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ABSTRACT: Polymer compatibility was investigated by a new strategy reported in our recent communication
combining preparation of an isotopically enriched polymer blend with analysis by dipolar'filtsplid-state

NMR under fast magic angle spinning (MAS). Technical details concerning the optimization of the experimental
conditions of this method were first discussed. The intimate segment mixing and interchain interaction in blends
of deuterated polystyrene (PS-D)/hydrogenated poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) were then
qualitatively characterized and compared to that in PS-H/PS-D blends. It was found that the PS-D chain is in
proximity to both the aromatic and the aliphatic protons of PPO chain within 0.5 nm, and it was suggested that
the distance between PS-D and the aromatic ring of PPO is shorter than that between PS-D and the aliphatic side
group of PPO, whereas only the proximity within 0.5 nm among aromatic rings was observed in PS-H/PS-D
blends. As compared to DSC experiment, this work also demonstrates that our strategy is sensitive enough to
probe the driving force of interchain compatibility between PS-D and PPO during the interfacial diffusion process
of melt blending at a molecular level.

Introduction distances of 0.51.0 nn? and provides an ideal technique for
probing chain spatial proximity or intimate mixing at a molecular

Polymer blends are of major economic importance in the level. The interchain proximity reflects important information

polymer industry. The physical and chemical properties of the on their compatibility in polymer blends.

materials depend not only on the nature of the constituent A variety of SSNMR techniques have been developed to

polymers but also on how intimately they are mixe@ompat- : N~
ibility in polymer blends has received substantial attention in _characterlze polymer compatibility on the scale of 9150 nm

the past decad&® Knowledge of the spatial proximity between g]eg]r? \E)v?;;de;ad&dg %T?tgge\;iréﬂgz tn:JeCsliﬁjgb%?mAeFrer:gs
chains on different scales unveils information on compatibility, lecul y ppl i ati CP) i | bl .d taini
which has profound influence on the macroscopic properties ecular cross polarization (CP) in po ymer biends containing
of the final products. Various techniques including differential one deutferatedhcc_)mpondent was used ]Eol;nvest:jgate rt]he Intimate
scanning calorimetry (DSC), transmission electron microscopy mglzgrﬁ t;\tlict))itlzit algfs 3%;::;?]? S%ﬁcﬁqsesr: v)\//i:JhS?jisttci’nC U?Srﬂgtbelgze
(TEM), dynamic mechanic analysis (DMA), nonradiative energy hemi Ip h'ftslg{m H tE' y thod d tg K f
transfer (NET), and small-angle X-ray scattering (SAXS) have chemical Sitts. owever, this method does not work for
been extensively used to study the chain compatibility of some polymer blends where the chemical shifts and/or the proton

polymer blend$:5-8 These techniques, however, cannot be used relgxatiog times of theltwo components are not well distin-
to directly identify the individual structures in distinct regions %u;?;d:imiugggrgfrgr’ Zcmgusn'\tlhgss;?\;qullée;slf:g?r?ra?g&eg
of a multicomponent polymer blend. Solid-state nuclear mag- NMR methods due t% the poor sensitivitIO arisin fropm the low
netic resonance (SSNMR) spectroscopy is another powerful and P y Y

! . : .
convenient technique to study the structure and dynamics of gﬁgrnnd;ir\]/ceeto?gcgcduzh'::)S}tsHhisﬁngﬂnzit:\slit;tzlyT?g dif[aigrnaglf've
polymer blend. It can be used to provide useful information IH relaxation time measuremgnts were a c;)nvenient me¥ﬁod to
about polymer microstructure due to its sensitivity to local

chemical environments. Furthermore, it can also be used to estimate domain size and interchain compatibility in polymer

probe heterogeneous dynamics and to monitor morphology 2/€dS on “;‘;‘gﬁa'e of 260 nm () and 2:5 nm (Ts,),
changes. By measuring the time scale of proton spin diffusion, respectm_ely?. ' However, th_e strong spin d|ffu3|on_ among
the length scales in nanoscopic heterogeneities from a feWprotons_bI!lr_nlted theh US(T of ths rretk;od to dete(rjmme Ch?m
nanometers up to 100 nm and the interface between differentgpﬁmpit't llity on absl Og[ ent?t Stcr?e 0 ,?'5 nrr|1, ar;. It \t/yas as;)
microdomains in polymer blends can be determitfeét In f: Icult fo use in biends where e”pg_) on re_a;:aollora:me_s OI
particular, SSNMR spectroscopy based on the dipdipole the two components were not well distinguished. Chemical-

