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a b s t r a c t

The molecular dynamics of solutions of poly(2-vinylpyridine) (P2VPy) and a series of low molecular
weight phenols containing from one to six hydroxyl groups were investigated using broadband dielectric
spectroscopy (DRS). Dynamic mechanical analysis, Fourier transform infrared spectroscopy, differential
scanning calorimetry, small-angle X-ray scattering and wide-angle X-ray diffraction were employed in
a complementary role. Segmental relaxation times for the a processes of all solutions follow expectations
from Tgs derived from DSC experiments. For three of the model mixtures at 30 and 50 mol% [i.e., those
containing bis (4-hydroxyphenyl) methane, 2,6 dihydroxynaphthalene, and 2,2-methylenebis[6-(2-
hydroxy-5-methylbenzyl)-p-cresol] significantly broadened dielectric a relaxation time distributions
were observed, indicating dynamic heterogeneity. On the other hand, 4-ethyphenol–P2VPy solutions
display dynamic homogeneity. P2VPy with 10 mol% 2,3,3,4,4,5-hexahydroxybenzophenone behaved
differently than all mixtures investigated in this study: it displayed a Tg (and Ta) significantly higher than
that of the neat components, a small SAXS scattering peak, and an additional dielectric relaxation that we
propose originates from Maxwell–Wagner–Sillars interfacial polarization. We propose that this behavior
is a result of a phase separation of different types of hydrogen-bonded complexes, one rich in P2VPy and
the other involving the type of 2,3,3,4,4,5-hexahydroxybenzophenone hydrogen-bonded structures
found in the neat state. Intermolecular hydrogen bonding in all of the P2VPy–phenol mixtures
suppresses, in some cases completely, the local P2VPy b relaxation by decreasing the mobility of the
pyridine side groups.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The associative interactions of the hydrogen bond have been of
key interest for many years and have been widely studied. Inter-
molecular hydrogen bonding is well known to have an important
effect on the miscibility of polymer blends and polymer–small
molecule mixtures [1–15], damping concentration fluctuations and
coupling the components’ segmental relaxations. Hydrogen bonds
serve as ‘stickers’ and the blend (or solution) can be considered
a transient network. Supramolecular assemblies [16–18] and
polymer complexes [19–22] can be also created through strong
intermolecular hydrogen bonds.

The investigation of the influence of small molecules (‘‘plasti-
cizers’’ or ‘‘anti-plasticizers’’) on the mobility of concentrated
ersity, Thailand.
, VA, USA.

All rights reserved.
polymer mixtures has practical importance in a number of areas,
including mechanical behavior and mobility (and permeability) of
small molecules in the glassy state. For example, intercomponent
hydrogen bonding in P2VPy [and poly(methyl methacrylate)] –
silica nanocomposites was found to lead to an increase Tg and
suppression of physical aging in glassy state [23,24]. Hydrogen
bonding is also intimately involved in the anti-plasticizing effect of
glycerol on trehalose, leading to a significant increase in preser-
vation times for proteins stored in such formulations [25].

Investigations of intermolecular coupling on the dynamics of
polymers mixtures have frequently used dielectric spectroscopy. A
dielectric relaxation associated with transient hydrogen bonds in
polyisobutylene modified with urazoylbenzoic acid groups [26,27],
in supramolecular assemblies composed of small molecules linked
with hydrogen bonds [17], and in sulfonic acid modified polystyrene
[28] have been observed at temperatures above the segmental
a process. In addition, it has been found that the local dielectric
b process can be suppressed in blends when strong intermolecular
hydrogen bonding is present [12–14]. Intermolecular hydrogen
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Fig. 1. Chemical structures of P2VPy, EPh, BPM, DHN, MHM and HDP.
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bonds have also been observed to slow down relaxation times and
increase the fragility of the segmental a process in polymer blends
[13–15].

In the present study we explore the effects of addition of low
molecular weight phenols (containing from one to six hydroxyl
groups) on the dynamics of a host polymer. Poly(2-vinyl pyridine)
(P2VPy) was chosen for this study because of the proton acceptor
ability of the pyridine pendant group, facilitating the formation of
hydrogen bonds with proton donor molecules [16,22,29–32].

