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Abstract

The thermal property and hydrogen bonding in polymer blends of poly(vinylphenol) (PVPh) and poly(hydroxylether of
bisphenol A) (phenoxy) were investigated by differential scanning calorimetry (DSC), Fourier transform infrared spec-
troscopy (FTIR) and solid-state nuclear magnetic resonance (NMR). This PVPh/phenoxy blend shows single composition-
dependent glass transition temperature over the entire compositions, indicating that the hydrogen bonding exists between
the hydroxyl of PVPh and hydroxyl of phenoxy. The negative Tg deviation of the PVPh/phenoxy blend indicates the strong
intermolecular hydrogen-bonding interaction. The inter-association constant for the PVPh/phenoxy blend is significantly
higher than self-association constants of PVPh and phenoxy, revealing that the tendency toward hydrogen bonding between
PVPh and phenoxy is more favorable than the intra-hydrogen bonding of the PVPh and phenoxy in the blend.

Introduction

The miscibility and hydrogen bonding behavior of the
poly(vinylphenol) (PVPh) and a number of polymers con-
taining functional groups such as carbonyl, ether and pyri-
dine have been widely reported to be miscible in the amor-
phous phase due to the presence of intermolecular hydrogen
bonding between the PVPh hydroxyl and the functional
group of the second polymer [1–13]. However, for our
knowledge, no research has been reported concerning the
blend between PVPh and polymer containing hydroxyls.
The phenoxy is a well-known polymer to possess main chain
hydroxyls hydrogen-bonding donor. Polymer blends of phe-
noxy with polyoxides, polyester and polymethacrylate have
been widely studied lately [14–20].

Based on structures of PVPh and phenoxy, strong self-
association hydrogen bonding is expected from these two
homopolymers. In the PVPh/phenoxy blend, the magnitude
of inter-association relative to their self-associations dictates
the contribution of the free energy of mixing and its misci-
bility. For example, if the inter-association of PVPh/phenoxy
blend is more favorable than self-associations of both PVPh
and phenoxy, the polymer blend is expected to be misci-
ble. Conversely, if self-association are more favorable than
the inter-association, the resulted blend tends to be im-
miscible or partially miscible. In general, these self- and
inter-association equilibrium constants can be calculated us-
ing Fourier transform infrared spectroscopy based on the
Painter–Coleman association model (PCAM) [21].

The purpose of the present work is to study the mis-
cibility and hydrogen bonding behavior of PVPh/phenoxy

blends. The effect of hydrogen bonding on the miscibility of
the PVPh/phenoxy blend will be investigated using differen-
tial scanning calorimetry (DSC), Fourier transform infrared
spectroscopy and solid state NMR.

Experimental

Materials

The poly(vinyl phenol) (PVPh) with a Mw = 9000–10000
was purchased from Polyscience Inc. of USA. The phe-
noxy was obtained from the Union Carbide Co., with Mn =
23000 and Mw = 48000. The chemical structures of PVPh
and phenoxy are illustrated in Figure 1. The phenoxy ana-
log, 2-propanol and the PVPh analog, 4-ethylphenol were
purchased from the Aldrich Chemical Company.

Blend Preparations

Blends of PVPh/phenoxy with different compositions were
prepared by solution blend. THF solution containing 5 wt%
polymer mixture was stirred for 6–8 h, and the solution was
allowed to evaporate slowly at 50 ◦C for 1 day. The film of
the blend was then dried at 80 ◦C for 2 days to ensure total
elimination of the solvent.

Differential Scanning Calorimetry

The glass transition temperature of the blend was determined
by using a DSC from Du-Pont (DSC-9000) with a scan rate
of 20 ◦C/min and the temperature range of 30–150 ◦C. The
measurement was made using a 5–10 mg sample on a DSC
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Figure 1. Chemical structures of PVPh and phenoxy and their atom
numbering schemes.

sample cell after the sample was quickly cooled to −20 ◦C
from the melt of the first scan. The glass transition temper-
ature was obtained as the inflection point of the jump heat
capacity with scan rate of 20 ◦C/min and temperature range
of −20 to 200 ◦C.