interaction reflects molecular interactions occurring over short shift f".ter devgloped by_ (}]au_ss et #.was also used to
determine chain compatibility in polymer blends where the

components are all rigid and with distinguishable chemical shift.
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ments based on the CP betweblt and 13C are powerful
methods to study compatibility in multicomponent polymers.
However, spin diffusion among protons during CP prevents the
detection of chain proximity on a short scale of 0.5 nm. Recently
developed HETCOR experiments using WIM48 can suppress
IH—1H spin diffusion during CP and provide a novel tool to
detect chain proximity at short scale of 0.5 nm, but these
methods are still time-consuming and experimentally demand-
ing.26272D 'H—H spin-exchange experiment based on CRAMPS
has also attracted attention in recent yé&nshich had been
used to investigate the compatibility of interpolymer complex.
However, it needs distinguishabH chemical shifts for
different components. Therefore, the development of a simple
and effectivelH NMR experiment to determine the chain
compatibility on a short length scale of 0.5 nm is still
challenging, especially for polymer blends with undistinguish-
able chemical shifts for different components.

Among many polymer blends, the polystyrene/poly(2,6-
dimethyl-1,4-phenylene oxide) (PS/PPO) has been widely

studied because of the high compatibility between PS and PPO.

Many different methods, such as SARESONMR,17:20.25,3+34
IR,3%:36 WAXS,37 DSC283° rheology?%4! etc., were used to
provide structural information on different length scales. All of
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Figure 1. Schematic diagram of the NMR method for probing the

chain interpenetration region in polymer glasses. The NMR spectra in
this figure use PS-H/PS-D as an examfile.
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following section. Chain interpenetration and the intimate
segment mixing in polystyrene isotopic blends of hydrogenous
and deuterated chains at different interpenetration degree were
successfully characterized. Although one component should be
deuterated in the blend, this method has the advantages of high
sensitivity and simplicity of the experiment over the CP method.
It is noteworthy that this method is successful even for blends

the evidence indicates that PS/PPO blends are compatible inliké PS-D/PS-H having undistinguishable chemical shifts of the

all proportions and over a considerable range of molecular
weights*243However, structure fluctuations were found in the
blend!”33Some people believed that the compatibility originated
from a strong interaction between the phenyl ring of PS and
phenylene ring of PP&33538while others believed that the
driving force in the formation of the compatible blend of PS
and PPO is ther-hydrogen bond between the electrodeficient
methyl groups in PPO and-orbitals in PS* Note that no direct
evidence has been reported on the driving force of compatibility
during melt blending at a molecule level. Among all of the
methods, SSNMR has shed much light on the chain compat-
ibility of this blend. Stejskal et & used the intermolecular

two components, which prevents traditional NMR methods from
being effectively employed. Furthermore, because a high
resolution’H NMR spectrum can be achieved due to the fast
MAS and “deuterium-inducetH dipolar dilution” (abbreviated

as DEPODIL) effect>#7 this method also provides a simple
and alternative way to probe intermolecular interactions in
polymer blends within 0.5 nm through the observation of
“isolated” 'H NMR signals of different groups. Motivated by
this work and to further verify the universality of our NMR
method, here we employ this new technique to characterize the
chain compatibility and interchain interaction in deuterated
polystyrene (PS-D)/hydrogenated poly(2,6-dimethyl-1,4-phe-

cross polarization in a deuterated-PS/hydrogenous-PPO blendYlene oxide) (PPO) blends. Technical details that significantly

to investigate the intimate mixing of the two components. Karasz
et al31:3244ysed a two-dimensiondfC—1H correlation NMR

affect the experimental results were first discussed, and then
the chain compatibility in PS-D/PPO blends with different

spectrum to interpret the structure of PPO and the PS/PPO blendCoMPonent ratios and preparation conditions was characterized.

To enhance the site resolution, Schmidt-Rohr & alsed the
two-dimensional'3C—13C NMR with exchange byH spin
diffusion. Liquid-state NMR measuremefitsvere also con-
ducted on PS/PPO blend; by using small molecules with

structural analogy to the PS and PPO repeat units, it was

Finally, this method was further used to investigate the interchain
interaction for PS-D/PPO blends treated at different tempera-
tures, and the NMR results were also compared to DSC
measurements, which allow us to identify the interacting groups
and to gain a molecular level understanding of the forces that

suggested that the major interaction is between the PPO rne,[hyplrive compatibility during the interfacial diffusion process of

protons and the-orbitals of the PS rings. However, VanderHart
et al. doubted this hypothesis by using proton spin diffusion
experiments with multiple-pulse techniquédJsing 1°C spin
relaxation measurements, Feng e¥aluggested that there is a
strong w—x electron conjugation interaction between the
aromatic rings of PS and those of PPO, while the aromatic rings
of PPO drive the aromatic rings of PS to move cooperatively.
Therefore, detailed information about the length scale of
interchain compatibility and the forces that drive compatibility
needs to be further elucidated.

melt blending.