2. Experimental

2.1. Materials and sample preparation

Poly(2-vinylpyridine) (P2VPy) with Mw w 100,000 was
purchased from Scientific Polymer Products. Bis (4-hydroxyphenyl)
methane (BPM), 2,6 dihydroxynaphthalene (DHN), and 4-ethy-
phenol (EPh) were obtained from Aldrich. 2,2-methylene bis
[6-(2-hydroxy-5-methylbenzyl)-p-cresol] (MHM) and 2,3,3,4,4,5-
hexahydroxybenzophenone (HDP) were purchased from TCI,
America. The structures of these hydroxyl-containing molecules are
provided in Fig. 1 and their glass transitions, melting temperatures
and calculated dipole moments are provided in Table 1. Tgs in Table 1
Table 1
Estimated glass transition temperatures, experimental melting points and calcu-
lated dipole moments for EPh, BPM, DHN, MHM, and HDP.

Material Estimated Tg (�C) Tm (�C) Calculated dipole moment (D)

P2VPy 107 – 1.95
EPh �28 45 1.50
BPM 62 162 3.09
DHN 110 225 0.001
MHM 74 178 4.90
HDP 28 115 7.23
were estimated from Tg¼ Tm/1.3 [12], since they could not be
determined directly due to extensive crystallization of the small
molecules on cooling. All but DHN can be considered plasticizers for
P2VPy, as their estimated Tgs are lower than P2VPy, but only DHP
(Tg w 28 �C) and EPh (Tg w�28 �C) have very significantly different
intrinsic mobilities compared to P2VPy (Tg w 107 �C).

Dipole moments of the VPy monomer and small molecules were
determined using quantum chemical calculations performed using
Gaussian 03 [33]. Geometry optimizations were carried out both
using density functional theory (DFT) with the B3LYP functional
Fig. 2. Glass transition temperatures for P2VPy mixtures as a function of weight
fraction of small molecules. Solid and unfilled symbols are Tgs obtained from DSC and
DRS, respectively. Solid lines indicate the Tgs estimated from the Fox equation.



a b

c d

e

Fig. 3. FTIR spectra of P2VPy mixed with (a) EPh (b) BPM (c) DHN (d) MHM and (e) HDP at 10, 30 and 50 mol%.

Fig. 4. WAXD patterns of P2VPy mixtures containing 10 and 50 mol% phenolic diluents.

P. Atorngitjawat et al. / Polymer 50 (2009) 2424–24352426



a b

Fig. 5. SAXS profiles of (a) P2VPy/HDP at 10, 30 and 50 mol% of HDP and (b) P2VPy mixed with 10 mol% of EPh, DHN, MHM and HDP.
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and via Møller–Plesset (MP2) calculations. The values from both
approaches agree quite well, and the values displayed in Table 1 are
those from DFT. Note that these values are essentially gas phase
moments at 0 K. For the two cases where dipole moments are
reported in the literature, the calculated values agree very well with
the moments measured in benzene solution (i.e., VPy¼ 2.04 D at
25 �C [34] and EPh¼ 1.58 at 27 �C [34] and, in a separate pub-
lication¼ 1.78 at 30 �C [35]). The near-zero magnitude obtained for
DHN is consistent with its planar and rotationally symmetric
geometry, although this may not persist in the liquid phase.

P2VPy/BPM, P2VPy/DHN, and P2VPy/EPh mixtures were
prepared by mixing (with stirring) P2VPy in methanol with 10, 30
and 50 mol% of BPM, DHN, and EPh in methanol for 24 h. P2VPy/
MHM and P2VPy/HDP mixtures were prepared by mixing P2VPy
with MHM and HDP in DMF. All concentrated polymer solutions
were prepared in film form by evaporating the respective solvent.
Films were heated to 120 �C under vacuum for 24 h to remove
solvent and water.

