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ABSTRACT: The linear viscoelastic properties of blends of poly(vinyl methyl ether) (PVME) with poly-
(styrene) (PS), poly(styrene-stat-vinylphenol) (PSVPh) copolymers, and poly(vinylphenol) (PVPh) in differ-
ent proportions were measured over a wide temperature range (0—160 °C). All blends were miscible over the
temperature and composition ranges covered. The amount of hydrogen bonding was tuned by using
copolymers with varying mole fractions of vinylphenol units (10%, 20%, and 50%). The time—temperature
superposition principle (tTS) was used to create master curves from the rheological data. For some PS/PVME
and PSVPh/PVME blends there was a clear failure of tTS. In contrast, tTS was successful for all the PVPh/
PVME blends and PSVPh/PVME blends with higher vinylphenol content, despite much higher differences
between the component T,s. These results confirm that the dynamic response of two polymers can be
effectively coupled in the presence of sufficient hydrogen-bonding interactions, whereby the temperature
dependences of the two-component relaxation times become equivalent. By using an established model for
predicting the extent of hydrogen bonding, the concentration of hydrogen bonds necessary to couple the
dynamic behavior, as reflected by the success of tTS, was estimated. The size of the associated “control

volume” is comparable to the Kuhn length.

Introduction

Miscible polymer blends have been a topic of great interest
due to both their potential commercial usefulness and as a test
of current understanding of polymer thermodynamics and
dynamics. Even after many theoretical and experimental
studies,' > the dynamic behavior of polymer blends is still
incompletely understood compared to the corresponding pure
homopolymers. Typically, the temperature and composition
dependences of the monomeric friction factor §, characterizing
the friction experienced by a polymer segment, are distinct for
each component in the blend. This, in turn, leads to differing
temperature and composition dependences for the dynamics
for each component, at both the segmental and the global
chain level. Therefore, although the polymers are thermody-
namically miscible, this dynamic heterogeneity can lead to the
failure of time—temperature superposition (tTS), 1nd1cat1n%
that the blend components are relaxing at a different rates.
The broadening of the glass transition,'™"* including the
observation of two distinct transitions, and complex depend-
ences of blend viscosity on composition'*>" are other inter-
esting and related characteristics of miscible blends.

Many of the dynamics studies have been carried out on blends
where the components do not form hydrogen bonds, such as poly-
(ethylene oxide) (PEO)/poly(methyl methacrylate) (PMMA),>’
poly(styrene) (PS)/poly(vinyl methyl ether) (PVME),*' ¥ and poly-
(isoprene)/poly(vinylethylene).'%**~* Thermorheological complex-
ity has been observed for these nearly athermal blends when there
is substantial dynamic asymmetry, i.e., a large difference between
the glass transition temperatures of the pure blend components,
AT,. On the other hand, there are many miscible pairs in which
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the two components can interact via hydrogen bonding, includ-
ing poly(vinylidene fluoride)/PMMA,*'+? poly(styrene -co-vinyl-
phenol) (PSVPh)/spoly(propylene carbonate),* PSVPhgg)oly-
(vinylpyridine),**>” PVPh/PEO,*~*’ PVPh/PVME,* > and
PVPh/PMMA . It is possible that the presence of strong hydro-
gen bonding could lead to the coupling of the dynamic responses
of the component chains, such that “dynamic homogeneity” and
the successful application of tTS would be restored.

Thus, it is interesting to explore a series of blends where the
number of hydrogen-bonding interactions can be systematically
tuned. The model system of PVME as one component, and PS or
PVPh as the other, provides such an opportunity. If a statistical
copolymer of styrene and 4-vinylphenol is blended with pure PVME,
then the level of hydrogen-bonding interactions can be controlled by
simply changing the vinylphenol content in the copolymer as well as
by changing the blend composition. As strong hydrogen-bonding
interactions are present between the hydroxyl groups of PVPh and
the ether oxygens of PVME,> styrene simply acts as a hydrogen
bond diluent in this system, while miscibility is expected across the
entire composition range. Thermorheologcal complexity has been
well-documented for PS/PVME blends,* 7 whereas it has been
reported*™ that hydrogen-bonding interactions in PVPh/PVME
blends can lead to coupled segmental and/or chain relaxation. In this
report we document how increasing the number of hydrogen bonds
restores tTS. By applying a well-established model for hydrogen
bonding in polymer blends, we are able to relate the success of t TS to
a critical concentration of hydrogen bonds.