Experimental Section

The deuterated polystyrene (PS-D, Polymer Source Inc. sample
no. P2404-dPS) has the number average molecule weight of
103 800, with polydispersity index of 1.38. The residual level of
protonation in the PS-D is about 3.5%, as determined by liquid-
state'H NMR on a Varian UNITYplus-400 NMR spectrometer at
a proton frequency of 400.2 MHz. Hydrogenous poly(2,6-dimethyl-
1,4-phenylene oxide) (PPO) was kindly supplied by GE Co. PS-
D/PPO blends were prepared by solution blending in toluene with

In a recent Communica‘tion, we developed a hew and generalthe p0|ymer concentration of 5 wt %. All of the solutions were

strategy to characterize the chain interpenetration in isotopic-
enriched polymer glasses within a length scale of 0.5*hm,
which was enlightened by the pioneering work of Vanderfart.
This method combines the preparation of the isotopically
enriched polymer blends withd dipolar filter solid-state NMR

stirred overnight to ensure homogenéfyThe evaporation of
toluene from solution proceeded slowly at 80, and the weight

of the sample reaches equilibrium after about 1 week. Next, the
sample was dried under vacuum at £20for 1 week, and a single

Ty of the sample was determined by DSC measurement. The PPO
and PS-D were resolved in toluene with concentration of 8 wt %

under fast magic angle spinning. The schematic diagram of theseparately and deposited in ethanol separately. PPO and PS-D

strategy is shown in Figure 1 and will be discussed in the

powder were then physically mixed by mortar (abbreviation, Blend-
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Figure 2. (top) Pulse sequence with a 12-pulse dipolar filter experiment. (bottom) The spinning-frequency dependence of the 12-pulse dipolar-
filtered *H MAS spectrum on the 50/50 PS-D/PPO bleM . = 8). For each spinning frequency, the ratiomf/z, is indicated in the table,
wherertpr is the total cycle time of the 12-pulse dipolar filter sequence mnsl the rotor period.

20). Blend-20 was heated from BC to the target temperature  Results and Discussion

(70, 145, 250°C) at 20 °C/min and then held at the target ) L

temperature for 10 min, finally cooling back to room temperature N Our previous communication, we developed a new strategy

at 20 °C/min. The corresponding samples were abbreviated as 0 characterize the chain interpenetration in isotopic-enriched

Blend-70, Blend-145, and Blend-250, respectively. These heating Polymer glasses within a length scale of 0.5 nm, and a detailed

processes were operated in the DSC. description of the strategy was givéhFor convenience of
Differential scanning calorimeter (DSC) measurementwas diS(_:ussion in the present work, we first briefly review the three

carried out on a Perkin-Elmer DSC-Pyris 1 system in dry argon Main features of this method: (1) Deuterated and hydrogenated

atmosphere. All samples were first heated from 50 to 5@t a polymers are mixed at a certain ratio. When3Heand'H nuclei

rate of 20°C/min (first heating scan) and kept at that temperature are well mixed within a distance of 0.5 nththe dipole-dipole

for 2 min. Subsequently, they were cooled at a rate 20 °C/min interactions among protons were significantly redutethis

to 50 °C and kept at 50C for 10 min. Next, a second scan was effect is known as “deuterium-induceH dipolar dilution”

conducted from 50 to 250C with the same heating rate as the (DEPODIL). (2) Fast MAS at 25 kHz is used to further average

first. Temperature calibration was performed using indium as a out the weakenedH dipole—dipole interaction in the mixing

standard. The midpoint of the slope change of the heat capacity regions. (3) Dipolar filter pulse sequence is then used to suppress

plot was taken as the glass transition temperatiige ( the signals from protons with strong dipeldipole interactions
Solid-state NMR experimentswere performed on a Varian  that are out of the chain mixing regions. A unique “isolation”

Infinityplus-400 wide-bore (89 mm) NMR spectrometer at a proton of IH signal can be achieved for protons that are sufficiently

frequency of 399.7 MHz using a 2.5 mm T3 double resonance close to the deuterated chains on the basis of the above three