2.2. Differential scanning calorimetry (DSC)

Glass transition temperatures (Tg) were determined using a TA
Instruments Q100 DSC. Temperature was calibrated using an
indium standard. The sample films were cut and weighed from 7 to
10 mg. Samples were first heated from 40 �C to 150 �C at a heating
rate of 10 �C/min, and cooled at 40 �C/min to 30 �C. Samples were
held at 30 �C for 5 min, and then reheated to 200 �C at a heating
rate of 10 �C/min. Results shown in this paper are taken from the
last step.

2.3. Fourier transform infrared spectroscopy (FTIR)

Infrared spectra were obtained using a Bio-Rad FTS-6 spec-
trometer, signal averaging 128 scans at a resolution of 2 cm�1.
Samples were prepared by depositing sample solutions on KBr
windows and the solvent evaporated at room temperature, fol-
lowed by gradually heating to 120 �C, and then maintaining at
120 �C under vacuum for 24 h.

2.4. Wide-angle X-ray diffraction (WAXD)

WAXD patterns were acquired using a Scintag Pad V diffrac-
tometer, operated with CuKa radiation (l¼ 0.154 nm) at 35 kV and
30 mA. The sample films were scanned continuously at a scanning
rate of 2�/min and over a 2q range from 5 to 40�.
2.5. Small-angle X-ray scattering (SAXS)

The SAXS profiles were collected on a molecular metrology
SAXS instrument using a CuKa radiation source (l¼ 0.154 nm) and
a two-dimensional multi-wire detector. The scattering vector (q)
was calibrated with silver behenate. A parallel ionization detector
was placed in front of the samples to record the incident and
transmitted intensities. The sample to detector distance was 1.5 m.
Data were acquired for 2 h and azimuthally averaged to yield a one
dimensional profile of intensity I(q) vs. scattering vector q (q¼ (4p/
l)sin q, where l is the X-ray wavelength and 2q is the scattering
angle).

2.6. Dynamic mechanical analysis (DMA)

Dynamic mechanical properties in tensile mode were acquired
using a TA Q-800 DMA, at a frequency of 1 Hz and a heating rate of
5 �C/min. The storage (E0) and loss moduli (E00) were determined as
a function of temperature (from 50 to 200 �C) for rectangular films
(18 mm� 5 mm� 0.1–0.3 mm).

2.7. Broadband dielectric relaxation spectroscopy (DRS)

Dielectric relaxation spectra were collected isothermally using
a Novocontrol GmbH Concept 40 broadband dielectric spectro-
meter in the frequency domain from 0.01 Hz to 1 MHz in the range
of �60 �C–190 �C. Temperature stability was controlled within
�0.2 �C. Sample films were sputtered with gold, covered by silver
sheets and tightly sandwiched between electrodes of 2 cm
diameter.

2.7.1. Data processing
The relaxation time smax and dielectric relaxation strength D3

were obtained by fitting the isothermal dielectric loss 300(f) curves
with the Havriliak–Negami (HN) function. The sum of multiple HN
functions and a dc loss contribution were used to fit the experi-
mental loss curves [36]:

3*ðuÞ ¼ 30ðuÞ � i300ðuÞ ¼ 3N � i
s0

ð30uÞs
þ
X D3�

1þ ðisHNuÞm
�n

(1)

where 3*, 30, and 300 are the complex, real and imaginary components
of the dielectric permittivity, respectively; the relaxation strength
D3 ¼ 3N � 3s; where 3N and 3s are the dielectric constants at
limiting high and low frequencies, respectively; s0 is the dc
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Fig. 6. Relaxation times of the a process as a function of temperature for P2VPy and all mixtures. Dashed lines indicate VFT fits.
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conductivity (S/cm); u is the angular frequency; sHN is the char-
acteristic relaxation time; and m and n are shape parameters,
indicative of the breadth of the relaxation and peak asymmetry,
respectively. The exponent s characterizes the conduction process.

