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ABSTRACT: The phase behavior and segmental mobility in binary blends of polystyrene (PS) and poly-
(vinyl methyl ether) (PVME) were investigated. Two nearly monodisperse PSs having weight-average
molecular weights (My) of 57 000 and 95 000 with polydispersity indexes (PDI) of 1.06 and 1.09,
respectively, and PVME having M,, = 99 000 with a PDI of 2.13 were used for this study. Two sets of
PS/PVME binary blends with varying compositions were prepared by solvent casting from toluene.
Thermograms from differential scanning calorimetry showed that each blend has a single, yet very broad
glass transition temperature. Cloud point measurements via He—Ne laser light scattering were taken to
determine phase equilibria in each blend, which exhibited lower critical solution temperature (LCST)
behavior. Solid-state nuclear magnetic resonance (NMR) spectroscopy was used to examine segmental
mobility and component domain sizes. *H Ty, experiments were run at temperatures ranging from —40
to 140 °C. We observed only small differences in *H Ty, values of PS and PVME at temperatures below
45-80 °C (depending on blend composition) and a large divergence of *H T, values at higher temperatures.
13C Ty, and wide-line separation (WISE) experiments were run at room temperature on untreated and
heat-treated samples. WISE experiments revealed that heterogeneities from 3.5 nm to greater than 30
nm existed within the blends, depending on the temperature of heat treatment. Since it has been found
that *H T, measurements can give ambiguous domain information, *H-NOESY NMR was used to examine
several blend compositions at 100 °C. We conclude from this study that nanoheterogeneities exist in
these PS/PVME blends at temperatures below the binodal curve determined by cloud point measurements
and that a broad, single glass transition should not be construed as evidence of miscibility at the molecular
level. It has been shown that nanoheterogeneities exist on a segmental level and that there are large
changes in mobility at temperatures above 45—80 °C. However, the blend does not phase separate until

the critical temperature (LCST), determined by cloud point measurements, is reached.

Introduction

Often, a polymer blend is regarded as miscible when
it exhibits a single glass transition temperature (Ty) and
is regarded as immiscible when it exhibits two Tg's
corresponding to those of the constituent components
as determined by differential scanning calorimetry
(DSC) or dynamic mechanical thermal analysis (DMTA).
However, there is a general consensus that such ex-
perimental techniques, while very useful, cannot guar-
antee that a polymer blend is miscible on a molecular
level. DMTA can resolve the size of domains (or sepa-
rated phases) of the order of 5-10 nm,! and DSC is not
as sensitive as DMTA to determine the Ty of a polymer
blend.? Thus, it is fair to state that while DSC and
DMTA are useful to investigate macrophase separation
in polymer blends, it is not so clear whether a polymer
blend can be regarded as being miscible on a molecular
level based on DSC or DMTA.

Among the many known miscible polymer blends,
those of polystyrene (PS) and poly(vinyl methyl ether)
(PVME) have received the most attention. Various
aspects of the PS/IPVME blends have been investigated,
namely, (a) glass transition and/or phase equilibria,3~13
(b) phase-separated morphology,>719 (c) the kinetics of
phase separation,#15 and (d) the dependence of the
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Flory—Huggins interaction parameter on temperature
and blend composition.1617 It has also been reported
that, among other factors, miscibility windows for the
PS/PVME blends depend strongly on the molecular
weight of the constituent components.5°

Previous investigators have observed a very broad,
single glass transition in such miscible polymer blends,
as PS/PVME blends,1°712 PS/poly(a-methylstyrene)
blends,’®=20 and 1,4-polyisoprene/poly(vinylethylene)
blends.?1=23 For instance, Schneider and Wirbser!? have
shown that some PS/PVME blends, which exhibit lower
critical solution temperature (LCST), undergo a very
broad (as broad as 60 °C), single glass transition. Under
such circumstances, it is not clear how an unambiguous,
single value of T4 can be obtained from a DSC trace. A
more serious question can be raised as to whether such
a blend can be regarded as being miscible at the
segmental level. On the basis of the observations made
using electron spin resonance (ESR), Muller et al.’®
reported that certain compositions of poly[styrene-co-
(maleic anhydride)] (PSMA)/PVME blends have micro-
heterogeneity with domain sizes of approximately 5 nm
at temperatures much lower (approximately 70 °C) than
its LCST (as determined by cloud point measurement
via He—Ne laser light scattering).

As early as 1974, Kwei et al.* reported evidence from
NMR spectroscopy that PS/PVME blends, which were
found to be miscible from a study of macroscopic phase
behavior, had microheterogeneity. Recently, more so-
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phisticated NMR techniques, such as cross-polarization
magic-angle spinning (CPMAS),?425 wide-line separa-
tion (WISE),?6 and Goldman—Shen?’ experiments have
been used to estimate component domain sizes in
polymer blends. Kaplan?® used some of these techniques
in the study of 60/40 and 40/60 PS/PVME blends cast
from toluene, where 60/40 and 40/60 refer to the weight
percents of the component polymers. He found that the
blends were not homogeneous in terms of molecular
motion although mixing appeared to have occurred at
the segmental level. Schmidt-Rohr et al.26 used WISE
NMR spectroscopy, a modification of the Goldman—
Shen experiment,?” and found that a miscible 50/50 PS/
PVME blend contained heterogeneities on the order of
3.5 nm. From the measurements of the proton spin—
lattice relaxation in the rotating frame (*H Ty,), Chu et
al.?5 investigated the segmental mobility in PS/PVME
blends as a function of temperature, blend composition,
and molecular weight of PS and concluded that micro-
heterogeneities at a 1 nm scale exist at —5 °C.

Not only can NMR spectroscopy be used to estimate
the heterogeneity of a polymer blend, but it can also
probe local chain dynamics, which play an important
role in understanding the physical properties of these
systems. The 13C spin—lattice relaxation in the rotating
frame (*3C Ty,) and 3C spin—spin relaxation (}3C T»)
NMR measurements can be excellent probes to examine
individual chain dynamics as a function of temperature
in compatible polymer blends.?%3 These measurements
do not suffer from fast spin diffusion, which may obscure
the individual relaxation behavior of each component.3©
However, it is proton spin diffusion which will allow us
to examine small microdomains, the main interest of
this study.

Another interesting observation reported by Bank et
al.,® who investigated the miscibility of PS/PVME blends
via DSC, was that annealing conditions (e.g., the tem-
perature and the duration of annealing and the cooling
rate after annealing at an elevated temperature) af-
fected the breadth of the glass transition (and thus the
extent of miscibility) of PS/PVME blends. However, to
date, the mechanism of such experimental observations
has not been explained.

Recently, we investigated (i) glass transitions via DSC
under various annealing conditions, (ii) macrophase
equilibria via cloud point measurement, and (iii) seg-
mental mobility via solid-state NMR spectroscopy in PS/
PVME blends which were cast from toluene. The
present study was motivated in part to investigate via
NMR spectroscopy whether the presence of microhet-
erogeneity in PS/PVME blends affects the phase dia-
gram determined by cloud point measurements. During
DSC analysis, we observed that the cooling rate after
the preceding heating cycle greatly affected the glass
transition of PS-rich blends in the subsequent heating
cycle. However, it had little effect on the glass transition
of PVME-rich blends. Additionally, NMR studies showed
that while nanoheterogeneities exist initially on a
segmental level and that there are large changes in
mobility at temperatures above 45—80 °C, the blend
does not phase separate until the critical temperature
(LCST), determined by cloud point measurements, is
reached.