CPMAS probe, and this probe can provide stable sample spinningsteps. This isolate#H signal can be used as a sensitive probe

up to 30 kHz withint2 Hz using a zirconia PENCIL rotor. Allof  tg characterize the chain proximity in various polymer blends
the NMR data were processed with Varian Spinsight software, and gt 3 molecular level. A schematic diagram of the method is
all experiments were carried out at room temperature. ¥he shown in Figure 1.

chemical shifts were referenced to external TMS. 12-Pulse dipolar

filter IH experiments developed by Schmidt-Rohr eé@&as shown Optimization of the Experimental Conditions. Several

in the inset of Figure 2 were used to select tHemagnetization factors including the interferences between MAS and 12-pulse
with a weak!H—1H dipole—dipole interaction. The SQpulse width dipolar filter sequence, thé&yce value, and PS-D content
was 1.45us, and the interpulse spacing ofvas typically 10us. significantly affect the effective application of this NMR

To avoid interference between MAS and 12-pulse dipolar filter method; we first discuss the optimization of the experimental
sequence, the value was carefully adjusted so that the dipolar conditions in PS-D/PPO blends and compare to previous NMR
filter cycle was not an integer or half integer multiple of the rotor results in PS-D/PS-H blends.

period® and a detailed discussion will be given in the following (1) Interferences between MAS and the 12-Pulse Dipolar

rSr:e:;fSré Jge trs;d?ilgtwtgg JE:ZE(?;&O; Vt('ar:;?;}re(go\%?toenxs ev:i?nrgnt Filter Pulse Sequencelt is well known that molecular motion
y y exp " can destructively interfere with line-narrowing by multiple pulse

Recycle delays between two scans were set to five timedtfie - 57 L .
values (0.3-0.5 s). The spectra were obtained with 32 scans for techniques (such as CRAMPS) or MAS®' In principle, if

each spectrum. The background signal was separately collectedN® Ccenter of the correlation time distribution describing

under the same condition without sample and then subtracted fromMolecular motion (or proton exchange) comes close to the cycle
the spectra acquired with a sample to obtain all of the spectra datatime of the multiple pulse sequence or the integer rotor periods,
used in the subsequent analysis. The sample weight in eachthe effectiveness of the multiple pulse sequences or MAS will
experiment was accurately measured and was used to normalizéde reduced. Although interference between multiple pulse
the signal intensity. If not specified, the signal intensities were techniques and MAS has also been reported, little work was
normalized by the weight of the PPO. reported on the interferences between the 12-pulse dipolar filter
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pulse sequence and MAS. In our previous work, it was observed
that the increase in the aromatic signal observed is not
monotonic with increasing MAS frequency in isotopically
enriched PS-D/PS-H blend3 Because the ability to average
out the dipolar interactions via MAS is a monotonic function
of the MAS frequency, the above NMR result implies that

interferences between MAS and 12-pulse sequences should exist.

Figure 2 shows the dipolar-filteretH NMR spectra of 50/50
PS-D/PPO blend at spinning frequencies ranging from 5 to 27
kHz in step of 1 kHz and &llyce Of 8. It was observed that the
intensity of the dipolar-filteredH signal strongly depends on
the spinning frequency. Both the aromatic and the aliphatic
groups show similar behavior, which is different from those
observed in PS-D/PS-H blends, and this difference will be
discussed in the following section. For each spinning speed,
the ratio tpe/7; (Where7pr is the total cycle time of the 12-
pulse dipolar filter sequence, i.e., 12*(1.4510) = 137.4us,
andz; the rotor period) is indicated in the table. As illustrated
in Figure 2, we can see that the increase in dipolar-filtered signal
is not monotonic with increasing MAS frequency. At rotor
spinning frequencies of 7.28, 14.56, and 21.83 kHz, we observe
obvious decreases of th#d signal intensity. These three
spinning frequencies correspond to an integer ragidr, of 1,

2, and 3, respectively. These special ratios between the cycle
time and rotor period are likely to correspond to stréHg-H
dipolar interaction and chemical-shift anisotropy recoupling

Characterization of Polymer Compatibility B4 NMR 9021
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conditions, as already observed by Filip and Hafner for the (b)
windowless WHH-4 sequendy, or by Lesage et al. for
continuous phase modulation multiple-pulse DUMBO-1 se-
guence®8 In addition, it is also noted that an obvious decrease
of the signal intensity is also observed at half integer (1.5, 2.5)
of 7pr/7. These recoupling windows can be easily avoided by
adjusting the interpulse spacing {n the dipolar filter sequence,
so that the dipolar filter cycle was not an integer or half integer
multiple of the rotor period. It is noteworthy that the dipolar-
filtered signal is not sensitive to the spinning frequency higher