Infrared Spectroscopy

Infrared spectra were recorded on a Nicolet Avatar 320
FT-IR spectrophotometer and 32 scans were collected with
a spectral resolution 1 cm−1. Infrared spectra of polymer
blend films were determined by using the conventional NaCl
disk method. The THF solution containing the blend was
cast onto NaCl disk and dried under condition similar to that
used in the bulk preparation. The film used in this study was
sufficiently thin to obey the Beer–Lambert law. IR spectra
recorded at elevated temperatures were obtained by using a
cell mounted inside the temperature-controlled compartment
of the spectrometer. For the solution sample, an adequately
sealed cell with NaCl windows and 0.2 mm sample thickness
was used. A single optical path was used to study the inter-
association equilibrium constant between model compounds
of 4-ethylpphenol and 2-propanol. All model compound so-
lutions in the absorption range obey the Beer–Lambert law.
Cyclohexane was selected as the solvent because the specific
conformation of the cyclohexane is favorable in this study.

Solid State NMR

High resolution solid state NMR experiments were carried
out on a Bruker DSX-400 Spectrometer operating at reso-
nance frequencies of 399.53 and 100.47 MHz for 1H and
13C, respectively. The 13C CP/MAS spectra were measured
with a 3.9 µs 90 ◦ pulse, 3 s pulse delay time, acquisition
time of 30 ms and 2048 scans. All NMR spectra were taken
at 300 K using broad band proton decoupling and a normal
cross-polarization pulse sequence. A magic angle sample
spinning (MAS) rate of 5.4 kHz was used to avoid absorption
overlapping.

Results and Discussion

Estimation of KA Value between PVPh and Phenoxy

The usual interaction scheme based on competing equilib-
rium according to the Painter–Coleman association model is

described as follows:

PVPh+ PVPh
K2,KB−−−−→ PVPh− PVPh, (1)

PVPh+ phenoxy
KA−−−−→ PVPh− phenoxy. (2)

The inter-association equilibrium constant KA reflects the
tendency of the hydrogen bonding between PVPh and phe-
noxy. However, the phenoxy is also considered to possess
strong self-association hydrogen bonding as follows:

phenoxy+ phenoxy
KC2,KC←−−−−→ phenoxy− phenoxy, (3)

where K2, KB and KC2, KC are self-association equilibrium
constants of PVPh and phenoxy, respectively. Here, the K2
and KB is almost the same as KC2 and KC , which depends
on the considering self-association polymer and we defined
the self-association constants of the PVPh (K2 = 21.0 and
KB = 66.8) and phenoxy (KC2 = 14.4 and KC = 25.6)
that have been determined previously by Coleman et al. and
Espi et al. [21, 22]. All these association parameters are im-
portant in determining the competition between the self- and
the inter-hydrogen bonding within the PVPh/phenoxy blend.
In this study, the KA value between PVPh and phenoxy was
determined by using model compounds of 4-ethylphenol
and 2-propanol based on the classical Coggesthall and Saier
methodology [23]. Cyclohexane is considered as an inert
diluent which does not exist any fundamental vibration fre-
quency in the hydroxyl stretching regions of the infrared
spectrum. However, the solution containing large quantities
of cyclohexane inevitably shows overtone and combination
bands which will interfere in the analytic range of inter-
est. In order to eliminate these overtone and combination
contributions from the spectra of the EPh/cyclohexane and
EPh/propanol/cyclohexane, the spectrum of the pure cy-
clohexane was digitally subtracted as shown in Figure 2.
On subtraction of the pure cyclohexane spectrum, the rela-
tively sharp free hydroxyl stretching is the only obvious band
present. Figure 3 shows free hydroxyl absorption of 0.02 M-
ethylphenol and various concentrations of 2-propanol. The
intensity of the free hydroxyl band absorption at 3620 cm−1

Figure 2. Infrared spectra recorded at room temperature in the region from
3100–3700 cm−1.
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Figure 3. The free hydroxyl band absorption of 4-ethylphenol at the con-
centration of 0.02 M 4-ethylphenol and concentrations of: (a) 0.02 M;
(b) 0.04 M; (c) 0.08 M; (d) 0.10 M; (e) 0.20 M; (f) 0.25 M.