Experimental Section

Materials. In this study, we used two anionically polym-
erized polystyrenes, one having a weight-average molecular
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weight (M,,) of 57 000 and a polydispersity index (PDI) of 1.06
(hereafter referred to as PS57) and another having M,, =
95 000 and a PDI of 1.09 (hereafter referred to as PS95). Each
of the two polystyrenes was blended, via solution casting from
toluene, with PVME (Scientific Polymer Products) having My,
=99 000 (hereafter referred to as PYME99) and a PDI of 2.13.
The molecular weights and molecular weight distributions of
the PSs were determined via gel permeation chromatography.
Calibration curves for PS were constructed using 10 mono-
disperse PS standards (Scientific Polymer Products) having
My ranging from 2 x 103 to 2 x 108.

Sample Preparation. Blends with various compositions
were prepared by solution casting from toluene. Predetermined
amounts of the polymer(s) were dissolved in toluene to make
5 wt % solutions, in which 0.1 wt % of an antioxidant (Irganox
1010, Ciba-Geigy Group) was added to prevent thermal
decomposition of the samples. The solvent was evaporated
slowly at room temperature for 1 week. The samples were then
put into a vacuum oven at 40 °C first without vacuum, and
then the vacuum was applied very slowly in order to prevent
the formation of bubbles during the evaporation of the solvent.
This step of drying continued for about 2 weeks. The sample
was dried further by applying full vacuum at 40 °C for about
1 month. The oven temperature was then raised to 60 °C first
without vacuum, and then the vacuum was applied very slowly
in order to prevent bubble formation during the evaporation
of the solvent. This step of drying continued for about 1 week.
Finally, full vacuum was applied to the samples at 60 °C, and
the drying was continued for 2 days. For PS-rich samples (neat
PS, 80/20, 70/30, and 60/40 PS/PVME blends), we adopted the
following additional procedures to further dry the samples. For
the 60/40 PS/PVME blend, the oven temperature was raised
to 70 °C first without vacuum, then the vacuum was applied
very slowly over about 1 h, and then full vacuum was applied
for 1 day. For the 70/30 PS/PVME blend, the oven temperature
was raised to 80 °C first without vacuum, then the vacuum
was slowly applied to the sample over 2—3 h, and then full
vacuum was applied for 1 day. For the 80/20 PS/PVME blend,
the oven temperature was first raised to 90 °C without
vacuum, then the vacuum was applied to the sample very
slowly over 2—3 h, and then full vacuum was applied for 1
day. For neat PS, the oven temperature was raised to 100 °C
first without vacuum, then the vacuum was slowly applied over
2—3 h, and then full vacuum was applied for 1 day. All blend
samples were put into a vacuum oven at 100 °C first under a
partial vacuum, and then the vacuum was applied very slowly
to remove any residual solvent in the samples. The drying was
continued until there was no bubble formation in each sample.
All samples were checked for bubble formation at the end of
preparation using optical microscopy.

Differential Scanning Calorimetry (DSC). The glass
transition temperature (Tg) of each blend was measured using
DSC (Perkin-Elmer DSC 7 series). Prior to measurement, the
baseline was established using two empty pans. To prevent
thermal degradation, nitrogen gas was circulated around the
sample pan. Each sample of about 15 mg was first heated to
120 °C at a heating rate of 10 °C/min, annealed there for 3
min, and then quenched to room temperature at a cooling rate
of 200 °C/min. The second heating was used to determine the
Ty of the specimen. As will be shown below, PS/PVME blends
at certain compositions exhibit very broad glass transitions.
Therefore, the following notations will be used: (a) T for an
onset point of glass transition, (b) Tym for the midpoint of glass
transition, and (c) Ty for the final point of glass transition.

Cloud Point Measurement. Cloud points for PS/PVME
blends were determined using a He—Ne laser light scattering
instrument with a heating rate of 1 °C/min. The detection
angle of 20° was chosen.

Solid-State NMR Spectroscopy. Solid-state NMR spectra
were obtained using a Varian Unityplus-200 (4.7 T) spectrom-
eter with a Doty Scientific standard variable temperature
magic angle spinning (VTMAS) probe and a Doty Scientific
supersonic VTMAS probe. The polymer films were packed into
7 mm silicon nitride rotors with macor O-ring end caps for
extended temperature studies or 7 mm silicon nitride rotors
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with Kel-F end caps for high MAS rates. Spectra were acquired
at spinning speeds ranging from 2 to 6 kHz. All *3C and *H
chemical shifts were corrected by using hexamethylbenzene
(Ome = 17.3 ppm) or deuterated chloroform (dcpci; = 7.24 ppm)
as an external reference, respectively. Temperature calibration
was performed using lead nitrate®! and yielded temperatures
that were accurate to within £2 °C. Temperature control was
maintained by a Doty Scientific VT controller. The following
experiments were performed:

T1, Measurements. *H Ty,'s were measured indirectly by
using the standard CPMAS technique,?* with the addition of
a variable spin-lock time inserted between the initial 90° pulse
and the cross-polarization time. The *H spin-lock time was
varied from 0 to 40 ms with a lock field yB: = 55 kHz. The
cross-polarization time was held constant during each experi-
ment. However, the time chosen varied with temperature in
order to capture the greatest distribution of spins (400 us to 2
ms). A decoupling field strength of 60 kHz was used in all
experiments. Experiments were carried out at temperatures
ranging from —40 to 140 °C. Every attempt was made to run
each sample continuously throughout the temperature range
to avoid different thermal histories for the samples. Each 'H
T1, measurement required 4—12 h of experiment time.

WISE-2D Experiments. *H wide-line spectra were ac-
quired with the use of the WISE-2D NMR pulse sequence
developed by Schmidt-Rohr et al.?8 The pulse sequence consists
of a 90°x pulse, which flips the magnetization into the xy plane,
followed by a t; evolution period. Next a 90°_x pulse is applied
to flip the magnetization back to the z-axis. The magnetization
was then allowed to diffuse during a constant mixing period
(tm), which ranged from 100 us to 40 ms. After the mixing
period another 90°x pulse flips the *H magnetization back into
the transverse plane where it is immediately subjected to
cross-polarization from protons to carbons. The acquisition
period (t;) consists of the modulated *3C signals. The experi-
ment reveals proton wide-line spectra from the protons of PS
and PVME along the w; dimension, resolved by the 3C
chemical shifts of PS and PVME along the w, dimension. A
correlation can then be made between the chemical structure
and segmental mobility of the blend.