WMM,M\MMJA_M_M_AA__M_

than 23 kHz. Therefore, the automatic control of the MAS 200
frequency at high spinning rate of 25 kHz and fine adjustment ppm
of the interpulse spacing afin 12-pulse dipolar filter sequence ©

are crucial to guarantee the accurate measurement of the dipolarFigure 3. The H dipolar-filtered MAS NMR spectrum of (a) PPO
filtered 'H signal. (inset is the molecular formula of PPO), (b) PS-D with residual protons

(2) The Influence of N Value and PS-D Content on (inset is the molecular formula of PS-D), and (c) the blend of 50/50 wt
cycle -

% PS-D/PPO with 12-pulse dipolar filter Bty values from 0 to 10
the 12-Pulse Dipolar Filtered'H MAS Spectrum. The fraction (from left to right) at room temperature and spinning frequency of 25
of the detected protons after the dipolar filter depends strongly kHz. The spectra were normalized by PPO sample weight, and the
on the strength of the dipolar filter (selectionitfqe employed. corresponding spectra of PS-D in these figures were normalized by

To obtain a better understanding of the influencilgte values PS-D sample weight and used to show the effect of residual protons.
on the spectrum, we have investigated Mg.e value depen-  increasingNe,ce When compared to pure PPO (Figure 3a), which

dence of the signal intensities and line shape in different implies that some of the signal due to the DEPODIL effect in

samples. The spectra of pure PPO, 50/50 PS-D/PPO blend, anghis isotopically enriched blend could be partly isolated. To

pure PS-D alNyce values from 0 to 10 were shown in Figure  confirm this conclusion, we further compare the spectra of PPO,
3. We can see that the intensities from the pure PPO decrease®s-D, 50/50 PS-D/PPO physical mixture, and 50/50 PS-D/PPO
dramatically with increasin\cycie values, and the signals are  cast blendsNcyce = 8) in Figure 4. We can see that the signal

almost completely suppressed\gjce larger than 8. This implies  from the PS-D/PPO physical mixture shows nothing special but
that the 'H—!H dipole—dipole interactions among protons the simple linear sum of the PPO and PS-D signals. For the
should be very strong in hydrogenous PPO even at the fast spin50/50 PS-D/PPO cast blend, however, both signals from
frequency of 25 kHz. On the other hand, the signal intensity of aromatic protons and aliphatic protons increase significantly.
the pure PS-D is only slightly decreased with increadiiage Furthermore, we can also notice that the increment of the signal
as shown in Figure 3b (the corresponding integration versus from aromatic protons is larger than that from aliphatic protons.
Neycie Was shown in Figure 4). Because the residual level of  The intensity of the observed isolated signals of the hydrog-
protonation in the PS-D is about 3.5%, this means Hat'H enous chains after dipolar filter depends strongly on the number
dipole—dipole interaction among residual proton is very weak of deuterated chains that closely surrounded it. To obtain the
and could be averaged out under fast MAS condition. In the most effective content of the deuterated chains in dipolar-filtered
case of 50/50 wt % PS-D/PPO blend as shown in Figure 3c, 'H MAS experiments, we prepared three PS-D/PPO blends with
the signal intensity from 50/50 PS-D/PPO decreases slower withweight ratios of 25/75, 50/50, and 75/25, respectively. Figure 5
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Figure 4. The dipolar-filteredH MAS NMR spectra of PPO, PS-D,
50/50 PS-D/PPO physical mixture, and 50/50 PS-D/PPO cast blend. It
was recorded at room temperature with 12-pulse dipolar filtéak

= 8 and 25 kHz spinning frequency. The intensities were normalized
by the total sample weight in the rotor.
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Figure 5. The integration of the proton signal from aromatic ring (a)
and the aliphatic side group (b) of PPO versus Kage of different
samples. To compare the isolated signal, the integration was normalized
by the weight of PPO after the contribution of the residual proton in
PS-D was subtracted in the corresponding blend.

shows the integral intensities of the proton signal from aromatic
ring and the aliphatic side group of PPO versus Mge of
different samples. To compare the isolated signal, the integration
was normalized by the weight of PPO after the contribution of
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the part from the residual proton in PS-D was subtracted in the
corresponding blends. So the difference in the signal intensities
between the blends and pure PPO at the salyge value
reflects the relative amount of isolated proton signal. We can
see that the integration values of different blends and pure PPO
are nearly equal allcyce = 0. This indicates that no obvious
difference appears if all proton signals of the samples were
detected without using dipolar filter. With the increasiigcie
value, the signals with strordtl—'H dipole—dipole interactions
were suppressed, while the signals from the protons proximate
to the PS-D chains were isolated due to the DEPODIL effect.
We can see that the relative intensities of the isolated aromatic
and aliphatic signals increase with increasing PS-D content at
the sameNgyce value. This is the direct NMR evidence that the
PS-D chains are intimately mixed with both aromatic and
aliphatic protons of PPO within a distance of 0.5 nm.