Experimental Section

Materials. Poly(vinylphenol) (PVPh) with M, ~ 10 000 g/mol
and a polydispersity index (PDI) of 1.1 was purchased from
Sigma-Aldrich, and poly(styrene) (PS) with M, ~ 12000 g/mol
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and a PDI of 1.05 was synthesized by Davidock. Three
statistical copolymers of styrene and vinylphenol were synthe-
sized by nitroxide-mediated polymerization (NMP) using
4-methoxy-2,2,6,6-tetramethylpiperidine-1-oxyl (MTEMPO)
as an initiator and benzoyl peroxide as a co-initiator, both
purchased from Sigma-Aldrich. Styrene and p-tert-butoxystyr-
ene were used as starting materials. After polymerization the
tert-butoxy groups were removed by hydrolysis with concen-
trated hydrochloric acid to leave the phenolic hydroxyl group.
As confirmed via "H NMR spectroscopy, greater than 99% of
the tert-butoxy groups were removed during deprotection.
More details of the synthesis procedure are provided in the
Supporting Information.®*®' All the copolymers had M, ~
10000 g/mol and PDI = 1.1. They are referred to as PSVPh90,
PSVPh80, and PSVPh50, where the number denotes the mole
percent of styrene in the copolymer.

Poly(vinyl methyl ether) (PVME) with M,, ~ 90000 g/mol
was purchased from Scientific Polymer Products. In order to
reduce the polydispersity, fractionation was carried out with a

Table 1. Properties of Polymers

polymer  VPh units® (mol %) M,” (kg/mol) polydispersity” T, (°C)
PVME 70 1.3 -25
PS 12 1.05 100
PVPh 100 10 1.1 174
PSVPh50 50 10 1.12 143
PSVPh80 20 9.5 1.08 114
PSVPh90 10 9.5 1.1 101

“By '"H NMR analysis. * By SEC measurements. ¢ From DSC mea-
surements.
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toluene (solvent)/n-hexane (nonsolvent) mixture. n-Hexane was
added dropwise to a 2 wt % solution of PVME in toluene, until
the solution became sufficiently cloudy. The solution was sub-
sequently heated until it once again became clear (7'~ 313 K). It
was then allowed to cool slowly to room temperature and
separate into two layers. The bottom layer was recovered and
dried under nitrogen.

Size exclusion chromatography (SEC) was used to determine
molecular weights and polydispersities. The separation was
achieved by passing the solution through three Phenomenex
Phenogel columns with the pore sizes of 103, 10*, and 10° A,
using THF as a mobile phase. A refractive index (RI) detector
(Wyatt Technology OPTILAB) and a light scattering (LS)
detector (Wyatt Technology DAWN) were used to determine
absolute molecular weights of the polymers. "H NMR measure-
ments were carried out on Varian solution state spectrometer
(300 MHz). The ratio of styrene and p-ferz-butoxystyrene in the
copolymer was calculated based on peak areas. Detailed calcu-
lations, along with representative spectra before and after
deprotection, are given in the Supporting Information. The
glass transition temperatures, molecular weights, and polydis-
persity indexes (M,/M,) of the polymers used in this study are
listed in Table 1.

Blend Preparation. Blends were prepared by codissolving
appropriate amounts of polymers in THF with 0.5 wt % of the
antioxidant 2,6-di-zert-butyl-4-methylphenol. Solutions were
then stirred overnight, and solvent was removed by evaporation
under flowing nitrogen. All the blends were further dried in a
vacuum oven above the 7}, of the blend, until constant weight was
achieved. All blend compositions in this article are reported as
weight percent.
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Figure 1. Master curves of G’ (a), G’ (W), and tan(0) (A) for PVME/PSVPh90 blends: (a) 90% PVME; (b) 75% PVME; (c) 60% PVME; (d) 50%

PVME. The reference temperature is 100 °C for each curve.
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Figure 2. Master curves of G’ (a), G” (W), and tan(0) (A) for PVME/PSVPh80 blends: (a) 90% PVME; (b) 75% PVME; (c) 60% PVME; (d) 50%

PVME. The reference temperature is 100 °C for each curve.