This experiment was used to analyze fresh samples of the
20/80, 30/70, 50/50, 70/30, and 80/20 PS95/PVME99 blends at
room temperature. It was also used to study samples of the
30/70, 50/50, and 70/30 blends that were thermally heat-
treated at various temperatures. Heat treatment was carried
out in a vacuum oven at temperatures ranging from 80 to 140
°C. The majority of sample treatments lasted for 12 h at the
specified temperature. However, samples of the 70/30 PS/
PVME blend were subjected to additional heat treatments in
an attempt to understand the effects of prolonged heat
treatment and heating rates. Specifically one sample was
treated at 100 °C for 1 week. A second sample was created
from seven individual 15 mg samples. Each of these 15 mg
samples was first cooled to —30 °C and then heated to 90 °C
at a heating rate of 10 °C/min. They were then quenched
rapidly from 90 to —40 °C at a rate of 200 °C/min and heated
to 100 °C at a rate of 10 °C/min. These heat treatments were
performed in the DSC-7 instrument and were a replication of
DSC measurements. The following applied for all blend
samples; at the end of each heat treatment the sample was
guenched in liquid nitrogen and the experiment run at room
temperature. Spectral windows of 20 and 200 kHz were used
for the w, and w; dimensions, respectively. Between 32 and
128 t; increments were used in the 2D experiments. The cross-
polarization and the decoupling field strengths were the same
as those used for the *H T, experiments.

13C T4, Experiments. 3C Ty, data can be obtained by using
the standard cross-polarization experiment with the addition
of a 13C spin-lock pulse inserted between the acquisition and
cross-polarization periods. The $3C T, experiment was used
in conjunction with the WISE experiment to examine segmen-
tal mobility of the heat-treated samples. Therefore, all the
samples listed above for the WISE experiments were also
studied using this technique. Experiments were run at room
temperature.

Macromolecules, Vol. 33, No. 5, 2000

PS57

70/30

60/40
50/50

lﬂ’r
yg\___—— PVME

11 11
40 60 80 100 120

Heat Flow (mW)

| 1
-40 -20 (0] 20
Temperature (°C)

Figure 1. DSC traces for PS57/PVME99 blends, where the
arrow pointing upward denotes the temperature (Tg;) at which
the transition begins, the arrow pointing downward denotes
the temperature (Ty) at which the transition ends, and the
cross (+) denotes the midpoint (Tym) of the transition. The
heating rate employed was 10 °C/min.

1H 2D-NOESY Experiments. 'H NOESY NMR experi-
ments were run at 100 °C on the 70/30, 50/50, and 30/70 PS/
PVME blend samples. The experiment used was a standard
solution state 'H 2D-NOESY experiment and did not contain
any multipulse line narrowing techniques. All experiments
were run at 100 °C at a MAS rate of 2.5 kHz to achieve
adequate resolution. Bloch decay experiments were performed
in conjunction with the NOESY experiments in order to
compare spin populations.

Results

Glass Transition Behavior of PS/PVME Blends.
Figure 1 shows DSC traces for PS57/PVME99 blends,
and Figure 2 shows DSC traces for PS95/PVME99
blends, where the upward arrow denotes the onset point
(Tgi), the cross (+) denotes the midpoint (Tgm), and the
downward arrow denotes the final point (Tgf) of the glass
transition. Table 1 shows a summary of the glass
transition temperatures of the blends. It can be seen in
Figures 1 and 2 that a single glass transition temper-
ature is observed for each blend composition and that
the glass transition becomes very broad for blends
containing 0.5—0.8 weight fraction of PS. Furthermore,
the glass transition behavior given in Figures 1 and 2
is slightly sensitive to the molecular weight of the PS
employed. However, we found in the present study that
the breadth of the glass transition for PS-rich blends
was very much dependent upon the cooling rate em-
ployed after the preceding heating cycle. We elaborate
on this below.

Figure 3 shows DSC traces for a 30/70 PS57/PVME99
blend treated under two different annealing conditions.
Curve 1 was obtained during heating from —40 to 30
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Figure 2. DSC traces for PS95/PVME99 blends, where the
arrow pointing upward denotes the temperature (Tg;) at which
the transition begins, the arrow pointing downward denotes
the temperature (Ty) at which the transition ends, and the
cross (+) denotes the midpoint (Tyy) of the transition. The
heating rate employed was 10 °C/min.

Table 1. Glass Transition Temperatures for the PS/PVME
Blends Investigated

sample code T4 (°C) Tgm(°C) Tgr(°C) Tt — Tei (°C)
(a) PS57/PVME99 Blends
PS57 92 94 97 5
90/10 PS57/PVME99 66 79 92 26
80/20 PS57/PVMEQ9 43 58 73 30
70/30 PS57/PVME99 5 26 47 42
60/40 PS57/PVME99  —10 13 36 46
50/50 PS57/PVME99  —19 -1 16 35
30/70 PS57/PVME99  —23 -18 ~12 11
10/90 PS57/PVME99  —33 -29 —26 7
PVME99 -33 -30 —28 5
(b) PS95/PVME99BIlends
PS95 94 99 104 10
90/10 PS95/PVMES9 62 73 84 22
80/20 PS95/PVME99 28 45 62 34
70/30 PS95/PVME99 0 93 46 46
60/40 PS95/PVMEQ9  —23 0 22 45
50/50 PS95/PVMEQ9  —19 1 17 36
30/70 PS95/PVMEQ9  —23 13 —4 19
PVME99 -33 -30 -28 5

°C at a rate of 10 °C/min after the specimen was cooled
from 110 to —40 °C at a rate of 10 °C/h (slow cooling).
Curve 2 was obtained during heating from —40 to 30
°C at a rate of 10 °C/min after the specimen was cooled
from 30 to —40 °C at a rate of 200 °C/min (fast cooling).
It can be seen from Figure 3 that the cooling rate applied
to a specimen at the end of the preceding heating cycle
had little influence on the glass transition in the
subsequent heating cycle.

On the other hand, we observe a significant effect of
cooling rate on the glass transition of PS-rich blends.
Specifically, let us examine DSC traces for a 70/30 PS95/
PVME99 blend, shown in Figure 4, which were obtained
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Figure 3. DSC traces for a 30/70 PS57/PVMEQ99 blend, where
curve 1 was obtained while heating from —40 to 30 °C at a
rate of 10 °C/min after a specimen had been cooled from 110
to —40 °C at a rate of 10 °C/h (slow cooling) and curve 2 was
obtained during heating from —40 to 30 °C at a rate of 10 °C/
min after a specimen had been cooled from 30 to —40 °C at a
rate of 200 °C/min (fast cooling).
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Figure 4. DSC traces for a 70/30 PS95/PVME99 blend. Curve
1 was obtained while heating a fresh specimen from —30 to
90 °C at a rate of 10 °C/min (the first heating cycle); curve 2
was obtained during the second heating cycle from —40 to 100
°C at a rate of 10 °C/min after the specimen was quenched
from 90 to —40 °C at a rate of 200 °C/min (fast cooling); curve
3 was obtained during the third heating cycle from —40 to 110
°C at a rate of 10 °C/min after the specimen was quenched
from 100 to —40 °C at a rate of 200 °C/min (fast cooling); curve
4 was obtained during the fourth heating cycle from room
temperature to 120 °C at a rate of 10 °C/min after the specimen
was annealed at 110 °C for 24 h and then cooled very slowly
to room temperature at a rate of 10 °C/h (slow cooling); curve
5 was obtained during the fifth heating cycle from —40 to 120
°C at a rate of 10 °C/min after the specimen was cooled from
120 to —40 °C at a rate of 10 °C/min.