In Figure 5a, we can see that the signal from pure PPO
remains considerably large fdi,ce < 8, so the fractions of
signal in the blends coming from PPO protons that do not belong
to the chain interpenetration regions cannot be neglected. These
proton signals mask the effective NMR signal, reflecting the
degree of chain interpenetration between different blends. It is
noteworthy that wheflcyce > 8, the signal of pure hydrogenous
PPO is almost completely suppressed. Meanwhile, the isolated
proton signal of hydrogenous PPO chains, in which protons are
sufficiently close to théH nuclei of deuterated PS chains in
the PS-D/PPO blends, becomes weaker. It should be also noted
that, whenNgce > 8, the fraction of the observed protons is
not strong enough to give reasonable signal intensity, and the
contribution from the residual aromatic protons in PS-D is
considerably large. As the result, eight is the optimigghe
value to be selected in our experiments. In addition, we
mentioned in our previous work that the presence of a small
amount of residual protons does not interfere with the experi-
mental result$>® Figure 6 shows the corresponding spectra of
Figure 5 atNcycle = 4 and 8, respectively. It is clear that the
spectral contrast dflcycie = 8 is better than that diyce = 4,
in agreement with the above discussion. From Figures 4 and 5,
we can see that the isolated proton signal of the 75/25 PS-D/
PPO was the strongest within the three blends, which indicates
that 75% is the most effective PS-D content in PS-D/PPO
blends. In our previous work on PS-D/PS-H blends, we found
that the effective PS-D content is 50%, which is smaller than
that in PS-D/PPO blends. The different optimal deuterated
sample content between different blends originates from the
interchain interaction, which will be discussed in the following
section. This indicates that the effective PS-D content in different
blends should be carefully adjusted. On the basis of the above
discussions, the optimized experimental conditions can be
determined and used in the following work. In addition, it should
be also noted that the selection actually done by the dipolar
filter should be carefully checked in samples with weak dynamic
contrast as suggested in a recent report by Spiess®®t al.

Interchain Interaction in PS-D/PPO Blends. Figure 6
shows the dipolar-filteredH MAS NMR spectra of PPO, PS-
D, 25/75, 50/50, 75/25 PS-D/PPO blends, and 50/50 PS-D/PPO
physical mixture recorded a¥lyce equals (a) 4 and (b) 8,
respectively. From Figure 6, it is clearly demonstrated that high-
resolution’H NMR spectrum can be achieved due to the fast
MAS and DEPODIL effect? which provides us with a simple
and alternative way to probe intermolecular interactions in
polymer blends within 0.5 nm through the observation of
isolated'H NMR signals of different groups.
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the chemical shift of the aromatic peak moves from 6.4 to 7.0
ppm, which are assigned to the signal from aromatic protons
of pure PPO and pure PS, respectively. This result also clearly
indicates the presence of the strong interaction between aromatic
rings of PPO and PS-D and is in good agreement with the results
from the above discussion.

Third, the interchain interaction can also be determined by
comparison of the slopes of the curves shown in Figure 5. In
this figure, the slopes of the curves reflect the decay speed of
the signal undetH dipolar filter: the flatter the slope is, the
slower the decay speed is, which means more signal is isolated
in the blends, and vice versa. It is noteworthy that the slopes of
the curves for aromatic signals in PS-D/PPO blends (Figure 5a)
are flatter than those of the corresponding aliphatic signals
(Figure 5b). This indicates that the DEPODIL effect in aromatic
protons signals is stronger than that in aliphatic proton signals.
Because the DEPODIL effect depends strongly on the distance
betweer?H andH, this suggests that the distance between the
aromatic ring of PPO and PS-D is closer than that between the
aliphatic protons of PPO and deuterium of PS-D.

