeed, the heats of
mixing of DEGDME/EPH mixtures are slightly more
exothermic than those of DMOP/EPH mixtures. The
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Figure 13. Hydroxyl stretching region of the FTIR spectra of
a PEQ/PVPh 80/20 wt % blend at several temperatures: (A)
298, (B) 375, and (C) 433 K.

increased steric hindrance of the methyl groups attached
to the etheric oxygens of DMOP may be responsible for
this behavior. The FTIR results of PEQ/PVPh blends in
the 3700-3000-cm! range at 298 K are illustrated in Figure
12b. The essential features of these spectra are in good
agreement with data published previously for the same
system.2223 The spectrum corresponding to the blend with
40 wt % PEO is broader than that shown in Figure 12a
for the analogue mixture and shows a significant wave-
number shift to lower frequency (Table VII). The hydroxzyl
stretching band of the blend with 80 wt % PEQ is even
more asymmetric, and the maximum of the band shifts to
about 3255 cm1. In order to ascertain if crystallization
of PEQ is responsible for this behavior, the FTIR spectrum
of the blend with 80 wt % was recorded at 375 K (above
the melting point of PEO). As shown in Figure 13, the
location of the band remains unaltered upon melting the
PEO crystalline phase, suggesting that the shape and
position of the hydroxyl stretching band is indeed a strong
function of blend composition. On the other hand, the
OH region of the FTIR spectra of PEQ/PVPh blends does
not resemble that of DEGDME/EPH mixtures, until the
temperature is sufficiently raised (Figure 13). From these
results we can conclude that the hydrogen-bonding en-
vironment of PEO/PVPh blends differs considerably from
that of the analogue mixtures. The same statement is
valid when the hydroxyl stretching regions of the FTIR
spectra of PEO/PVPh and PVME/PVPh blends are
compared. Infact, Le Menestrel et al.52 have also noticed
that the PVPh/PEO specific interaction is considerably
stronger than those of PVPh/poly(vinyl alkyl ethers), so
they consider PEO and poly(oxymethylene) to be special
cases. The results from this work also support this claim.

Conclusions

The miscibility behavior and the specific interactions
between PVPh and two representative polyethers were
investigated. Binary blends of PEQO and PVME with
PVPh were found to be miscible across the entire
composition range, although the compositional variation
of T, in both systems shows an anomalous break or cusp.
The experimental results were analyzed in terms of the
Kovacs free volume theory.1617 Inspite of the well-known
shortcomings of this theoretical approach, it is able to
reproduce the experimental behavior of PEQ/PVPhblends
quite well. In addition, the presence of a similar cusp in
the Ty—composition curves of other very different systems
involving PVPh, such as PVPh/linear polyester®® and
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PVPh/etheric polyphosphazenes,* is in agreement with
the predictions from the theory.

The presence of specific interactions promoting mis-
cibility between PEO and PVPh was pointed out in the
large negative value of the interaction (free) energy density,
By3, derived from equilibrium melting point depression
measurements. The heats of mixing of analogue mixtures
of both PEO/PVPh and PVME/PVPh blends also indicate
that strong interactions occur between model compounds,
but the enthalpic interaction energy density was found to
be significantly more exothermic for the low-molecular-
weight models of the polymers. Inthissense,asignificant
difference could be expected if excess entropic contribu-
tions arising from directionally specific interactions® and/
or free volume, or equation of state, effects5354 are not
negligible.

The specific nature of the interactions was determined
by means of FTIR measurements on both the polymer
blends and the analogue mixtures. Thus, the frequency
shift to lower wavenumbers that appears in the hydroxyl
stretching region of the corresponding FTIR spectra
suggests the presence of hydrogen-bonding interactions
involving OH groups attached to phenolic rings on the
one hand and etheric oxygens on the other. These
intermolecular interactions were stronger than phenolic
self-association, as revealed by the frequency shift ob-
served. The average strength of the specific interactions
was almost the same for PVME/PVPh blends and DMOP/
EPH mixtures, pointing to a similar hydrogen-bonding
environment in both systems. Conversely, significant
differences in both the frequency shift and the shape of
the OH band were found when the FTIR spectra of PEQ/
PVPh blends and DEGDME/EPH mixtures were com-
pared. It has been shown that the crystallization of PEO
is not responsible of this behavior. The FTIR results
suggest an increased level of interaction between PEO
and PVPh compared to that between PVME and PVPh,
in agreement with DSC results concerning glass transition
widths.

The presence of specific interactions between compo-
nents was also pointed out in the density increase observed
upon mixing for PVME/PVPhblends. The experimental
excess volumes of mixing were found far apart from those
predicted by the Kovacs free volume approach; hence, the
physical meaning attributed to the parameters in this
theory has been questioned. Nevertheless, in the absence
of a better theory, the Kovacs approach can be employed
to obtain, at least, a semiquantitative location of the cusp
that appears in the experimental Tg-composition curve of
many miscible polymer blends.
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