at various cooling rates. Curve 1 was obtained while
heating a fresh specimen from —30 to 90 °C at a rate of
10 °C/min (the first heating cycle). It can be seen that
curve 1 exhibits a broad, yet distinct, single glass
transition (Tgi = 0 °C, Tgm = 28 °C, Tg = 46 °C). After
completion of the first heating cycle, the specimen was
guenched rapidly from 90 to —40 °C at a rate of 200
°C/min (fast cooling) and then subjected to a second
heating cycle to 100 °C at a rate of 10 °C/min. Curve 2
was obtained during the second heating cycle at a rate
of 10 °C/min. In curve 2 the breadth of the glass
transition has increased so much that it is very difficult
to unambiguously determine the glass transition tem-
perature of the specimen. After completion of the second
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Figure 5. 3C CPMAS spectra at —40 °C of (a) PS95, (b) a
70/30 PS95/PVME99 blend, (c) a 50/50 PS95/PVME99 blend,
(d) a 30/70 PS95/PVME99 blend, and (e) PVME99.

heating cycle, the specimen was rapidly quenched from
100 to —40 °C at a rate of 200 °C/min (fast cooling) and
then subjected to a third heating cycle to 110 °C at a
rate of 10 °C/min. Curve 3 in Figure 4 shows the DSC
trace for the third heating cycle, which has a shape
almost identical to that of curve 2. After completion of
the third heating cycle, the specimen was removed from
the DSC unit, annealed in a vacuum oven at 110 °C for
24 h, and then cooled very slowly at a rate of 10 °C/h to
room temperature (slow cooling). When this specimen
was subjected to a fourth heating cycle to 120 °C at a
rate of 10 °C/min, we obtained curve 4, the shape of
which is virtually identical to that of curve 1; i.e., we
were able to reproduce the glass transition behavior of
the fresh specimen. After completion of the fourth
heating cycle, the specimen was cooled from 120 to —40
°C at a rate of 10 °C/min and then subjected to a fifth
heating cycle. Curve 5 was obtained during the fifth
heating cycle from —40 to 120 °C at a rate of 10 °C/
min. The shape of this curve is very similar to those of
curves 2 and 3. The above observations lead us to
conclude that, for a PS-rich 70/30 PS95/PVME99 blend,
the cooling rate after the preceding heating cycle played
a decisive role in determining the shape, and thus the
breadth, of the glass transition in the subsequent
heating cycle.

13C NMR Spectra of PS/PVME Blends. The 3C
cross-polarization magic angle spinning (CPMAS) spec-
tra at —40 °C of PS, PVME, and various PS/PVME
blends used in this study are shown in Figure 5. The
labels on the spectra refer to the carbon resonance
assignments of the six peaks in the spectra to the atoms
shown in the structures. The remaining peaks in the
13C NMR spectra are due to spinning sidebands from
both PS and PVME. When the MAS rate is smaller than
the chemical shift anisotropy, the spectrum will show
sidebands separated by the spinning frequency sym-
metrically placed about the peak at the isotropic chemi-
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cal shift.32 Confirmation of spinning sidebands was
made by running the experiment at a different MAS
rate. At —40 °C, PVME becomes rather rigid, and its
chemical shift anisotropy is large. Overlapping peaks
with sidebands were avoided as much as possible. At
temperatures above —20 °C, spinning sidebands from
PVME are no longer noticeable.

Measurements of 'H Ty, The 'H T, experiment
reveals not only the proton spin—Ilattice relaxation rate
in the rotating frame but also the primary repeat unit
structure. Even in the PS/PVME blends, it is possible
to resolve a distinct carbon resonance from each of the
blend’s components. Additional information can be
gained from these experiments since 'H Ty,’s are
susceptible to segmental motions at the spin-lock field
strength. A minimum in *H Ty, is observed when the
greatest distribution of segmental motions has a fre-
guency of 55 kHz. In the present study, the oxymethine
(6 = 76 ppm) of PVYME and the phenyl group (6 = 126
ppm) of PS were chosen for comparison because they
were well resolved, and spin diffusion was most effective
between these sites over the temperature range studied.
It has generally been accepted that if the component
polymers in a blend exhibit a common *H T, then the
blend is homogeneous on a scale of a few nanometers.33
However, as will be shown below, if the spin diffusion
rate is rather slow, even a completely amorphous
homopolymer can give different *H Ty, values for the
different functional groups on the polymer. The rate of
spin diffusion must be considered when evaluating H
T,, data.

1H T1,’s were measured from the decay of magnetiza-
tion during the H spin-lock pulse, before cross-polariza-
tion. In most cases a single-exponential fit was adequate
for describing the relaxation behavior. However, in some
cases, the fits were clearly best described by a biexpo-
nential function. In those cases, the long component was
used when plotting *H T, values versus temperature.
It should be noted that biexponential behavior is a sign
of phase separation, where PS-rich and PVME-rich
domains might coexist.?®> However, biexponential be-
havior may have been obscured at high temperatures
when long cross-polarization times were used, eliminat-
ing the short component.

Homopolymer PS. Figure 6 shows plots of 1H Ty,
versus temperature for the aromatic and backbone
protons of pure PS. In Figure 6 we observe that 'H Ty,
values decrease monotonically with temperature, ap-
proaching a minimum at 120 °C, consistent with the
high T4 (100 °C) and rigidity of this polymer. It is
evident that the *H T,, values of PS decrease as the
glass transition region is approached. Menestrel et al.3*
found from 3C line width measurements that the
aromatic and main chain carbons are involved in
correlated motions. *H Ty, values are essentially equal
for the phenyl ring and backbone protons throughout
the temperature range studied. Spin diffusion is very
effective in equilibrating the magnetization and relax-
ation behavior. At the 'H Ti, minimum, there is a
substantial amount of molecular motion at the spin-lock
frequency (55 kHz).