It was reported that the major interaction was between the
PPO methyl protons and the-orbitals of the PS rings as
suggested by some liquid-state NMR measureni¢éntsing

small molecules with structural analogy to the PS and PPO
repeat units. However, VanderHart casts doubts on this hypoth-
esis!” Using 13C spin relaxation measurements, Feng e€al.
suggested that there was a stramgsr electron conjugation
interaction between the aromatic rings of PS and those of PPO,
while the aromatic rings of PPO drive the aromatic rings of PS
to move cooperatively. Our results suggest that the interaction
between the PPO methyl protons and therbitals of the PS
rings may exist but would not be predominant.

It is interesting to note that both signals from the aromatic
(b) ring and aliphatic protons are isolated in PS-D/PPO blends; this
behavior is quite different from that observed in our previous

Figure 6. The dipolar-filteredH MAS NMR spectra of PPO, PS-D, _ _ ;

25/75, 50/50, 75/25 PS-DIPPO blends, and 50150 PS-DIPPO physicalrrorc 0 PSTIPSD. btl)en.d@’l where lonly the signa, from
mixture recorded aNeye. equals (a) 4 and (b) 8, respectively. The ~aromatic proton could be isoiated. Un the basis of (he above
spectra were normalized by PPO sample weight, and the corréspondingliscussion on PS-D/PPO blends, we ascribed this difference
spectra of PS-D in these figures were normalized by PS-D sample between the PS-H/PS-D and PS-D/PPO blends to their different

weight and used to show the effect of residual protons. interchain interactions. It was reported that a correlation length
of 0.5-0.6 nm was favored for PS-d5/PS-d3 blends simulated
First, the interchain interaction can be determined by com- pased on the Gaussian correlation model through the experi-
parison of the peak intensity of the aliphatic and aromatic mental spin diffusion dat& In our previous work of PS-H/PS-
groups. From the spectrum of pure PPO in Figure 6, itis shown D, it was observed that the signal from the aromatic ring was
that the signal from aliphatic protons is stronger than the signal jsolated by the deuterated PS while the aliphatic proton was
from aromatic protons because the amount of aliphatic protonsnot, and this was ascribed to the spatial obstruéiétof the
is larger than the amount of aromatic protons from their chemical aromatic groups to the protons of the main chain: the PS-D no
structure. In the case of PS-D, the signal from residual aliphatic jonger has the chance to be near the aliphatic protons within
protons is nearly equal to the signal from residual aromatic the effective distance to inducéH dipolar dilution” in PS-H/
protons. However, for PS-D/PPO blend, the signal from aromatic pS-p blends. On the other hand, for PS-D/PPO blend, the
protons becomes stronger than that from the aliphatic protons.phenylene rings of PPO are approximately perpendicditue
This indicates that the DEPODIL effect was stronger for the pS-D has the chance to near both the aromatic protons and the
aromatic protons than for the aliphatic protons of PPO. Becausegliphatic protons? and both the aromatic protons and the
the DEPODIL effect depends strongly on the distance between gjiphatic protons could be isolated by the PS-D. Furthermore,
the neighbor of the deuterated and protonated chain, we canit was reported that the shortest distance between the protons
conclude that the distance between PS-D and the aromatic ringof PPO and PS segments in adjacent lattice sites of PS/PPO
of PPO is shorter than that between PS-D and the aliphatic sidesegment is 0.33 ni#?, and there is a correlation length of 0.4
group. nm for the PPO/PS-d3 blendsTherefore, the correlation length
Second, the interchain interaction can also be determined byof PPO/PS is shorter than that of PS-d3/PS-d5-0.56 nm).
comparison of the chemical shifts of the aliphatic and aromatic Shorter correlation length implies that the deuterated PS chains
groups. In Figure 6b &W..ce = 8, we can see that the signal are more proximate to the PPO than to the PS-H chains, and
increased dramatically with increasing PS-D ratio when PS-D this should be the main reason of the different behavior of the
and PPO are cast from toluene solution and are guaranteed tdEPODIL effect observed in these two isotopically enriched
form compatible blend%*3° With the increase of PS-D ratio, polymer blends.

Intensity
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Figure 7. The DSC traces (second heating scan) of (A) PPO, (B)

physical mixture of PS-D and PPO, and (C) PS-D. After a heating F19ure 8. The spectra of Blend-20, Blend-70, Blend-145, and Blend-
history from 50 to 250°C with 20 °G/min and holding at 256C for 250 were recorded at room temperature with 12-pulse dipolar filter at

10 min, the physical mixture of PS-D and PPO with equal weights '\eve = 8 and 25 kHz spinning frequency. _
shows a singldy of 118 °C. tion between the aromatic protons of PPO and PS-D is stronger