In some circumstances, dielectric constants were transformed
into the dielectric loss factor via a numerical version of the Kram-
ers–Kronig (KK) transform [37,38]:
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The KK transform used here utilizes an 8-point numerical method
and the coefficients developed by Steeman and van Turnhout [38].
3. Results and discussion

3.1. Glass transition behavior

A single Tg was observed for all P2VPy mixtures suggesting
that mixing is relatively homogeneous. Tgs determined directly
from DSC were very similar to those estimated from DRS using



Table 2
VFT fit parameters for P2VPy and all mixtures.

Sample VFT parameters

T0 (�C) B (eV)

P2VPy 22 0.22
10 EPh �39 0.28
30 EPh �47 0.24
50 EPh �47 0.22
10 BPM 2 0.23
30 BPM 19 0.18
50 BPM 14 0.17
10 DHN 2 0.24
30 DHN 34 0.18
50 DHN 36 0.19
10 MHM 31 0.22
30 MHM 47 0.18
50 MHM 51 0.16
10 HDP 71 0.19
30 HDP �2 0.25
50 HDP �30 0.30
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VFT parameters (Tg
DRS¼ Tref) [28], as shown in Fig. 2. Experimental

Tgs follow predictions from the classic but rather restrictive Fox
equation [39] surprisingly well, particularly considering the
approximate values of the small molecule Tgs. The only exception
is P2VPy–10 mol% HDP: this blend displays a Tg much higher
(129 �C) than those of neat P2VPy (107 �C) and HDP (w28 �C).
This is most probably due to complex formation that is a result of
strong intermolecular hydrogen bonding, as observed previously
for poly(4-vinylphenol)–P2VPy complexes [5,14]. In hydrogen-
bonded systems, this type of S-shaped Tg/composition curve has
been shown to be a result of a balance between self-association
(i.e., OH–OH hydrogen bonds) and inter-association terms (OH–N
hydrogen bonds). Why the 30% and 50% HDP mixtures behave
differently is unclear at present, but it is well known that complex
formation is sensitive to preparation conditions [16]. For clarity,
the P2VPy/HDP mixtures are generally discussed separately later
in this paper.

3.2. Hydrogen bonding

3.2.1. FTIR
FTIR spectroscopy was used to characterize the type and

strength of hydrogen bonding between the components of the
mixtures through an examination of the OH stretching region of the
spectrum between 3600 cm�1 and 2400 cm�1, as shown in Fig. 3.
The spectra of the pure phenolics are complex in their own right,
with even the simplest phenolic, EPh, displaying a number of broad
overlapping bands in this region of the spectrum (Fig. 3a) [40,41].
However, in terms of what we need to consider here, the most
important observation is that in simple phenolics the strongest
band is observed near 3330 cm�1 and is characteristic of phenolic
OH groups hydrogen bonded to one another in the form of chains
[41,42]. The spectra of BPM are similar (Fig. 3b), but the OH
stretching band in dihydroxynaphthalene, DHN, is observed at
somewhat lower wavenumber (w3250 cm�1, Fig. 3c), with
a noticeable asymmetric broadening on the high wavenumber side.
The shift to lower frequency indicates that there are hydrogen
bonds in this phenolic that are stronger than those found in EPh,
but these are just one component of a distribution that also
includes weaker hydrogen-bonded groups. The spectrum of MHM,
a molecule that essentially has four cresol molecules linked by
methylene groups, also displays a similar, strongly hydrogen-
bonded OH stretching mode (Fig. 3d). These types of molecules
form calixarene-like structures with strong intramolecular
hydrogen bonds that result in a band near 3250 cm�1 [42]. Finally,
HDP, which contains three OH groups on each aromatic ring,
displays a prominent band centered near 3150 cm�1, as shown in
Fig. 3e, presumably as a result of the formation of some very
strongly hydrogen-bonded complex.

