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ABSTRACT: An analysis by differential scanning calorimetry, modulated differential
scanning calorimetry, and Fourier transform infrared spectroscopy (FTIR) indicates
that blends of poly(vinyl phenyl ketone) (PVPhK) and poly(4-vinyl phenol) (P4VPh)
are miscible at ambient temperature. Miscibility, ascertained, is supported by the ex-
istence of a single glass transition for each composition of the PVPhK/P4VPh blends.
The FTIR spectroscopy analysis demonstrates the formation of hydrogen bonds
between carbonyl groups of PVPhK and hydroxyl groups of P4VPh. This specific
interaction has a crucial role on the miscibility behavior of PVPhK/P4VPh blends.
The evolution of the glass transition of the PVPhK, P4VPh, and its blends as a func-
tion of mixture composition shows negative deviations with to respect to the ideal
mixing rule, and both Fox and Gordon–Taylor equations predict this behavior suc-
cessfully. VVC 2006 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 44: 2404–2411, 2006
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INTRODUCTION

Systematic studies with polymer mixtures, where
the parent polymers form hydrogen bonds between
their complementary chemical groups, point out
that this type of specific interaction acts as a driv-
ing force for the polymer–polymer miscibility.1 Sev-
eral factors affect the formation of hydrogen bonds
in polymer binary mixtures, for example, the ster-
eoregularity of the polymer chains,2 the type of
chemical groups included in the parent polymers,3

and the possible self-association and/or interassoci-
ation of one or two components of the blend.1

For polymer binary blends where one compo-
nent develops self-association by hydrogen bonds
while the other component contains only acceptor
proton groups, the balance between self-associa-
tion and interassociation plays a crucial role on
miscibility.1 Also, the balance between usual un-
favorable contributions as dispersion and weak
polar forces, and often favorable contributions
of some specific interaction as hydrogen bonds,
dipole–dipole, random dipole-induced dipole, ion-
dipole or charge transfer, strongly affects the phase
behavior of polymer blends.4

Poly(vinyl phenyl ketone) (PVPhK) is an amor-
phous, neutral, unsaponifiable ketone polymer.
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PVPhK can be used as a component of clear and
pigmented lacquers. In addition, this polymer
increases hardness of adhesives containing soft
polymers. Because of its chemical architecture,
PVPhK is an acceptor proton polymer. We do not
know reports about miscible polymer blends con-
taining PVPhK. On the other hand, a chemical
modification of PVPhK, the poly(vinyl phenyl ke-
tone hydrogenated) (PVPhKH), has been used to
prepare several miscible polymer blends.5–7

Poly(4-vinyl phenol) (P4VPh) is another amor-
phous polymer. This polymer forms miscible poly-
mer blends with a wide variety of polymers con-
taining proton acceptor groups, for example, poly-
mers with carbonyl groups. Thus, P4VPh is
miscible with poly(vinyl acetate),8 various poly-
acrylates9 and polymethacrylates,10 poly(vinyl
methyl ketone),11 polyesters,12 and poly(N-vinyl-
pyrrolidone).13 A similar behavior is observed
when P4VPh is mixed with polymers that contain
amide groups such as poly(ethyl oxazoline),13 poly
(dimethyl acrylamide),13 or with other proton
acceptors such as polyethers12,14,15 or poly(vinyl-
pyridines).16,17

Figure 1 shows the chemical structures of
PVPhK and P4VPh. The complementarity between
the chemical groups of both polymers is evident.
This fact suggests that it is possible to create
hydrogen bonds among carbonyl groups of PVPhK
and hydroxyl groups of P4VPh. The aim of this
work is to make a detailed study of the phase
behavior of PVPhK/P4VPh binary polymer blends
prepared within a wide range of compositions.

EXPERIMENTAL

The weight-average molecular weight (Mw) of
PVPhK is ca. 5900 g/mol (measured by GPC
using PS standards that were obtained from Sci-
entific Polymer Products to calibrate the instru-
ment) and P4VPh (according to supplier, the Mw

¼ 20,000 g/mol) were purchased from Aldrich.
For this work, both polymers were used without
previous treatment. The PVPhK/P4VPh blends
were prepared by dissolving both polymers in
acetone or in THF, after the polymer solutions
were poured into Petri dishes. The solvent was
evaporated under a dry air stream at room tem-
perature. To eliminate residual solvent, the
blends were placed in an oven with an air
stream and heated to 60 8C during 24 h. Then,
the blends thus prepared were analyzed by dif-
ferential scanning calorimetry (DSC), modulated

differential scanning calorimetry (MDSC), and
Fourier transform infrared spectroscopy (FTIR).