Homopolymer PVME. As can be seen in Figure 7,
pure PVME has very different motional characteristics
when compared to pure PS. First, pure PVME shows a
minimum in *H Ty, just above 0 °C, consistent with its
pliability and low Ty (—25 °C). Second, the methoxy
group (6 = 56 ppm) contains an extra degree of motional
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Figure 6. Plots of *H Ty, versus temperature for homopolymer
PS95: (O) nonprotonated aromatic carbon at 6 = 146 ppm;
(») protonated aromatic carbons at 6 = 126 ppm; (O) methyl-
ene and methine carbons at 6 = 40 ppm.
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Figure 7. Plots of *H Ty, versus temperature for homopolymer
PVME99: (O) oxymethine carbon at 6 = 76 ppm; (a) methoxy
carbon at 6 = 56 ppm; (O) methylene (meso) carbon at 6 = 40
ppm; (V) methylene (racemic) carbon at 6 = 39 ppm.

freedom which allows it to move more freely than the
main chain. As the temperature is increased above 0
°C, the frequency of the molecular motion increases,
resulting in longer *H Ty,’'s. Rapid motion of the meth-
oxy group results in slow spin diffusion between the
methoxy methyl and backbone protons. Asano et al.3®
found that at 38 °C the spin diffusion rate between
OCH; and the main chain of PVME was 100 s71,
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Figure 8. Plots of peak intensity versus spin-lock time (decay
curves) for (O) 20/80 PS95/PVME99 blend at 6 = 126 ppm,
(») 20/80 PS95/PVME99 blend at 6 = 76 ppm, (O) 30/70 PS95/
PVME99 blend at 6 = 126 ppm, and (v) 30/70 PS95/PVME99
blend at 6 = 76 ppm.

whereas the spin diffusion rate between PS and the
main chain of PVME is 1.1 x 108 s™1. While multicom-
ponent relaxation behavior was observed at tempera-
tures between 30 and 50 °C for the methoxy group, the
oxymethine group exhibited only single-component re-
laxation behavior over the entire temperature range
studied for the PVME homopolymer. Rapid motion and
slow spin diffusion of the methoxy group to the rest of
the system were observed in all of the blends studied.
From a plot of In(*H Ty,) versus temperature (not shown
here) we observe that the rate of increase in *H Ty, is
essentially equal for the backbone and methoxy group
of PVME. At temperatures above 45 °C, the PVME
methylene carbons in the meso (6 = 40 ppm) and
racemic (6 = 39 ppm) diads are resolved.

PS/PVME Blends. Multicomponent relaxation be-
havior was observed in our PS/PVME blends, similar
to the study of Chu et al.?®> They found that PS100/
PVME74 blends with less than 50 wt % PS content
exhibited biexponential behavior at —5 °C. This suggests
that the blends are microheterogeneous on a 1 nm scale.
Figure 8 shows plots of spin-lock time versus peak
intensity for the 20/80 and 30/70 PS95/PVME99 blends
at 0 °C. While the oxymethine group in pure PVME
shows only a single-exponential decay at 0 °C, it can
clearly be seen that the oxymethine relaxation is biex-
ponential for blends with high PVME content. Multi-
component relaxation was observed at least once over
the temperature range studied for all of the blends used
in this study.3® Unfortunately, there was no significant
trend in the data where single-component decays evolved
into multicomponent decays as the temperature was
increased. The lack of any significant trend may stem
from the fact that the initial magnetization decay may
have been obscured in the 'H Ty, experiment conducted
in this study. Also, a low signal-to-noise ratio might



1784 Wagler et al.

20
15
~~
[72]
£
A4
a
— 10
=
o
5
0L|1||||1||1|
-50 0 50 100 150

-Temperature (°C)

Figure 9. Plots of *H T, versus temperature for a 50/50 PS95/
PVME99 blend: (O) protonated aromatic carbons at 6 = 126
ppm; (A) oxymethine carbon at 6 = 76 ppm.

have resulted in detection of only single-exponential
decays if the fraction of the fast component was low.

While multicomponent *H Ty, relaxation can signify
microphase separation, additional information was found
by monitoring 'H T, as a function of temperature.
Figure 9 shows a plot of *H T, versus temperature for
a 50/50 PS95/PVME99 blend. The H Ti,’s for the
protonated aromatic (6 = 126 ppm) and oxymethine (6
= 76 ppm) carbons exhibit parallel behavior from —40
to 80 °C. Although small differences in *H T3, do exist,
cooperative motion is still observed. These small differ-
ences in *H Ty,'s indicate that the blend is not com-
pletely homogeneous, even at room temperature. Oth-
ers2526.28 have already reported that PS/PVME blends
are heterogeneous on the segmental level and contain
small initial domains on the order of 0.6—3.5 nm at
temperatures where other methods (e.g., light scatter-
ing) indicate the blends to be homogeneous. At temper-
atures above 80 °C, the frequency of molecular motion
in PVME increases dramatically while molecular motion
in PS remains approximately constant with a large
distribution of motions at 55 kHz. This blend exhibited
the broadest minimum in *H T,,. Similar observations
were made for the 60/40 and 70/30 PS95/PVME99
blends, except that the rate of increase of *H T, values
after 80 °C was greater for PVME. Menestrel et al.3*
found that as the proportion of PS in PS/PVME blends
becomes greater, the local motions of the PVME chains
increase when the temperature reaches the glass tran-
sition of the blend. In addition, they found that the
fractional free volume for the PVME units at the glass
transition of the blend increased with increasing PS
content in the blend. The increase in free volume may
allow the PVME component in the blend to behave more
like the homopolymer PVME.

Plots of 'H Ty, versus temperature for the 20/80 and
30/70 PS95/PVME99 blends were also constructed, not
shown here. As the amount of PS decreased, so did the
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Figure 10. Series of proton wide-line spectra for a fresh 50/
50 PS/PVME blend. At 100 us the 'H line widths of PS (27.5
kHz) and PVME (6.5 kHz) are significantly different, repre-
senting rigid and mobile domains for PS and PVME, respec-
tively. At 10 ms the *H line widths of PS (10.7 kHz) and PVME
(9.3 kHz) are equivalent.

temperature required to create a divergence in *H Ty,
values. The 'H Ty,'s for the protonated aromatic (0 =
126 ppm) and oxymethine (0 = 76 ppm) carbons
exhibited parallel behavior from —40 to 45 °C, and then
a large divergence occurred. For the 20/80 PS95/
PVME99 blend, at temperatures above 20 °C, the
frequency of molecular motion in PVME increased
dramatically while molecular motion in PS increased
only slightly and then leveled off as the temperature
was raised above 50 °C. Similar results were observed
in the 30/70 PS95/PVME99 blend.

2D-WISE Measurements. WISE NMR can be used
to determine the mobilities of PS and PVME separately
and to characterize the phase composition of the blend
on a scale of 1—-30 nm.?6:37 The experiment shows proton
wide-line spectra from the protons of PS and PVME
along the w; dimension, resolved by the 3C chemical
shifts of PS and PVME along the w, dimension. Figure
10 shows a series of H wide-line slices along the w;
dimension for a fresh untreated 50/50 PS95/PVME99
blend with mixing times of 100 us and 10 ms. Slices
were taken from the most intense 13C resonances of the
protonated aromatic carbons (PS ¢ = 126 ppm) and of
the methoxy carbon (PVME 6 = 56 ppm). At a mixing
time of 100 us, PVME shows a narrow proton line width
(6.5 kHz) corresponding to high mobility while PS shows
a rather broad line width (27.5 kHz) which indicates
more rigid segments. However, at a mixing time of 10
ms there is a substantial decrease in the aromatic
proton line widths while the methoxy proton line width
has increased by only 3 kHz. Proton spin diffusion
during the mixing time has resulted in the 13C signals
being modulated by the same 'H decay. Therefore, the
13C modulated signals exhibit essentially the same 1H
line shape for the aromatic (10.7 kHz) and methoxy (9.3
kHz) protons. Experimental error for determination of
the 1H line widths from the WISE experiments was
found to be +2.2 kHz. These experiments revealed that
the H line widths for untreated samples of the 20/80,
30/70, 50/50, 70/30, and 80/20 PS95/PVME99 blends had
equilibrated between 5 and 10 ms. Schmidt-Rohr et al.?6
found that the smallest diameter of a typical heteroge-
neity in a 50/50 PS200/PVMESO0 blend system at 320 K
was 3.5 & 1.5 nm, where the 'H line widths equilibrated
after 5 ms. Using the equation and diffusion coefficient38
from their paper,2®6 we have found similar results for
our untreated samples of the 20/80, 30/70, 50/50, 70/
30, and 80/20 PS95/PVME99 blends at room tempera-
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Table 2. WISE Line Width Results for Heat-Treated 30/70
PS/PVME Blends