When mixtures of these phenolic molecules with P2VPy are
formed, some of the phenolic OH–OH hydrogen bonds are replaced
by OH–N hydrogen bonds to an extent that depends upon
composition. The latter hydrogen bonds are very strong and the OH
stretching mode shifts to near 3000 cm�1, where it overlaps with
the CH stretching modes of P2VPy [40], as can be seen in the spectra
shown in Fig. 3a–e. These intermolecular hydrogen bonds are so
strong that in ethyl phenol/P2VPy mixtures, essentially all the OH–
OH hydrogen bonds are replaced by OH–N hydrogen bonds, even in
those mixtures with the highest concentration of EPh (50%). In
BPM/P2VPy blends, however, some OH–OH hydrogen-bonded
groups become apparent as the concentration of this phenolic in
the mixtures is increased. As might be expected, in the spectra of
the remaining phenolic/P2VPy blends, where the OH–OH hydrogen
bonds are stronger, the equilibrium distribution of OH–OH and OH–
N hydrogen bonds is different, with some OH–OH hydrogen bonds
being apparent, even in the spectra of the 10% phenolic/P2VPy
mixtures. Interestingly, most of these OH–OH hydrogen bonds are
weaker than those found in the pure phenolic parent materials,
with broad bands centered near 3350 or 3400 cm�1, similar to the
OH band profile of neat EPh. The exception to this appears to be
P2VPy/HDP mixtures, which we will discuss in more detail below,
but in general it appears that the formation of complexes or
structures with strong OH–OH hydrogen bonds is inhibited in the
presence of P2VPy.

3.2.2. WAXD
Fig. 4 displays the X-ray diffraction patterns for 10 and 50 mol%

solutions of the small molecules in P2VPy (diffraction patterns from
the 30% mixtures are similar). The absence of crystalline diffraction
peaks indicates that the small molecules are relatively well
dispersed in the host polymer. Two amorphous halos were
observed for neat P2VPy, and the lower angle halo has been
assigned to arise from the mean intermolecular distance between
the chains and the second to either the mean interpendant or
intrapendant group distance [43–46]. The peak intensity of the
higher angle halo has been found to be more prominent compared
to the lower angle halo for polymers containing phenyl pendant
groups such as polystyrene and its derivative [30,31,47], as well as
P2VPy and P4VPy [43,44,48]. This is due to the more ordered-glassy
structures when the intra-phenyl interactions between intrachain
and interchain phenyl groups are present. The location of the
amorphous halos remains approximately the same for all mixtures
in this study.

3.2.3. SAXS
No scattering maximum was observed for any of the P2VPy/EPh,

P2VPy/BPM, P2VPy/DHN and P2VPy/MHM solutions (Fig. 5), indi-
cating no discernable microphase separation at the length scales
ranging from 5 to 40 nm.
3.3. Dielectric relaxation of mixtures

3.3.1. Segmental relaxations
Fig. 6 presents the relaxation times smax of the segmental

a processes as a function of temperature for five mixtures under
consideration. The relaxation times of all samples are well fit by the
Vogel–Fulcher–Tammann (VFT) relation [49], with s0 fixed at
10�14 s. The fitting parameters B and T0 are provided in Table 2.
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3.3.1.1. P2VPy/EPh. The segmental relaxation times of all three
P2VPy/EPh solutions are faster than that of neat P2VPy and increase
with increasing EPh concentration. The breadth of the segmental
relaxation time distribution of P2VPy/EPh remains the same as neat
P2VPy (Fig. 7a, for T� Tg¼ 40 �C). The slight broadening at high
frequencies is due to the low-frequency tail of the local b relaxation
process. The same behavior has been observed for mixtures of
PVME with EPh, and was attributed to the absence of interchain
cooperativity in the small molecule portion of the mixture and the
promotion of a homogeneous environment encouraged by inter-
molecular hydrogen bonding between P2VPy and EPh [12]. The
relaxation strengths for the fitted a processes were unusually
variable and so are not provided in this paper. The relaxation
strength for neat P2VPy was found to vary from approximately 12
a

c

e

Fig. 7. Normalized segmental loss of (a) P2VPy/EPh, (b) P2VPy/BPM, (
at 110 �C–7.5 at 150 �C, in keeping with previous measurements
[14].