Differential Scanning Calorimetry. DSC samples were pre-
pared by sealing ~10 mg of material in aluminum hermetic pans,
provided by TA Instruments. DSC experiments were carried out
with a TA Instruments Q1000 equipped with a liquid nitrogen
cooling system. An empty hermetic pan was used as the refer-
ence in every case. The instrument was calibrated using an
indium standard (melting point —156.6 °C), and errors were
found to be less than 2% in the heat flow calibration. Helium
was used as a purge gas. To erase temperature history comple-
tely, all the samples were annealed at a temperature higher than
the 7, of both blend components. Samples were rapidly cooled
down to a temperature below the T,s of both components, at
rates higher than 40 °C/min over most of the temperature range.
DSC scans were then obtained during heating of the sample at a
ramp rate of 10 °C/min, which was followed by a cooling cycle
and second heating cycle at the same ramp rate. DSC scans
obtained during second heating were compared to first heating
scans and were found to be equivalent.

Rheological Measurements. Viscoelastic measurements were
carried out with an ARES rheometer using parallel plate
geometry. Depending upon the modulus of the blend and
its proximity to the glass transition temperature, either 25 or
7.94 mm diameter plates were used. The measurements were
carried out within the temperature range 0—160 °C, depending
upon blend composition. A maximum temperature of 160 °C
was chosen in order to avoid any possibility of phase separation
in PS/PVME blends and cross-linking of VPh units in the other
systems.®?> During measurement the sample was enclosed in a
convection oven, and the temperature was controlled by nitro-
gen gas. For temperatures below room temperature, a special
assembly allowing the use of liquid nitrogen was employed. The
temperature of the sample during measurements was always

kept within £0.3 °C of the set temperature. Before loading the
sample, the gap was zeroed at a certain reference temperature.
Sufficient sample was loaded on the plates so as to keep the gap
close to 1 mm. During the data analysis, the gap value was
adjusted in order to account for thermal expansion of the tools.
Strain sweep measurements were carried out to determine the
linear viscoelastic region prior to conducting frequency sweeps.

Fourier Transform Infrared Spectroscopy (FTIR) Measure-
ments. FTIR measurements were carried out on selected
PSVPh80/PVME and PSVPh50/PVME blends, which were of
the most interest. Blend samples were dissolved in methyl ethyl
ketone (2-butanone, 99.5+%, Sigma-Aldrich) at 2% (w/v) and
cast onto potassium bromide (KBr) windows for FTIR analysis.
The windows were left in a vacuum oven overnight at 100 °C to
remove residual solvent and water. The individual films were
then pressed between two KBr windows while still hot, to
achieve an even distribution of polymer over the entire area.
Films that best obeyed the Beer—Lambert law (maximum
absorption ~0.7 in the wavenumber range of interest) were used
in this study. Spectra were obtained as a function of temperature
using a temperature-controlled, custom-made, horizontal cell (to
prevent flow at high temperatures) and a Bio-Rad model FTS-45
Fourier transform infrared (FTIR) spectrometer. Spectra were
acquired at a resolution of 1 cm”!, with a minimum of 256
interferograms being signal averaged every 10 °C from 40 to 170 °C.

Results and Discussion

Rheological Measurements. The time—temperature super-
position principle (tTS) is based on the concept that all
polymer relaxations are derived from the same underlying
segmental motions and thus exhibit the same temperature



Article

90/10 blend

107 10° 10° 10* 10° 10° 10"
a o (rad/s)

10° 60/40 blend
= J
<
A 10%5
N
O ]
) J
10”4
10° : . : : : T . 10"
10° 10" ! 10° 10°

10
a o (rad/s)

Macromolecules, Vol. 43, No. 10, 2010 4817

10°4 | 75/25 blend

107? 10° 10°

10° 10" 10 10° 10° 107
a_o (rad/s)

Figure 3. Master curves of G’ (a), G’ (W), and tan(0) (A) for PVME/PSVPh50 blends: (a) 90% PVME; (b) 75% PVME; (c) 60% PVME; (d) 50%

PVME. The reference temperature is 100 °C for each curve.

dependence. Under tTS the frequency (w) dependence of the
complex modulus at two different temperatures is given by
the simple scaling