Table 1. The f mOH and Ka of 4-ethylphenol in cyclohexane solution with
various 2-propanol concentrations

Conc. of 2-propanol Corrected intensity f OH
m KA

(mole/l) of IR absorption (mol/L)

0.02 0.096 0.703 30.00

0.04 0.075 0.545 26.98

0.08 0.051 0.372 25.02

0.10 0.048 0.352 21.11

0.20 0.033 0.241 17.02

0.25 0.030 0.215 15.59

decreases with the increase of the 2-propanol content, indi-
cating that the hydrogen bonding exists between these two
components. However, the free hydroxyl band of the 2-
propanol can also affect the intensity of the free hydroxyl
band of EPh and the corrected intensity of absorption in
this situation have been widely discussed in our previous
study [24]. Table 1 summarizes the fraction of free hydroxyl
group of the EPh from various 2-propanol cyclohexane con-
centrations. The method propsed by Coggesthall and Saier
methodology is expressed by the following equation:

Ka = 1− f OH
m

f OH
m (CA − (1− f OH

m )CB)
, (4)

where CA and CB denote concentrations of 2-propanol
and ethylphenol in molL−1, f OH

m represents the fraction

of free hydroxyl of the ethylphenol which is defined as
follows:

f OH
m = I

I0
, (5)

where I0 = aOH
F · b · c and I is intensity of the free

hydroxyl band. The aOH
F is the absorptivity coefficient

of ethylphenol (34.2) has that obtained previously by Hu
et al. [25], b is the path length (0.2 mm) and c is the
concentration. The reliable value of 29.58 for Ka is ob-
tained from the approaching zero concentration. However,
the conversion of the inter-association equilibrium constant
of the 2-propanol into the phenoxy repeat segment is sim-
ply given by 29.58 × 76.56/222.6 = 10.17 (the molar
volume of 2-propanol is 75.56 cm3/mol and the molar vol-
ume of phenoxy repeat is 226.6 cm3/mol, as calculated
from group contribution method) [21]. Ka must be mod-
ified into KA by dividing the molar volume of the PVPh
repeated unit (0.1 Lmol−1 at 25 ◦C) [21] due to difference
molar volume between low molecular weight compound
and polymer. The inter-association equilibrium constant,
KA, yielded through this procedure is 101.7. The inter-
association constant for the PVPh/phenoxy blend is sig-
nificantly higher than self-association constants of PVPh
and phenoxy, revealing that the tendency to form inter-
hydrogen bonding between PVPh and phenoxy is stronger
than forming the intra-hydrogen bonding of PVPh and phe-
noxy in the blend. Therefore, the blend of PVPh/phenoxy
is expected to be miscible in the amorphous phase based
on the relative magnitude of the inter-association and the
self-association constant (KA/KB > 1). It is understand-
able that the inter-association equilibrium constant obtained
from model compounds is not exactly same as that from
the polymer blend due to chain stiffness such as intramole-
cular screening and functional group accessibility effect in
a polymer blend [26–31]. For our knowledge, no suitable
equation is available to transform the KA obtained from
model compounds to the KA of the polymer blend when
two polymers possess self-association nature. The hydroxyl
stretching in infrared spectra is too complicated to differ-
entiate and determine fractions of non-hydrogen bonding
hydroxyl group from both individual homopolymers due to
significant overlapping. In this study, we attempt to com-
pare the relative magnitude of inter- and self-association
equilibriums based on the classical Coggesthall and Saier
methodology.

Thermal Analyses

Differential scanning calorimetry (DSC) has been widely
used to investigate the miscibility in polymer blends. Fig-
ure 4 shows DSC thermograms of PVPh/phenoxy blends
with various compositions, revealing that essentially all
PVPh/phenoxy blends give only a single Tg. A single Tg
is commonly accepted as evidence of fully miscible in the
amorphous phase. Figure 5 shows the dependence of the Tg
on the composition of this miscible PVPh/phenoxy blend
system where a negative Tg deviation from additive rule
on all compositions is observed. In our previous study, we
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Figure 4. The DSC scans of PVPh/phenoxy blends with different compo-
sition: (a) 100/0; (b) 90/10; (c) 80/20; (d) 70/30; (e) 60/40; (f) 50/50;
(g) 40/60; (h) 30/70; (i) 20/80; (j) 10/90; (k) 0/100.