DSC scans were obtained in a Q100 model calo-
rimeter from TA Instruments. Typical sample
masses for PVPhK/P4VPh blends were about
10 mg. The samples were loaded at room tempera-
ture (25 8C). Then, they were quenched to �20 8C
and held for 3 min and then heated at 20 8C/min
to 240 8C. After heating, the samples were
quenched to 25 8C at 200 8C/min. A second scan
was carried out immediately as room temperature
was reached and the procedure was repeated
again. Previously, the instrument was calibrated
against an indium standard, and a nitrogen purge
gas was used. For all tests, the second scan is
reported. To determine the glass transition tem-
peratures, we use the criteria of the inflection
point in the heat flow signal. Although Tg is
ideally measured by a calorimetric test where the
sample is cooled from the equilibrium liquid state,
typically, it becomes difficult to observe subtle
transitions as Tg as the cooling rate decreases.
Because of this, we measured the Tg’s of samples
by the heating test from the glassy state.

Samples of PVPhK, P4VPh, and its blends
were also studied by MDSC. For this we use a

Figure 1. Chemical structures of PVPhK and
P4VPh.
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Q100 TA Instruments calorimeter again. Accord-
ing to a procedure already known, three calibra-
tions were carried out before the tests: one for the
baseline, one for the temperature with indium,
and finally one for the modulation frequency with
sapphire. All runs were carried out under an
atmosphere of nitrogen gas. The samples (whose
masses were about 10 mg) were loaded at 25 8C,
and then quenched to �10 8C. This temperature
was held for 5 min. Then, the samples were
heated from �10 to 200 8C at 3 8C/min with an
amplitude modulation of 61 8C and a modulation
frequency of 1/60 s�1. Then, the samples were
quenched at 200 8C/min at 25 8C. For all tests,
the second scan is reported. The glass transition
temperatures were evaluated by analyzing the re-
versible heat flow signal using the criteria of the
inflection point.

FTIR spectra were obtained with a Perkin-
Elmer Spectrum One Fourier transform infrared
spectrophotometer. Since acetone can produce er-
roneous bands if not completely eliminated, the
samples of P4VPh/PVPhKH polymer blends were
dissolved in THF. The concentration of all solu-
tions was 0.02 g/mL. A few drops of each solution
were added to the NaCl pellets. The solvent was
evaporated at room temperature and a thin poly-
mer film was obtained. To eliminate residual sol-
vent, the films were annealed during 15 min at
60 8C. All spectra were taken with a resolution of
4 cm�1 and were averaged from 100 scans.

RESULTS AND DISCUSSION

Figure 2 shows the DSC calorimetric curves of
the parent polymers of PVPhK/P4VPh blends.
The glass transition temperature of each polymer
was detected at the jump resolved in the heat flow
signal. The Tg’s of PVPhK and P4VPh are 55 and
176 8C, respectively. Very close values for Tg’s of
these pure polymers were obtained using the
MDSC technique. Because of the fact that both
homopolymers are amorphous, there is no other
calorimetric event in the range of temperatures
studied.

The DSC thermograms of the PVPhK/P4VPh
blends whose compositions are 20, 40, 60, and
80 wt % of P4VPh are shown in Figure 3(A). Only
one single glass transition is detected in each
calorimetric curve. This result strongly suggests
that these blends are miscible. On the other
hand, Figure 3(B) depicts the MDSC calorimet-
ric curves of the PVPhK/P4VPh blends whose

P4VPh contents are 10, 30, 50, 70, and 90 wt %.
In these thermograms, the reversible heat flow
signal as a function of temperature is also shown.
Again, only one glass transition temperature was
detected.

The excess broadening that characterizes some
calorimetric curves of PVPhK/P4VPh blends is
evident. On the basis of the concepts of self-con-
centration and the Kuhn length, Lodge et al. have
presented a satisfactory model that explains in
terms of the dynamics of polymer blends phenom-
ena, such as the asymmetric broadening of DSC
traces in miscible blends or the failure of time–
temperature superposition in miscible blends with
large differences in the component Tg’s.

18,19 The
direct application of Lodge model to any polymer
blends requires the determination of the Kuhn
length of the parent polymers. This requirement
limited us in the application of the Lodge model to
PVPhK/P4VPh blends prepared in this study.

Table 1 lists the Tg values of PVPhK, P4VPh,
and its mixtures measured by DSC and MDSC.
We added the deviation of Tg value, in Celsius
degrees, of three experimental measurements. A
direct comparison of the Tg’s obtained by DSC and
MDSC reveals a close agreement between the val-
ues recorded with both calorimetric techniques.