G*((U, T) = bTG*(aTa), TO) (1)

where T is the chosen reference temperature and aand by
are the shift factors. The horizontal shift factors a; were
determined by shifting tan(d) data until optimal superposi-
tion was observed. Subsequently, an independent vertical
shift b7, accounting for density variations, was applied to the
modulus data to obtain good master curves. The values of
the shift factors are tabulated in the Supporting Information.
The storage modulus (G’), loss modulus (G”), and tan(o)
master curves are shown in Figures 1, 2, and 3 for PVME
blended with PSPVPh90, PSPVPh80, and PSPVPh50, res-
pectively. All the master curves were created with a reference
temperature of 100 °C. The master curves for PS/PVME and
PVPh/PVME blends are provided in the Supporting Infor-
mation, as the viscoelastic properties of both of these systems
have been described previously.*”

As can be seen, both G’ and G” vary smoothly with
frequency and in a qualitatively similar manner in all cases.
However, in certain blends, good tan(d) master curves could
not be generated. For example, the master curve for the
PSVPh90/PVME 50/50 blend in Figure 1d shows a discre-
pancy in the mid-frequency regime. This failure of tTS
principle is very similar to that reported for PS/PVME by
Pathak et al.’” As summarized in Table 2, t TS was obeyed for
all the PSVPh50 and PVPh blends, whereas for PS,

Table 2. Applicability of Time—Temperature Superposition”

higher T, component

% w/wPVME PS PSVPh90 PSVPh80 PSVPh50 PVPh
10 v v v v v
25 v v v ) v
40 X X X Vv N
50 X X X Vv v

“/indicates successful {TS application whereas x indicates failure of t TS.

PSVPh90, and PSVPh80 blends with 40% or 50% PVME,
tTS failure was observed.

Differences in the temperature dependences of the rate of
relaxation of the two-component polymers in the blend lead
to the failure of tTS. Generally, such tTS failure is accen-
tuated when the component T,s are further apart. In this
scenario, the PVME/PVPh blends would show the most
prominent failure (AT, ~ 200 °C) and PS/PVME (AT, ~
125 °C) the least, but this is opposite to what is observed.
A recent study on PVPh blended with PVME also reported
thermorheological simplicity.>® It is possible to reduce the
mobility difference between the two different chains and
couple their segmental motions via hydrogen bonding. With
sufficient interactions, this could lead to all the chains
relaxing with the same underlying segmental times, and
tTS would be obeyed. Of course, the determination that
tTS “fails” or “succeeds” can have an element of subjectivity,
but Figure 4 shows the tan(d) master curves for different
systems with same PVME fraction (50 wt %) on an expanded
scale. The curves are arbitrarily shifted on the vertical scale
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Figure 4. Variation of tan(d) with frequency for different blends with
50% w/w PVME. The curves are shifted vertically for better resolution.
The curves are shifted on horizontal axis, but the circle on each curve
indicates a point where the reduced frequency is 1.

for better resolution. In the case of PS and PSVPh90,
hydrogen-bonding interactions are insufficient to couple
the dynamic response and a clear tTS failure is observed,
whereas for PSVPh50 and PVPh blends with more hydrogen
bonding, tTS is obeyed. The superposition improved with
the increase in the hydrogen-bonding interactions, finally
resulting in successful application of tTS. Thus, it can be
concluded that the dynamic response of the polymers can be
coupled with increasing hydrogen-bonding interactions, and
that this factor can outweigh the increase in AT,

Fourier Transform Infrared Spectroscopy. Infrared spec-
troscopy is widely used to study hydrogen bonding in poly-
mers. Significant frequency shifts and changes in the inten-
sities of various bands in the NH and OH stretching region of
the spectrum have been observed as a function of tempera-
ture. Initially, these changes were intergreted in terms of
large changes in absorption coefficients.”” However, bands
due to hydrogen-bonded groups are broad and there appears
to be a number of overlapping modes contributing in this
region of the spectrum. Recent studies of ethylphenol and
PVPh have clarified some of these issues.®*® By system-
atically studying and curve-resolving spectra obtained as a
function of composition and temperature, the most promi-
nent bands contributing to the overall profile were identified.
In effect, two different types of free and bonded bands were
assigned, as discussed in more detail in the Appendix. Based
on the calculations outlined in the Appendix and Supporting
Information, an estimate for the number of hydrogen-bond-
ing interactions in the blend can be obtained. For example, a
plot of the fraction of VPh and PVME segments that are
involved in OH—ether hydrogen bonds is shown in Figure 5.
These calculations were made for a 50/50 blend at tempera-
tures of 25 and 100 °C. Although the extent of hydrogen
bonding decreases with temperature, this decrease is not
particularly significant for the hydrogen-bonded PVME
units over the temperature range covered in this study.
Therefore, data at room temperature provide a reasonable
estimate of the fraction of hydrogen-bonded groups.