3.3.1.2. P2VPy/BPM, P2VPy/DHN and P2VPy/MHM mixtures. Relaxation
times of P2VPy/BMP are faster than that of neat P2VPy. Those for
P2VPy/DHN are almost the same as neat P2VPy for 10 and 30 mol%,
and become slightly faster at 50 mol%. The a process for P2VPy/MHM
at 10 mol% is slightly slower than neat P2VPy, almost the same at
30 mol% and becomes slightly faster at 50 mol% (Fig. 6). This behavior
is consistent with results from DSC experiments discussed earlier.
Moreover, the breadths of the a relaxations of P2VPy/BPM, P2VPy/
DHN and P2VPy/MHM mixtures increase with concentration of the
low molecular weight diluents and are broader than for neat P2VPy,
particularly at 30 and 50 mol%, as seen in Figs. 7 and 8. Therefore in
b

d

c) P2VPy/DHN, (d) P2VPy/MHM and (e) P2VPy/HDP at Tgþ 40 �C.



P. Atorngitjawat et al. / Polymer 50 (2009) 2424–2435 2431
contrast with P2VPy/EPh, this suggests that BPM, DHN and MHM
solutions in P2VPy at concentrations above 10 mol% exhibit some
degree of dynamic heterogeneity [10,11].

3.3.2. Local b relaxations
P2VPy exhibits a strong and broad local relaxation due to the

rotation of pyridine side groups [48]. Fig. 9 presents the dielectric
a

b

c

Fig. 8. Normalized segmental loss for mixtures with (a) 10 mol%, (b) 30 mol% and (c)
50 mol% of EPh, BPM, DHN, MHM and HDP at Tgþ 40 �C.
loss spectra for some selected solutions at �20 �C, normalized by
the concentration of P2VPy in the solutions. The normalized
strength of the b process decreases significantly with increasing
diluent concentration, with the exception of the 30 and 50% EPh
solutions for which the strengths appear to increase substantially
(Fig. 10). We will return to the apparently anomalous behavior of
the EPh solutions in the next paragraph. Fig. 10 shows that D3(b) is
strongly suppressed by the addition of DHN, BPM, MHM, HDP. In
fact, the b relaxation is completely suppressed for the 50 mol% BPM
and DHN solutions, and the 30 and 50 mol% MHM and HDP solu-
tions. As seen for P2VPy blends with poly(vinyl phenol) [14], strong
intermolecular hydrogen bonding results in suppression of the
local rotations of the pyridine groups responsible for the b relaxa-
tion of P2VPy. Such suppression can have important ramifications
to the mechanical properties, physical aging, and permeability in
the glassy state as noted in the Introduction. In addition, the
presence of two or more hydroxyl groups per diluent molecule may
lead to the formation of transient crosslinks between chains.

Returning to the EPh mixtures, Fig. 10a shows that D3(b) for the
30 and 50 mol% solutions appears to increase significantly with
temperature. To develop an understanding of the origin of this, the
dielectric relaxation behavior of neat EPh was measured, for the
first time to the authors’ knowledge. At temperatures below the Tg

of EPh, neat EPh exhibits a very strong local relaxation (Fig. 11a),
which can be compared with previous findings for isoeugenol
(which has a structure similar to EPh) in which a similar transition
was assigned to a Johari–Goldstein (JG) relaxation [53]. The JG
relaxation involves the entire molecule and behaves similarly to the
a relaxation. Comparison of the dielectric loss of neat P2VPy and
EPh with the 30 and 50 mol% EPh solutions is shown in Fig. 11b.
This clearly demonstrates the overlap of the P2VPy local motion
with the JG relaxation of neat EPh, leading to the increase in
strength in the 30 and 50 mol% mixtures. Therefore the apparent
increase in D3(b) with temperature and EPh content is associated
with the increasing contribution of EPh b process.