fwhha (kHz) at mixing time (ms) of

1 5 10 50 100 200
untreated/126 ppm 17.8 12.1 10.7
untreated/56 ppm 93 95 093

heat treatment/peak
120 °C for 12 h/126 ppm 17.2 119 11.4
120 °C for 12 h/56 ppm  10.3 10.9 10.6
140 °C for 12 h/126 ppm 31.7 28.8 29.1 27.5 26.8 24.9
140 °C for 12 h/56 ppm 72 74 75 77 75 75

a Measured line widths at peak half-height.

Table 3. WISE Line Width Results for Heat-Treated 50/50
PS/PVME Blends

fwhh? (kHz) at mixing time (ms) of

1 5 10 50 100 200
untreated/126 ppm 16.7 12.0 10.7
untreated/56 ppm 78 91 9.2
heat treatment/peak
80 °C for 12 h/126 ppm 17.8 13.2 11.6
80 °C for 12 h/56 ppm 11.0 114 10.2
100 °C for 12 h/126 ppm 18.6 14.4 13.8
100 °C for 12 h/56 ppm 115 135 127
120 °C for 12 h/126 ppm 17.8 13.8 12.0
120 °C for 12 h/56 ppm 10.1 104 105
140 °C for 12 h/126 ppm 24.6 23.2 225 22 196 205

140 °C for 12 h/56 ppm 63 67 79 72 80 78
140 °C for 12 h followed 18.9 14.7 13.4

by annealing at 100 °C

for 24 h/126 ppm
140 °C for 12 h followed 9.6 10.1 12.6

by annealing at 100 °C

for 24 h/56 ppm

a Measured line width at peak half-height.

ture. Calculation of the domain size revealed that the
difference between an equilibrating mixing time of 5 and
10 ms was 3.5 £+ 1.5 and 4.9 £+ 1.7 nm, respectively.
Further studies were conducted on portions of the 30/
70, 50/50, and 70/30 PS95/PVME99 blend samples that
were heat treated at various temperatures. Experiments
were carried out at room temperature, because at high
temperatures where the T,'s of PS and PVME differ by
a factor of 4, calculation of an accurate diffusion
coefficient is highly suspect. Table 2 shows the WISE
1H line width results for portions of the 30/70 blend that
were untreated, treated for 12 h at 120 °C, and treated
for 12 h at 140 °C. From the table it can clearly be seen
that the 'H line widths for the untreated sample and
the sample that was treated at 120 °C behave es-
sentially the same. The 'H line widths of the protonated
aromatic carbons (126 ppm) and the methoxy carbons
(56 ppm) equilibrate after a mixing time of 10 ms.
However, the sample that was treated at 140 °C never
achieves proton line width equilibration even after 200
ms. Nonequilibration of the H line widths demonstrates
that domains larger than 30 nm exist within the blend.2¢
Table 3 shows the WISE 'H line width results for
portions of the 50/50 PS95/PVME99 blend sample that
were treated at 80, 100, 120, and 140 °C for 12 h. The
data reveal that all treated samples share similar 'H
line width behavior except for the sample that was
treated at 140 °C for 12 h. This sample never achieves
proton line width equilibration even after 200 ms. This
temperature is above the LCST as determined by light
scattering. The final two rows of Table 3 contain results
from additional treatment of the 50/50 blend that was
treated at 140 °C for 12 h. This sample was also used
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in a 2D-NOESY experiment that was run at 100 °C.
After this experiment was completed, it was observed
that the sample turned from completely opaque (white)
to clear, indicating macroscopic homogeneity. In addi-
tion, the NOESY results suggested that the blend was
homogeneous on a segmental level. The WISE experi-
ment was then run at room temperature and revealed
something very interesting. It showed that the proton
line widths for PS and PVME equilibrate after a mixing
time of 10 ms. Davis et al.” showed that an immiscible
blend of PS/PVME made from trichloroethylene could
become miscible again if the sample was annealed at
temperatures ranging from 60 to 100 °C, depending on
blend composition. Moreover, our results correlate well
with the results of Nishi et al.,> who showed that by
cycling the temperature just above and below the cloud
point that they could transform the blend from clear to
opaque to clear again. However, here we have the added
bonus that we can determine, without relying on low
resolution optical methods, that the blend is homoge-
neous on a scale of 5 nm.

Table 4 shows line widths for an untreated 70/30
blend as well as portions of the 70/30 PS95/PVME99
blend that were treated at 100, 120, and 140 °C. The
sample treated at 100 °C was treated for 1 week to
ascertain whether prolonged heating would induce
phase separation. Also reported are line widths from the
70/30 PS95/PVME99 blend sample composed of seven
individual 15 mg samples that were subjected to DSC
heating rates in accordance with curves 1 and 2 in
Figure 4. As can be seen from Table 4, prolonged heating
at 100 °C for 1 week does not induce phase separation.
In addition, even though the glass transition of the
blend broadens severely to the point where it was
indiscernible in curve 2 of Figure 4, the WISE experi-
ment revealed that there was no change in domain size.
Only after the sample was treated at 140 °C did the line
widths cease to equilibrate at 10 ms. The results in
Table 4 shows that the line widths are larger overall
than the corresponding line widths for both the 30/70
and 50/50 PS95/PVME99 blends. The main reason for
the increase in line width results from an overall
increase in the rigidity of the blend.

13C T, Measurements. *3C T, measurements were
run in conjunction with the WISE experiment to un-
derstand the effect of heat treatment on segmental
motion. In all cases there were multicomponent decays,
where biexponential fits described the decays ad-
equately. The percentage of the slow relaxing component
is reported for the protonated aromatic carbons (6 = 126
ppm) of PS. The errors associated with the calculation
of the fraction of slow relaxing component for PS was
below 5% in all cases. Unfortunately, the error was
extremely high (up to 50%) when calculating the fraction
of the slow relaxing component for the oxymethine
carbons (60 = 76 ppm) of PVME. These large errors
probably result from the fact that the peak intensity
for the oxymethine group is much lower than that for
the protonated aromatic carbons. While the percentages
of the fast and slow components had larger errors for
the oxymethine group, the fits were generally quite good
with high correlation values.