The values of the radius of gyration R, and Kuhn length
Iy, for PVME, assuming that itis a Gaussmn coil, are approxi-
mately 82 and 11 A, respectively.®”’® On the basis of the R,
value and number of hydrogen bonded units from the dssocu-
tion models, the approximate size of the “control volume”, or
the volume per hydrogen bond, and the corresponding length
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scale, /yy, can be calculated. As noted in Figure 5, for the
PSVPh80/PVME 50/50 blend only 1 out of 10 PVME units
was hydrogen bonded, and tTS failure was observed. This
indicates the presence of heterogeneity on the scale of ~10
repeat units. The value for /iy is ~17 A. On the other hand,
from Figure 9, for the PSVPh50/PVME 40/60 blend 1 out of
6 PVME units was hydrogen bonded and tTS was obeyed for
this blend. The value for /4 in this case turns out to be ~14 A.
This length scale is comparable to the Kuhn length. This result
is at least consistent with an underlying assumption of the self-
concentration model for miscible blends,'? in which the rele-
vant length scale is given by the Kuhn length.

In a previous study on PVPh/PVME blends, segmental
dynamlcs were probed using broadband dlelectrlc spectro-
scopy.”! At low concentrations of PVPh, a fast relaxation
phenomenon was observed which was assigned to the non-
hydrogen-bonded PVME units. However, it was reported
that dynamic homogeneity was obtained when 30% PVPh
was present in the blend. According to the association
models for that particular system, at this blend composition
~22% of the PVME units were hydrogen bonded, which is
more than one hydrogen bond per Kuhn length cubed.
Therefore, this observation is also consistent with our con-
clusions regarding the number of hydrogen bonds needed to
impart thermorheological simplicity in the PVPh/PVME
blend system.

Conclusions

Viscoelastic measurements have been presented for blends of
PVME with PS, PVPh, and PSVPH statistical copolymers. By
controlling the percent styrene in the copolymer, the extent of
hydrogen-bonding interactions was effectively modulated. The
time—temperature superposition (tTS) principle is known to fail
in PS/PVME blends, with no hydrogen bonding, and to succeed
in PVME/PVPh blends, with extensive hydrogen bonding. This is
the case despite the fact that the difference between component
glass transition temperatures is significantly greater in the latter
system. For blends containing 50% PVME, tTS is found to fail
with PS, and with statistical copolymers containing 90% and
80% styrene, but t TS is successful for blends with PVPh and with
a statistical copolymer containing 50% styrene. By using a well-
established model for hydrogen bonding in polymer blends, it was
possible to estimate the concentration of hydrogen bonds in these
various systems and thereby to obtain a “critical concentration”
of hydrogen bonds necessary to restore the applicability of tTS.
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This concentration corresponds closely to one hydrogen bond per
Kuhn length cubed.
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NMR spectra, blend viscosities, and tan ¢ for various blends,
tables including glass transition values and widths, time—tem-
perature superposition shift factors, and hydrogen-bonding
equilibrium constants. This material is available free of charge
via the Internet at http://pubs.acs.org.

Appendix. Fourier Transform Infrared Spectroscopy Analysis

The problems associated with curve-fitting complex band
profiles, and the methods used to mitigate them, were discussed
in detail in previous studies dealing with the OH stretching region
of ethyl phenol and PVPh.®*®° The same methodology was used
here, and a chosen region of the spectrum was fit using a function
that is a sum of Lorentzian and Gaussian band shapes.

As noted in Table 2, tTS failed for PS/PVME, PSVPho0/
PVME, and PSVPh80/PVME 50%/50% w/w blends, whereas
the master curve improved with increase in hydrogen-bonding
interactions, such that tTS was obeyed for PSVPh50 and PVPh
blends with 50 wt % PVME. For blends with even lower amounts
(10% or 25%) of PS, PSVPh90 or PSVPh80, tTS failure was not
observed prominently, even though it might be expected. This is
due to fact that the high T, component may not be present in
sufficient amount to generate a significant contribution to the
observed moduli in this frequency range. Thus, the blends of
PSVPh80 and PSVPh50 with PVME were determined to be of
paramount interest.