The relaxation times of the ‘residual’ P2VPy b processes follow
the expected Arrhenius temperature dependence, as displayed in
Fig. 12. The activation energies, Ea(b), and relaxation strengths at
�20 �C are provided in Table 3. Ea(b) for all but the BPM solutions
are significantly higher than that of neat P2VPy, consistent with the
influence of intermolecular H-bonding. Why Ea of the remaining
local processes of the 10 and 30% BPM solutions does not behave in
the same fashion is unclear, but is perhaps associated with the
relatively flexible carbon single bond linkage between the two BPM
phenol groups (Fig. 1).
3.4. P2VPy/HDP mixtures

3.4.1. Structural and spectroscopic evidence
The 30 and 50% P2VPy/HDP solutions do not exhibit any SAXS

scattering peaks in the q range interrogated, but exhibit a strong
increase in intensity at low q (Fig. 5a), similar to what is observed
for ion-containing polymers [50,51] and phase separated poly-
urethanes e.g. [52]. The upturn in scattering intensity at very small
angles presumably arises from spatial heterogeneity induced by the
presence of hydrogen bond complexes [21]. P2VPy/10HDP exhibits
a small scattering peak at q z 0.06 Å�1, which corresponds to
a mean inter-domain spacing of w10 nm (Fig. 5a). Hydrogen-
bonded mixtures possessing strong hydrogen bond linkages have
been reported to exhibit SAXS peaks indicative of phase separation
[21]. Based on DMA and FTIR results to be discussed shortly, we
propose that P2VPy/10HDP exhibits some degree of phase separa-
tion, possibly as a result of a competition involving the formation of
different types of hydrogen-bonded complexes.
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a b

Fig. 9. Dielectric loss spectra normalized by P2VPy concentration at �20 �C for (a) P2VPy/EPh (b) P2VPy/DHN and (c) P2VPy/MHM at 10, 30 and 50 mol%.

a b

dc

Fig. 10. Dielectric relaxation strengths for the b processes of (a) P2VPy/EPh at 10, 30 and 50 mol% EPh, (b) P2VPy/BPM at 10, 30 mol% BPM, (c) P2VPy/DHN at 10, 30 mol% DHN and
(d) P2VPy with 10 mol% EPh, BPM, DHN, MHM and HDP.
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Fig. 11. Dielectric loss spectra for (a) neat EPh at selected temperature below �30 �C
and (b) neat P2VPy compared to neat EPh, P2VPy mixed with 30 and 50 mol% EPh at
�20 �C.

a

b

Fig. 12. (a) Temperature dependence of the b relaxation times of P2VPy and the
mixtures. Dotted lines indicate Arrhenius fits.
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Consistent with DSC observations, DMA results demonstrate
that the mechanical a relaxation of P2VPy/10HDP is located at
a higher temperature relative to neat P2VPy (Fig. 13). The presence
of an extended rubbery plateau in E0 suggests that P2VPy/10HDP
imparts some physical crosslinking above Tg in this mixture.
However no transitions above the a relaxation are observed.

The changes in hydrogen bonding as a function of composition
in blends of P2VPy with HDP are somewhat different than in
mixtures with other phenolics. This is a result of the unusually
strong OH–OH hydrogen bonds that are formed between HDP
molecules. As a result, even at low concentrations of HDP in the
mixtures (10%), the band due to HDP hydrogen-bonded complexes
near 3150 cm�1 is still present and overlaps a band near 3400 cm�1,
characteristic of the type of OH–OH hydrogen bonds found in
simpler phenolics like EPh. As the concentration of HDP is
increased, the formation of HDP/P2VPy hydrogen-bonded species
appears to increase and the center of the very broad profile made
up of various OH–OH and OH–N hydrogen-bonded species, shifts to
lower frequencies. We suggest that the small scattering peak at
q z 0.06 Å�1 observed in the 10% mixtures of HDP with P2VPy is
a result of a phase separation of different types of hydrogen-bonded
complexes, one rich in P2VPy and the other involving the type of
HDP hydrogen-bonded structures found in the pure state.
3.4.2. Dynamics of P2VPy/HDP
3.4.2.1. b process. The measured relaxation strengths provided in
Fig. 10d demonstrate that the local glassy state process P2VPy/
10HDP is strongly suppressed, and that of the 30 and 50 mol% HDP
solutions is completely suppressed. D3(b) for the 10% HDP solution
is significantly lower than that of the other 10% solutions (Table 3),
due to strong intermolecular hydrogen bonding, restricting the
rotation of pyridine groups responsible for the b process.