Table 5 shows 3C Ty, results for an untreated 30/70
blend and 30/70 PS95/PVME99 blends that were treated
at 120 and 140 °C for 12 h. The T3, values for both the
untreated sample and the sample treated at 120 °C are
essentially identical within experimental error. When
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Table 4. WISE Line Width Results for Heat-Treated 70/30 PS/PVME Blends

fwhh? (kHz) at mixing time (ms) of

1 5 10 50 100 200

untreated/126 ppm 29.4 26.1 25.2
untreated/56 ppm 26.1 22.6 25.7
heat treatment/peak

DSC-C2/126 ppm® 29.5 27.4 26.5

DSC-C2/56 ppmP 23.0 26.8 28.2

100 °Cfor 1 week/126 ppm 30.0 27.8 27.0

100 °C for 1 week/56 ppm 24.8 28.0 26.4

120 °C for 12 h/126 ppm 29.5 27.3 26.1

120 °C for 12 h/56 ppm 23.9 25.8 254

140 °C for 12 h/126 ppm 30.8 29.2 28.6 27.9 27.5¢(27.1)

140 °C for 12 h/56 ppm 18.2 20.6 17.8 22.7 22.6¢(20.2)

a Measured line width at half-height. ® Sample treated with the same annealing conditions as those in curves 1 and 2 in Figure 4.

¢ The experiment was repeated with four times the number of scans.

Table 5. 13C Ty, Results for Heat-Treated 30/70 PS/PVME Blends

13C T1, (Ms)

126 ppm 76 ppm
peak (%) long short long short
untreated 46 9.4+0.8 1.17 +£0.11 18+1.1 0.39 + 0.09
heat treatment at
120 °C for 12 h 47 8.2+0.6 1.03 +0.08 1.0+03 0.29 +£0.12
140 °C for 12 h 80 26.2+0.8 0.90 +0.10 104 +1.3 0.75 + 0.06
Table 6. 13C T;, Results for Heat-Treated 50/50 PS/PVME Blends
13C T1, (Ms)
126 ppm 76 ppm
peak (%) long short long short
untreated 59 149+1.1 0.41 +0.03 3.3+0.6 0.34 £ 0.05
heat treatment at
80 °Cfor12h 40+10 0.24 +0.05
100 °C for 12 h 60 155+ 1.1 154 +0.18 3.0+17 0.58 +£0.18
120 °C for 12 h 61 13.9+0.7 1.29 +0.12 19+04 0.29 + 0.07
140 °C for 12 h 78 243+13 1.24 +£0.21 87+24 0.61+0.18
140 °C for 12 h followed by 66 165+ 1.3 15+0.18 52+31 0.68 +0.23
annealing at 100 °C for 24 h
Table 7. 13C T,, Results for Heat-Treated 70/30 PS/PVME Blends
13C Ty, (mMs)
126 ppm 76 ppm
peak (%) long short long short
untreated 75 251+18 1.71 +£0.29 102+ 34 1.17 £ 0.30
heat treatment
DSC-C22 77 226+15 1.30 £ 0.27 6.4+0.8 0.51+0.12
100 °C for 1 week 75 240+17 1.73 +£0.32 98+ 16 0.95+0.16
120 °C for 12 h 77 244 +15 1.58 +0.28 105+ 15 0.97 +£0.13
140 °C for 12 h 78 274+19 1.34 £0.27 82+14 0.72+0.19

a Sample treated with the same annealing conditions as those in curves 1 and 2 in Figure 4.

the sample was treated at 140 °C for 12 h, phase
separation occurred, as shown by WISE measurements.
Now the components have relaxation behavior similar
to pure homopolymers where PS becomes rather rigid
and PVME very pliable. Like *H Ty,'s, 13C Ty,'s will have
a minimum when a large proportion of motions have a
frequency similar to that of the spin-lock field strength.
Additionally, higher or lower frequency motions will
result in a larger Ty, value. As shown in Table 5, there
is essentially no difference between 3C Ty,'s and the
fraction of the slow T, component in the untreated
blend and the blend treated at 120 °C. However, the
sample treated at 140 °C exhibits an increase in the Ty,
value, as well as a large increase in the percentage of
long T, component.

Table 6 shows 13C T;, results for an untreated 50/50
PS95/PVME99 blend as well as samples treated at 80,

100, 120, and 140 °C for 12 h. It is immediately apparent
that there is an overall increase in the long T1, compo-
nent for both PS and PVME as compared to the
corresponding values for the 30/70 PS95/PVME99 blend.
This should be expected since the blend, at tempera-
tures below the LCST, is homogeneous (on a 5 nm scale),
and the addition of a more rigid component would
increase the rigidity of the whole system. For the blend
treated at 140 °C, the long T, and the percentage of
that component increase compared to the T,,'s for the
blends preceding it.

Table 7 shows 3C T, results for an untreated 70/30
PS95/PVME99 blend, a 70/30 PS95/PVME99 blend
treated in accordance with curves 1 and 2 in Figure 4,
a 70/30 PS95/PVME99 blend treated at 100 °C for 1
week, and 70/30 PS95/PVME99 blends treated at 120
and 140 °C for 12 h. Once again there is a substantial
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Figure 11. NOESY 2D contour plot of a fresh 50/50 PS/PVME
blend at 100 °C.

overall increase in Ty, for both PS and PVME when
compared to both the 30/70 and 50/50 PS95/PVME99
blends, indicating a more rigid sample. Closer inspection
of the data reveals that this blend presents a more
challenging problem where essentially all the values are
equivalent within experimental error. This could sug-
gest that the blend does not phase separate when the
sample is treated at 140 °C. However, the WISE data
shows nonequilibration of 'H line widths. Furthermore,
the sample was transformed from a clear film to
completely opaque when treated at 140 °C. These latter
observations are ample evidence for phase separation.
Therefore, an alternative explanation must be found for
the lack of a significant difference in Ty,'s between the
samples treated below 140 °C and the sample treated
at 140 °C. One possible explanation is that the long T4,
values for PS at treatment temperatures below 140 °C
are already very close to the phase-separated T, value,
as can be seen in both the 30/70 and 50/50 PS95/
PVME99 blends. In addition, the long T, value of
PVME in the sample treated at 140 °C does not
necessarily indicate that it is the same (in a mobility
sense) as the values above it. In fact, the long T4, value
of PVME in the sample treated at 140 °C is to the right
of the minimum in the plot of Ty, vs 7. rather than on
the left like the values preceding it.