Figure 4 shows the Tg’s evolution of PVPhK/
P4VPh blends obtained via the DSC measure-

Figure 2. Thermograms of the pure parent poly-
mers of the PVPhK/P4VPh blends, (A) PVPhK and
(B) P4VPh.
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ments as a function of the P4VPh content (wt %).
The error bars were included for each experimen-
tal evaluation. This figure also depicts the predic-
tion for the Tg’s of these blends as a function of its
composition using the Fox and Gordon–Taylor
equations. Gordon–Taylor equation was origi-
nally derived for random copolymers as20:

Tg ¼ W1Tg1 þ kW2Tg2

W1 þ kW2
ð1Þ

where W1 and W2 represent the mass fractions of
the components and Tg, Tg1, and Tg2 are the Tg’s
of the blend for component 1 and component 2,
respectively. The k parameter was defined by

k ¼ �a2V2

�a1V1
ð2Þ

where Dai is the change in the cubic expansion
coefficient of the ith component at its glass transi-
tion temperature, and Vi is its specific volume. In
many cases k is considered as an adjustable pa-
rameter. On the other hand, the Fox equation
does not have any adjustable parameter, as
shown next21

1

Tg
¼ W1

Tg1
þ W2

Tg2
ð3Þ

The simplicity of Fox equation is its principal
advantage. However, just a few polymer miscible
blends can be conformed to this equation. For
example, polymer blends of butadiene–acryloni-
trile copolymers with poly(vinyl chloride) (PVC)22

and PVC with ethylene–vinyl acetate copoly-
mers23 follow the prediction of Fox equation. The
physically adequate ‘‘free volume’’ hypothesis has
provided a rationalization of Fox and Gordon–
Taylor equations.24

Couchman developed a thermodynamic theory
for the prediction of compositional variation of
glass-transition temperatures, whose application
includes miscible polymer blends, a combination
of the variation of blend glass-transition temper-
atures and increments of heat capacity with
overall composition and pure-component molecu-
lar mass, the effect of degree of polymerization
on Tg, the effect of copolymerization on Tg, and
the effect of crosslinking density on Tg. Conse-
quently, the Fox equation can be deduced as a
particular case of this theory. The Couchman
theory is based on the mixed system entropy
continuity at Tg and considers that the excess

Figure 3. A: DSC curves of PVPhK/P4VPh blends.
For each curve the composition in weight percent of
P4VPh is included. B: MDSC curves of blends of
PVPhK and P4VPh. The continuous line represents
the evolution of reversible heat flow in function of the
temperature. Composition is given in weight percent
of P4VPh content in the blends.
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entropy of mixing for intimately mixed flexible
high polymers can typically be neglected. As a
consequence of the Couchman theory, it is possi-
ble to obtain one equation that has no adjusta-
ble parameters and predicts well the composi-
tion-dependent glass-transition for many sys-
tems, and shown as follows24–27

lnTg ¼
P

i Wi�Cpi
lnTgiP

i Wi�Cpi

ð4Þ

where �Cpi is the change in specific heat of the
ith component at the glass transition tempera-
ture.

For P4VPh/PVPhK blends it is evident that the
compositional variation of glass-transition temper-
atures follow a negative deviation of the simple
mixing rule. Following the report from other
works, the k parameter of Gordon–Taylor equation
was considered as an adjustable parameter in this
study. Thus, the broken line in Figure 4 (repre-
senting the Gordon–Taylor prediction) was ob-
tained with k ¼ 0.66, while the continuous line
was obtained from the Fox equation. Both equa-
tions successfully predict the compositional varia-
tion of the Tg’s of P4VPh/PVPhK blends, although
the best fit is obtained with Gordon–Taylor equa-
tion. We took advantage of the simple relationship
between the Fox and Gordon–Taylor equations,
because when the k parameter of Gordon–Taylor
equation is equal to Tg1/Tg2, Gordon–Taylor equa-
tion is reduced to the Fox equation. For P4VPh/
PVPhK blends, Tg1/Tg2 ¼ 0.73. This value is close
to the value used to predict Tg’s evolution with

Gordon–Taylor equation. The closeness of the k
value used on Gordon–Taylor equation and the
ratio Tg1/Tg2 employed to reduce Gordon–Taylor
equation to Fox equation explains partially the
adequate prediction of Tg’s shown in Figure 4. Gor-
don–Taylor equation can follow either positive or
negative deviations from the Tg’s curve as a func-
tion of composition for miscible polymer blends.28