Infrared spectra of PSVPh50/PVME and PSVPh80/PVME
blends (50% of each component) were obtained as a function of
temperature in the range 40—170 °C. As examples, spectra of the
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groups found in PSPVPh/PVME blends.

PSVPh50/PVME blend recorded at 40, 100, and 170 °C are shown
in Figure 6. It can be seen that as the temperature is increased, the
peak position of maximum absorption, near 3320 cm™ " at room
temperature, shifts to higher wavenumbers. The strongest band in
the spectrum of PVPh at room temperature is near 3350 cm ™',
and the shift to lower frequency in the spectrum of the blends is a
result of the formation of OH—ether hydrogen bonds, which are
stronger than their OH—OH counterparts. The intensity of
maximum absorption also decreases significantly with increasing
temperature. In contrast, the bands contributing to shoulders
near 3550 and 3660 cm ™' become more intense with increasing
temperature. Bands in this region of the spectrum are usually
associated with “free” or non-hydrogen-bonded OH groups.
The results of curve resolving the spectrum obtained at 40 °C
are shown in Figure 7. The most intense bands were determined
to be Gaussian, as in a previous study of PVPh.® These bands
can be readily assigned to various types of hydrogen-bonded or
free groups based on a previous study of PVPh, which in turn
used an approach to band assignments of OH groups used by
Hall and Wood® and Ohta and Tominaga.®” In these reports,
four functionally different groups, which were labeled as a, 3, y,
and 0, illustrated schematically in Figure 8, were identified. To
these, we have added a fifth group, labeled ¢, to describe OH—
ether hydrogen bonds. The o group corresponds to the monomer,
where neither the oxygen atom nor the proton of an OH group is
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PSVPh50/PVME.

involved in hydrogen bonding; the 3 group corresponds to an end
group where the proton is not acting as a donor, but the oxygen
atom acts as an acceptor; the y group to an end group where the
protonisacting as a donor, while the oxygen atom is not acting as
an acceptor; the 6 group is where both the oxygen atom and
proton act as acceptor and donor, respectively.

In the spectra of the blends we could not distinguish between
o and £ free OH groups. Furthermore, because OH groups can
form weak hydrogen bonds to aromatic sr-orbitals, we observe a free
OH band near 3600 cm ™' and an OH-7 group near 3538 cm™'.%
The former is almost invisible at room temperature but is easily
seen at higher temperatures (see Figure 6). Both increase in
intensity as the temperature of the sample is raised. The bands
near 3442 and 3373 cm ™' (at 40 °C) can be assigned to y groups
(where the proton is acting as a donor, while the oxygen atom is
not acting as an acceptor) and ¢ groups (where both the oxygen
atom and proton act as acceptor and donor, respectively),
respectively. The band curve resolved near 3296 cm™ " (again at
40°C) is assigned to ¢ groups, interassociated OH—ether hydrogen-
bonded OH stretching modes.

Also, as observed in a previous study, most of the changes in
the OH stretching region of the spectrum with temperature are a
result of a change in the distribution of hydrogen-bonded and free
species, rather than changes in absorption coefficients.®® In order
to relate the intensities of these various OH stretching modes
to the concentration of corresponding OH hydrogen-bonded
species, one would need to know the absorption coefficients for
each mode. These are presently unknown. However, the experi-
mental results are consistent with the number of OH—OH and
OH—ether hydrogen bonds calculated using the equilibrium
constants determined in previous work>> and modified to account
for self-concentration.®® More details about the model and the
parameters used can be found in the Supporting Information.

The calculated fraction of hydrogen-bonded groups of various
types for PSVPh50/PVME blends at 40 °C is shown as a function
of blend composition in Figure 9. It can be seen that the fraction
of OH groups hydrogen bonded to ether oxygen groups is
significantly larger than the fraction of OH groups engaged in
OH/OH hydrogen bonds, in accord with spectroscopic observa-
tions. Interestingly, a far larger fraction of vinylphenol units
are hydrogen bonded to ether oxygen groups than PVME groups
are hydrogen bonded to phenolic OH groups. This is a conse-
quence of the large difference in molar volume of the units in the
copolymer and PVME segments. At a composition of 50 wt %

Gaikwad et al.

there are almost twice as many PVME segments than VPh or
styrene segments.
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