. - . : . than that between aliphatic protons and PS-D during the aging

Chain Compatibility during Melt Blending. Compatible 1 5cess. On the other hand, it also means that the strong
polymer blends are usually diagnosed as such by their singlejyeraction between the phenyl ring of PS and phenylene ring
Tg's and transparency. These criteria, even though practical, only ¢ ppo is the key factor driving compatibility during interface
imply a homogeneity on a scale of tens of nanometers or l&rger. yitsi,sion. This conclusion is in good agreement with our
As shown in Figure 7, DSC was used to characterize the intimateqeqoing conclusion for PS-D/PPO samples cast from toluene
mixing of the two different chains in physical mixture of PS-D - gq)tion. From the solution cast blend PS-D/PPO 50/50 in Figure
and F;’PO with equal weights, after heating from 50 to 260 4 e signal intensity increased 125% for aromatic protons,
at 20°C/min and then holding at 25 for 10 min as a simple e 659 for the aliphatic protons, when compared to the
process of melt blen_dlng (I_3Iend-250). The Blend-2f5_0 had a corresponding physical mixture. The increment of the signal
broad and not well-distinguished mutual glass transition tem- ;yiensity of solution cast blend was considerable larger than
perature C,’f 118C. TheT, of the SOIUt'On, cast PS-D/PPO 5,0/ that of Blend-250. This NMR result directly explained why the
50 blend is 146°C (not show here), which well agreed with  gjang-250 has a broadef, than that of the cast film. As
others'**The difference between thg of the two samples o mnared to DSC experiment, this NMR method is sensitive
should originate from the level of compatibility. The segmental g6, to reveal the interchain interaction and intimate mixing

mixing occurs only in the interfacial regions between the PS-D process of polymer blends by means of interface diffusion at a
and PPO powder in Blend-250, while the segmental miXing qjecular level.

occurs homogenously at a molecular level in solution cast blend.

The single glass transition temperature suggests good compatConclusions

ibility in these blends, even in Blend-250. However, the driving In this work, a new strategy reported in our recent com-
force of interchain compatibility between PS-D and PPO during munication was further used to investigate the chain compat-
the melt blending process of such compatible blends is lessibility in PS-D/PPO polymer blends. Factors including the
understood. To investigate the interacting groups and to gain ainterferences between MAS and 12-pulse dipolar filter sequence,
molecular level understanding of the forces that drive compat- the Ncyce Value, and PS-D content that significantly affect the
ibility during the process of melt blending, we further employed effective application of this NMR method were first systemati-
theH dipolar filter NMR method on the sample with different  cally discussed. The intimate segment mixing and interchain
heating history: heating from 5UC to target temperature (70, interaction in blends were then qualitatively characterized. It
145, 250°C) at 20 °C/min and then holding at the target was found that the deuterated PS-D chain is in the proximity to
temperature for 10 min, finally cooling back to room temperature both the aromatic and the aliphatic protons of PPO chain within
at 20°C/min (Blend-70, Blend-145, and Blend 250). The results 0.5 nm. Furthermore, the distance between PS-D and the
are shown in Figure 8. It is interesting to note that there is no aromatic ring of PPO is shorter than that between PS-D and
special change in the spectra of Blend-20, Blend-70, and Blend-the aliphatic side group of PPO. We confirmed that the strong
145, in which the aging temperature is below the glass transition interaction between the phenyl ring of PS and phenylene ring
temperature of the pure PPO. In the spectrum of Blend-250, of PPO is the key factor driving compatibility during interface
both signals from the aromatic and aliphatic protons increaseddiffusion. By using this strategy, it is possible to identify the
significantly. This indicates that the significant compatible interacting groups and to gain a molecular level understanding
process occurred at interface only when the two polymer chains of the forces that drive compatibility during the process of melt
obtain enough segmental scale mobility upon heating. This blending. These NMR studies demonstrate that the present NMR
means that blending below tfig of one component should not  method is robust for characterizing the chain interpenetration
result in a mixing better than physical blending at room in homopolymer glasses and chain compatibility in polymer
temperature. The interdiffusion of polymer chains between the blends even though their chemical shifts are completely undis-
powder interface occurs above thg of the involved tinguishable for the two components, which is extremely
polymerst1-63 As compared to the relative integral intensity of challenging for traditional NMR techniques. In particular, the
the corresponding signal from the Blend-20, the signal intensity achievement of the high-resolutiddl NMR spectrum enables
increased 75% for aromatic protons, while 43% for aliphatic us to elucidate the intermolecular interaction in polymers and
protons. This result semiquantitatively indicates that the interac- other organic solids at short length scale of 0.5 nm.
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