The majority of miscible polymer blends exhibit
negative deviations of the Tg’s behavior from val-
ues predicted by flexible bond additivity rules.
This result suggests a looser packing within poly-
mer blends.29 For PVPhK/P4VPh blends, the nega-
tive deviations detected can be explained by the
formation of hetero-contacts between complemen-
tary chemical groups of P4VPh and PVPhK. Con-
sequently, the interchain orientation is affected
and the ‘‘free volume’’ within the blend can be
increased. Although these results indicate that
some type of specific interaction could have devel-
oped between both P4VPh and PVPhK, they do
not reveal the characteristics of this interaction.
On the other hand, Couchman equation cannot
predict the compositional variation of Tg’s for
PVPhK/P4VPh blends. This result is in agreement
with experimental evidence for other polymer sys-
tems where Couchman equation does not correctly
predict Tg when specific interactions are present.30

Table 1. Glass Transition Temperatures
of the PVPhK, P4VPh, and Their Mixtures

Blend Composition
(% P4VPh) Tg (8C)a Tg (8C)b

0 55 6 3 55 6 2
10 61 6 1 61 6 2
20 63 6 2 62 6 3
30 81 6 3 81 6 2
40 90 6 2 90 6 3
50 104 6 2 108 6 2
60 118 6 2 118 6 2
70 133 6 2 133 6 2
80 141 6 1 144 6 3
90 160 6 1 164 6 1

100 176 6 3 176 6 1

a Measured by DSC.
b Measured by MDSC.

Figure 4. Glass transition temperatures of PVPhK,
P4VPh, and its blends as a function of the P4VPh
composition. The broken and continuous lines repre-
sent the fit of Gordon-Taylor and Fox equations,
respectively.
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Recently, Lu and Weiss expanded a previous
Couchman’s work in which it was derived a Tg

equation which took into account the effect of
interaction strength for a binary solution.31

They presented a scheme to correlate Tg with a
measurement of the intermolecular interactions
such as the Flory–Huggins interaction parame-
ter v. The equation they derived is32,33

Tg ¼ W1Tg1 þ kW2Tg2

W1 þ kW2

þ AW1W2

ðW1 þ kW2ÞðW1 þ bW2ÞðW1 þ cW2Þ2
ð5Þ

where

A ¼ vRðTg1 � Tg2Þc
M1�Cp1

; k ¼ �Cp2 �W1dCl
p

�Cp1 �W2dC
g
p

ð6Þ

dCp ¼ Cpm � X1Cp1 � X2Cp2

X1X2
ð7Þ

where c ¼ q1/q2, b ¼ M1/M2, qi is the density of
polymer i, Mi is the molar mass per chain seg-
ment of component i, R is the gas constant, Cpm

is the specific heat of the blend, Xi is the mole
fraction of polymer i in the blends, and the
superscripts l and g denote liquid and glassy
states, respectively.

Lu and Weiss scheme reduces to Couchman
equation when very weak or no specific interac-
tions are present in a polymer blend, since dCp

and A can be neglected. In this work, we use Lu
and Weiss scheme in a similar way.32 Thus, we
used experimental Tg versus composition values
to find the best fit of parameters k and A, allow-
ing these parameters to vary with the composi-
tion and then we calculated v from the best-fit
value of A. The procedure followed is in qualita-
tive agreement with the methodology reported
elsewhere.32 Table 2 shows the Flory–Huggins
interaction parameter v for P4VPh/PVPhK
blends. We took qPVPhK and qP4VPh as 1.19 and
1.16 g/cm3, respectively, and the measurements
of specific heat were determined by the MDSC
technique. For all compositional range, v is neg-
ative. In general, it is observed that as P4VPh/
PVPhK blends are richer in P4VPh, the values
of parameter v are more negative. These results
confirm that these blends are miscible.

P4VPh is an amorphous polymer that contains
carbonyl groups, which can develop strong intra-

associations of the hydrogen bond type with other
chemical groups, such as hydroxyl, carboxilic, or
phenolic, included in other polymers.34–36 A detailed
study by IR spectroscopy of samples P4VPh/PVPhK
blends becomes necessary to know if natural self-
association of P4VPh changes when it is adding
PVPhK to prepare a polymer binary blend. Figure 5
shows partial spectra of P4VPh, PVPhK, and its
blends in two wavenumber ranges: (i) Figure 5(A)
shows the region from 3600 to 3100 cm�1, and
(ii) Figure 5(B) shows the region from 1630 to
1740 cm�1. To facilitate the comparison between
all spectra, the maximum intensities of the most
intensive band on each region were normalized to
one. Figure 5(A) shows only one wide band, due
to stretching vibrations of hydroxyl groups of
P4VPh. PVPhK does not show any spectral contri-
bution in this region. Consequently, the partial
band of PVPhK on Figure 5(A) is not included. The
hydroxyl band of pure P4VPh consists of two com-
ponents: (i) a broadband centered at 3333 cm�1, due
to the summation of various contributions corre-
sponding to different vibrations types of hydroxyl
groups, from lower to higher wavenumbers there
are contributions as hydroxyl-hydroxyl self-associa-
tion forming dimmers, trimmers, and so forth37