Figure 5. Tg versus composition curves.

have also found that a similar negative deviation in the
phenolic/phenoxy blend system [32–34]. The negative Tg
deviation can be interpreted as that strong self-association
of PVPh and phenoxy was removed and free volume is
increased by blending each other. Therefore, the observed
negative Tg behavior in this PVPh/phenoxy system indicates
that not only the PVPh and phenoxy are miscible, but also a
special interaction exists between these two homopolymers.
In general, the Tg deviation is a result of entropy change
corresponding to the change in the number of hydrogen
bonding interaction. In this study, the phenoxy molecule
contains a longer repeat unit and thus possesses a relatively
smaller number of potential hydrogen bonding sites avail-

able of forming the inter-association hydrogen bonding. The
reduction in entropy by forming the inter-association hydro-
gen bonding between PVPh and phenoxy is not great enough
to overcome the entropy increase associated with the break-
ing off of the self-associations of both PVPh and phenoxy.
As a result, the negative maximum Tg deviation is observed
of these PVPh/phenoxy blends.

FTIR Analyses

FTIR measurements provide further information concerning
the specific interaction existing in polymer blend systems.
The hydroxyl stretching in the infrared spectrum is sensitive
to the hydrogen bonding formation. Figure 6 shows scale-
expanded infrared spectra in the range 2700–4000 cm−1 of
PVPh and phenoxy recorded at various temperatures. The
ratio of free hydroxyl stretching area (Af) can be using the
iterative least-square computer program that has been used
to obtain the best fit of the recorded spectrum in this region.
A linear baseline was drawn from 4000 to 3100 cm−1 to
facilitate the curve fitting procedure. It was confirmed that
there are three Gaussian peaks in this hydroxyl-stretching
region [32]. Figure 6(a) shows that the PVPh has the absorp-
tion band at 3540 cm−1 that is attributed to the free hydroxyl.
Broad bands at 3470 cm−1 and 3360 cm−1 are assigned
as the wide distribution of dimmer and multimer hydrogen
bonded hydroxyls at 150 ◦C, respectively. Meanwhile, in
Figure 6(b), the peak of the pure phenoxy at 3580 cm−1

is contributed by the free hydroxyl while the broad bands
observed at 3510 cm−1 and 3420 cm−1 are attributed to a
wide distribution of dimmer and multimer hydrogen bonded
hydroxyls. The change of the infrared spectra shown in Fig-
ure 6 agrees with the expectation of decreasing number of
the hydrogen bonded hydroxyl at a higher temperature that
has been well-documented. Figure 7 shows scale-expanded
infrared spectra in the range 2700–4000 cm−1 of various
PVPh/phenoxy blends recorded at 150 ◦C. We choose IR
spectra at 150 ◦C because this temperature is above Tgs of
both components and therefore, it is reasonable to assume
that an equilibrium condition for specific interaction is ob-
tained. The ratio of the area of the free hydroxyl absorption
to the total area of the hydroxyl absorption, Af, is used here
as an index to infer the extent of the free hydroxyl existing in
a blend. The frequency ν, the width at half-height w1/2, and
the Af of the free hydroxyl band are presented in Table 2
and Figure 8. Figure 8 shows that the trend of Af matches
well with Tg behavior over the entire compositions. The
higher Af value implies less amount of hydrogen bonding
between PVPh and phenoxy. PVPh/phenoxy = 90/10 and
30/70 show two maximum Af and two minimum Tgs. There-
fore, these two compositions give the maximum negative
Tg deviation that are consistent with the lowest Af values.
Interestingly, the glass transition temperature behavior at
PVPh/phenoxy= 50/50 obeys the additive rule. This partic-
ular composition has highest fraction of hydrogen bonding
that is also consistent with FTIR results. This obtained result
confirms that the Tg reduction is due to the increased fraction
of the free hydroxyl in PVPh/phenoxy blends.
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(a) (b)

Figure 6. FTIR spectra of the hydroxyl-stretching range of the (a) pure PVPh and (b) pure phenoxy at various temperatures.