3.4.2.2. a process. The 30 and 50 mol% HDP solutions exhibit
segmental relaxation time behavior similar to that of the EPh, BPM,
DHN and MHM solutions. However, consistent with the DSC results
described earlier, P2VPy/10HDP relaxes much more slowly than neat
P2VPy and the other mixtures (Fig. 6e). The segmental process of
P2VPy/10HDP is slightly broader than that of neat P2VPy at
Tgþ 40 �C, while the normalized segment loss processes of the 30
and 50 mol% HDP solutions are unchanged from neat P2VPy (Fig. 7e).

3.4.2.3. a2. Of the solutions under investigation here, P2VPy/
10HDP is the only one to exhibit an additional process, a2, at
frequencies between a and the manifestation of electrode polari-
zation, aEP (Fig. 14). The a2 relaxation emerges from the a process at
160 �C and moves to higher frequency with increasing temperature
(see the inset in Fig. 14). As noted earlier, a slightly extended plateau
in DMA and a rather high Tg suggest that P2VPy/10HDP contains



Table 3
b relaxation strength (normalized by the concentration of P2VPy) at �20 �C and
activation energy of the P2VPy mixtures.

Sample Ea(b) (kJ/mol) D3(b)/[P2VPy] at �20 �C

P2VPy 41 5.5
10 EPh 56 2.7
10 BPM 36 1.3
10 DHN 50 2.1
10 MHM 61 1.4
10 HDP 63 0.7
30 BPM 33 1.2
30 DHN 65 1.6

Fig. 14. 300KK spectrum vs. frequency for P2VPy/10HDP at Tgþ 40 �C. Inset: 300KK spectra vs.
frequency for P2VPy/10HDP at 150–180 �C.
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very strong intermolecular associations, perhaps even the forma-
tion of a complex. At first glance, it may seem reasonable to assign
the a2 process to the association and dissociation of a transient
hydrogen-bonded stickers (a*), as observed previously for SPS-H
[28]. A feature important to the a* processes of SPS and other H-
bonded systems that facilitates its assignment, is that D3(a*)
decreases with increasing temperature, arising from the reduction
in the number of transient hydrogen-bonded stickers [26,28,54].
However, the estimated increase in D3(a2) with increasing
temperature is not consistent with the assignment of this process
to a*. Instead, based on the SAXS scattering peak, we propose that
the a2 process is associated with Maxwell–Wagner–Sillars (MWS)
interfacial polarization, arising from regions within the matrix with
b

a

Fig. 13. Dynamic mechanical (a) storage and (b) loss modulus vs. temperature for
P2VPy and P2VPy/10HDP at 1 Hz.
different dielectric constant and conductivity [55]. A similar
process has been previously observed in sulfonated polystyrene
ionomers [56].

4. Summary

For all solutions except for P2VPy/10HDP, Tgs were found to
more or less follow the predictions of the simple Fox equation.
X-ray diffraction patterns exhibit only the two amorphous halos
associated with P2VPy, with no evidence of small molecule
crystallinity.

The significantly broadened dielectric a relaxation time distri-
bution of P2VPy solutions with BPM, DHN and MHM at 30 and
50 mol% is attributed to dynamic heterogeneity, whereas P2VPy/
EPh mixtures display dynamic homogeneity. P2VPy exhibits
a strong and broad local relaxation due to the rotation of pyridine
side groups. For all mixtures except 30 and 50% EPh where there is
overlap of the P2VPy b process with the JG relaxation of EPh, the
presence of small molecules containing multiple hydroxyl species
significantly suppress the P2VPy b motion due to the formation of
transient crosslinking, leading to a decrease in the number of free
pyridine groups.

P2VPy/10HDP was the only mixture exhibiting a significantly
higher Tg and Ta and a small SAXS scattering peak. An additional
dielectric a2 process was found at higher temperatures for P2VPy/
10HDP, which we propose can be assigned to an MWS relaxation.
We propose that this behavior is a result of a phase separation of
different types of hydrogen-bonded complexes, one rich in P2VPy
and the other involving the type of DHN hydrogen-bonded struc-
tures found in the neat state.
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