and, (ii) as a shoulder, a relative narrow band at
ca. 3525 cm�1 [indicated by an arrow on Fig. 5(A)]
due to stretching vibrations of ‘‘free’’ (nonassociated)
hydroxyl groups. As the blends are richer in
PVPhK, the intensity of this shoulder decreases.
This change clearly detected for all spectra of
PVPhK/P4VPh blends indicates a minor quantity of
‘‘free’’ hydroxyl groups. Also, as the blends contain
more PVPhK, the center of the hydroxyl band is dis-
placed toward higher wavenumbers and the broad-
ness of its band is reduced. This displacement can
be explained based in the fact that in P4VPh pure

Table 2. Flory-Huggins Interaction Parameter
of P4VPh/PVPhK Blends

Blend Composition
(% P4VPh) v

10 �0.13
20 �0.11
30 �0.12
40 �0.13
50 �0.17
60 �0.18
70 �0.20
80 �0.21
90 �0.25
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there is a natural equilibrium between hydroxyl
‘‘free’’ groups and hydroxyl self-associated groups,
but when PVPhK is added to P4VPh, this particular

equilibrium changes. Consequently, the behavior
shown in Figure 5(A) indicates that new hydrogen
bonds (which change the original equilibrium) are
formed between hydroxyl groups of P4VPh and
the complementary groups of PVPhK. It is evident,
according to chemical structure of PVPhK, that
the chemical groups available to form hydrogen
bonds in PVPhK are carbonyl groups. As the con-
centration of PVPhK increases in the blend, more
carbonyl groups are available to form hydrogen
bonds. Therefore, the displacement of hydroxyl
band increases. In a similar way, the ‘‘free’’ hy-
droxyl groups of P4VPh decreases, because of the
fact that the interassociation with carbonyl groups
of PVPhK reduces the amount of ‘‘free’’ hydroxyl
groups. Yi et al. reported a similar behavior for
miscible polymer blends of poly(methylthiomethyl
methacrylate) and P4VPh.38

The stretching vibration of the carbonyl group
of PVPhK produces a typical band centered at
1679 cm�1. The low frequency where this band is
resolved is due to a conjugation effect developed
between aromatic and carbonyl groups. On the
other hand, P4VPh does not absorb IR radiation
in the region of 1630–1740 cm�1. The spectra of
all PVPhK/P4VPh blends show the carbonyl band.
For this case, the carbonyl band shifts to lower
frequency, as the mixture is richer in P4VPh. This
fact indicates that the stretching energy of the
carbonyl band decreased because the oxygen atom
of carbonyl group participates in a new interac-
tion (as hydrogen bonds) with hydroxyl groups of
P4VPh. A similar behavior has been reported in
mixtures of poly(N-acryloylthiomorpholine) with
P4VPh.39 Other polymer blends with another
chemical structure where hydroxyl and carbonyl
groups play a crucial role have shown very close
spectral behavior when compared with the results
of P4VPh/PVPhK blends.40

CONCLUSIONS

P4VPh/PVPhK blends are miscible on a wide
range of compositions. IR spectroscopy shows the
formation of hydrogen bonds between P4VPh
hydroxyl groups and PVPhK carbonyl groups.
This specific interaction plays a positive influence
on the miscibility of P4VPh/PVPhK blends. The
Tg evolution of the blends as a function of the
composition follows a negative deviation with
respect to a simple mixture rule. This type of
behavior has been reported in most of polymer
miscible blends. Gordon–Taylor and Fox equa-

Figure 5. A: IR partial spectra of the PVPhK,
P4VPh, and its blends in the wavenumber range from
3100 to 3600 cm�1. Blend composition is specified in
weight percent of PVPhK. B: IR partial spectra of
PVPhK, P4VPh, and their blends in the wavenumber
range from 1630 to 1740 cm�1. Blend composition is
given in weight percent of PVPhK.
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tions successfully predicted the compositional
variation of the Tg of P4VPh/PVPhK blends. Lu
and Weiss scheme was used to calculate the
Flory–Huggins interaction parameter v. v was
negative for all P4VPh/PVPhK blends. These
results confirm that these blends are miscible.

Mexico’s Council for Science and Technology (CONA-
CyT) provided the financial support for this work
(39805-Y).
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