Figure 7. FTIR spectra recorded at 150 ◦C at 4000 cm−1–2700cm−1 re-
gion for PVPh/phenoxy blends: (a) 100/0; (b) 90/10; (c) 80/20; (d) 70/30;
(e) 60/40; (f) 50/50; (g) 40/60; (h) 30/70; (i) 20/80; (j) 10/90; (k) 0/100.

Table 2. Curve-fitting from IR spectra at 150 ◦C of PVPh, phenoxy and
their blend

Composition Free hydroxyl

(PVPh/phenoxy) ν (cm−1) w1/2 (cm−1) Af (%)

100/0 3541.7 68.3 10.3

90/10 3544.5 76.3 17.5

80/20 3547.6 72.9 17.1

70/30 3551.9 74.6 15.6

60/40 3555.7 72.0 14.2

50/50 3555.6 71.6 13.8

40/60 3563.8 66.5 16.3

30/70 3580.2 49.7 18.9

20/80 3573.1 53.0 14.2

10/90 3580.2 47.5 16.4

0/100 3578.3 73.2 11.3

ν: wavenumber; w1/2: half-height width; Af: free hydroxyl area ratio.

Solid State NMR Analyses

Solid state NMR spectroscopy can also provide information
on the specific interaction of polymer blends involving the
hydrogen bonding formation. The 13C CP/MAS spectra of
pure PVPh, phenoxy and their blends are shown in Fig-
ure 9. The pure PVPh has six major resonance peaks and
the hydroxyl-substituted carbon in the phenolic ring (C-6)
is at 153.2 ppm. Seven peaks can also be observed from the
phenoxy, and the resonance at 69.4 ppm is from the hydroxyl



92 Shiao-Wei Kuo et al.

carbon (C-7). The main peak assignments for PVPh and phe-
noxy shown in Figure 9 are given in Figure 1. The hydrogen
bonding donated carbon produces a small perturbation to the
magnetic shield on the nucleus and results in a downfield
chemical shift compared with the ones without the hydrogen
bonding formation. On the contrary, the electron-accepted
carbon tends to shift upfield in the chemical shift. Figure 10
shows the chemical shifts of the hydroxyl-substituted carbon
in PVPh (C-6) and in phenoxy (C-7). The C-6 resonance
of the PVPh component shifts downfield gradually with

Figure 8. Tg and Af versus phenoxy content of the PVPh/phenoxy blends.

Figure 9. 13C CPMAS spectra at room temperature for PVPh/phenoxy
blends: (a) 100/0; (b) 90/10; (c) 80/20; (d) 70/30; (e) 60/40; (f) 50/50;
(g) 40/60; (h) 30/70; (i) 20/80; (j) 10/90; (k) 0/100.

Figure 10. Composition dependence of the chemical shift of hydroxyl
group of PVPh (") and the hydroxyl substituted carbon of phenoxy (2)
in the PVPh/phenoxy blends.

increasing phenoxy content. On the contrary, the C-7 res-
onance of the phenoxy shifts upfield with increasing PVPh
content, indicating that the hydroxyl group of the phenoxy
tends to be an electron-accepted carbon. Taking into account
these two relatively magnitudes of inter- and self-association
equilibrium constants of PVPh and phenoxy, the KA/KC =
3.97 of the phenoxy is greater than the KA/KB = 1.52 of
PVPh, indicating that the inter-hydrogen bonding formation
is more favorable for the phenoxy polymer chain. As a re-
sult, the hydroxyl-substituted carbon of the phenoxy shifts
upfield due to the electron density drawing into the phenoxy
polymer chain. This result is also consistent with previous
infrared spectra and Tg behavior that the hydrogen bonding
exists between these two polymers.

Conclusions

PVPh and phenoxy are completely miscible in the amor-
phous phase over the entire composition range due to
the inter-association hydrogen bonding from the hydroxyl
of PVPh and the hydroxyl of phenoxy. FTIR and solid-
state NMR studies provide positive evidence of the inter-
hydrogen bonding formation between these two self-
associating polymers. According to Painter–Coleman as-
sociation model, the inter-association equilibrium constant
for the PVPh/phenoxy blend is significantly higher than
self-association equilibrium constants of PVPh and phe-
noxy, indicating that the hydrogen bonding between PVPh
and phenoxy is more favorable than the self-association
hydrogen bonding of PVPh or phenoxy.
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