1H NOESY Measurements. 'H 2D-NOESY experi-
ments were run on samples at 100 °C rather than heat
treating the sample and running the experiment at
room temperature. In mobile solutions the NOE is
mostly dependent on cross-relaxation. However, in the
solid state, spin diffusion can play a role in affecting
the intensity of the NOE. Figure 11 shows a representa-
tive contour plot of a 2D-NOESY spectrum from a 50/
50 PS95/PVME99 blend at 100 °C. The experiment
shows proton spectra along both the w; and w, dimen-
sions, where the cross-peaks in the contour plot reveal
the NOE interactions. Closer examination of the trace
along w; shows that the broad downfield resonance is
entirely from the aromatic protons of PS. Moreover, the
narrow resonance in the middle of the spectrum is only
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Figure 12. Spectra of a 50/50 PS95/PVME99 blend at 100

°C (a) 2D NOESY slice obtained with a mixing time of 300
ms. (b) Bloch decay spectrum.

composed of the methoxy and oxymethine protons of
PVME. The furthest upfield resonance is composed of
the backbone protons of both PS and PVME. Resolution
of the component resonances allows the determination
of the NOE interaction. The extent of the NOE interac-
tion was determined by comparing the 2D NOESY
cross-peak intensities to the peak intensities obtained
by a Bloch decay experiment run under similar condi-
tions. Figure 12a shows a 2D NOESY spectrum taken
along a slice in the F2 dimension containing the
maximum diagonal peak intensity for the methoxy and
oxymethine protons of PVME. Figure 12b shows a Bloch
decay spectrum acquired with the same experimental
parameters as those used to obtain the 2D NOESY
spectrum. A 2D slice was also taken along a shift in F2
corresponding to the position containing the maximum
diagonal peak intensity for the aromatic protons of PS.
The spectrum at this slice was compared with the Bloch
decay spectrum. It was found that the PS and PVME
cross-peak intensities were 102% and 100%, respec-
tively, relative to the corresponding peaks in the Bloch
spectrum. Experimental error was found to be +8%.
Since there is a significant interaction between the PS
and PVME protons even at 100 °C, this indicates that
phase separation has not occurred. Similar results were
found for the 30/70 and 70/30 PS95/PVME99 blends.

Discussion

Figure 13 shows the cloud point (Ty) dependence on
composition (hereafter referred to as the binodal curve),
determined from laser light scattering. In addition, the
composition dependence of glass transition tempera-
tures (Tgi, Tgm, and Ty) determined from DSC for the
PS95/ PVME99 blend is plotted. It should be mentioned
that laser light scattering, which was used to determine
values of Ty, could not be used to detect domain sizes
smaller than approximately 500 nm, whereas solid-state
NMR spectroscopy could be used to detect domain sizes
on the order of 5 nm in untreated samples at room
temperature. If we accept a view that a blend can be
considered as miscible if it exhibits a single composition-
dependent glass transition temperature, we can con-
clude that the PS95/PVMEQ99 blends are miscible over
the entire composition range (see Figure 2). Note,
however, that DSC cannot effectively determine domain
sizes on the order of 5 nm. These observations lead us
to conclude that microheterogeneity exists in the mis-
cible PS95/PVME99 blends at temperatures below Ty,.
However, it is clear that the homogeneity of a polymer
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Figure 13. Composition dependence of cloud point deter-
mined from light scattering experiment (®) and composition
dependence of glass transition temperature: Tg (O), Tgm (2),
and Ty (O) for the PS95/PVME99 blend system investigated
in this study.

blend is dependent on the minimum domain size detect-
able by the experimental technique used.

'H T1, measurements show that PVME affects the
segmental motions of PS, and vice versa. At tempera-
tures above 45—80 °C, depending on blend composition,
the divergence in *H T, values was first thought to be
an indication that there was an increase in the degree
of phase separation of the two components on a molec-
ular level. Li et al.3® have shown that this may be the
case in blends of poly(2,6-dimethylphenylene ether) and
PS. However, from T, measurements®® it was found that
at temperatures above 45 °C the rate of spin diffusion
was such that *H T, measurements could only be used
to determine domains smaller than about 2 nm. Since
domains on the order of 5 nm exist within the untreated
blend samples, *H T1, could not be used to determine
whether larger domains formed when the temperature
was raised. Fortunately, the *H T1, measurements did
give valuable information. They show that there is
motional heterogeneity within the blends and that each
component begins to assume relaxation characteristics
similar to their pure homopolymers at high tempera-
tures.

Considering the large difference in mobility observed
in Figure 9, let us reexamine the effect of cooling rate
on the shape of the DSC traces shown in Figure 4. A
70/30 PS95/PVME99 blend at 100—120 °C has a large
difference in component mobility. This probably results
in compositional fluctuations. Recently, on the basis of
a rheological investigation, Kim et al.*° concluded that
dynamic composition fluctuations exist near the critical
point (LCST) of a PS/IPVME blend system. The fact that
NMR reveals only domains on the order of 5 nm does
not mean that larger domains do not exist. Spin diffu-
sion measurements equilibrate to the smallest average

Macromolecules, Vol. 33, No. 5, 2000

domain size. Hence, when this specimen was quenched
very rapidly from 100—120 to —40 °C at a rate of 200
°C/min, the component chains in the blend may have
been frozen. Under such circumstances, the specimen
would not have had sufficient time to undergo a transi-
tion from a larger microheterogeneous phase (>15 nm
borderline miscibility for DSC) to phases on the order
of 5 nm. Thus, it would be very difficult for the 70/30
PS95/PVMEDQ9 blend to exhibit a clear-cut glass transi-
tion temperature. This may be the reason a very broad
glass transition is observed in curves 2, 3, and 5 of
Figure 4. Conversely, very slow cooling of the micro-
heterogeneous 70/30 PS95/PVME?Q99 blend from 100 to
120 °C to — 40 °C at a rate of 10 °C/h would have
provided sufficient time for the specimen to undergo a
transition to the smaller (5 nm) microheterogeneous
phase. This may explain why we observe a very distinct
Tg in curve 4 of Figure 4. If two straight lines are drawn,
one from the left side and another from the right side,
tangential to curve 2, 3, or 5 of Figure 4, the breadth of
the glass transition, ATy = Ty — Tg;, can be obtained.
This breadth is much greater than that from curve 4 of
Figure 4.

Many studies have been conducted on PS/PVME
blends. Some of these studies show the blends to be
homogeneous while other show that the blends are
heterogeneous. Conflicting results can, for the most
part, be explained by the method of study. However,
some confusion may have resulted from the complexity
of this blend system. While we have shown that our
blends initially contain small domains on the order of 5
nm, the blends do not phase separate until the LCST is
reached. In addition, even though the blends do not
phase separate at temperature below the LCST, the
component polymers begin to assume the motional
characteristics of their respective homopolymers at
temperatures above 45—80 °C (depending on blend
composition).

Conclusions

While it has been quite common to use the detection
of multiple 'H Ti, relaxation decays as evidence for
spatial heterogeneity, it is important to observe that
even a completely amorphous homopolymer can give
multiple relaxation decays for its different functional
groups. This was clearly seen in the PVME homopoly-
mer. In cases where the observation of multiple *H Ty,
relaxation decays could be from motional heterogeneity
and/or spatial heterogeneity, additional experiments are
required. WISE measurements show conclusively that
small initial domains on the order of 5 nm exist within
all of our untreated blend samples. In addition, these
measurements show that our PS/PVME blends do not
phase separate until the heat treatment temperature
is above the LCST (as determined by cloud point
measurements). To eliminate the concerns that the
phase-separated domains re-formed when the blends
were run at room temperature, NOESY experiments
were run at 100 °C. These experiments showed strong
NOE interactions between both PS and PVME, dem-
onstrating that the component domains had not phase
separated at this temperature.
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