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Table IV
Glass Temperature, Viscosity, and Free Volume of the
PMMA/MMA System as a Function
of Conversion (at 70 °C)

Vo(X) Tg,°C n, cP Vs Ip (¢F)
0 -102.8 8
0.43 -46.2 0.1 10.5
0.48 -37.5 0.195 11
0.53 -28 0.45 12
0.60 ~-13.7 1.93 14
0.65 -3.0 7.15 0.073 17(0.0048)
0.67 2.2 14.8 0.0695 22 (0.00625)
0.68 4.5 20.7 0.0672 32(0.0091)
0.70 9.6 46.23 0.0634 53 (0.015)
0.72 14.2 100 0.0595 73 (0.021)
0.74 20.0 305 75
0.78 31.2 3700 83
0.82 43.2 1.2x 108 86
0.87 59.5 1.2 x 108 87
0.89 66.4 7.5x 10° 88
0.90 70.0 1x 10% 88
0.95 89
1.0 110
100
&
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Figure 10. Dependence of fluorescence yield of 2 (at 70 °C) on
PMMA/MMA mixture viscosity.

as the viscosity changes from 10 to 100 cP. The slope of
this portion of the plot corresponds to ¢pan®?, which agrees
well with the Forster and Hoffmann!® model. Further
increase in conversion leads to a rapid rise in viscosity, as

the glassy state is approached, with no further increase in
fluorescence. The polymerization region in which
fluorescence intensity increases abruptly seems to corre-
pond to the increase of medium viscosity from fluid to rigid
glass. This accounts for the abrupt increase in fluorescence
until the limiting conversion is reached, at which point
fluorescence levels off.
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ABSTRACT: A theoretical analysis of coupled relaxation processes has been used in the quantitative
interpretation of carbon-resolved, proton T;, data obtained at 15.1 MHz for a variety of solid blends of
poly(phenylene oxide) and polystyrene. This analysis permits an estimate of spin-diffusion rates between
different chemical species. These rates are strongly dependent on spatial proximity and hence are applicable
to the determination of the homogeneity of the blends. Proton T'’s in the blends are nearly but not quite
averaged to a single value by spin diffusion, indicating extensive intermixing of poly(phenylene oxide) and
polystyrene chains. The proton T, experiments are sensitive enough to distinguish between identically prepared
blends made from poly(phenylene oxide) and either atactic or isotactic polystyrenes. While the bulk of both
types of blends is an intimate mixture of polymer chains, there are also some small regions in the atactic
polystyrene blend where the polystyrene is not uniformly dispersed.

Introduction

Magic-angle cross-polarization *C NMR of nominally
homogeneous glassy polymers provides information about
both structure and dynamics.! Resolved isotropic chemical
shifts identify chemical environments, which, as for the
frozen conformations of a polymer, may be unique to the

solid state. Relaxation experiments exploit this high
resolution so that 1*C Ty’s and T',’s can be used to char-
acterize individual main- and side-chain motions in the
megahertz- and kilohertz-frequency ranges, respectively.

The high-resolution magic-angle techniques used to
obtain C NMR spectra in solids can also be employed
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Figure 1. Two cross-polarization pulse sequences.

to measure individual T,,’s for protons attached to dif-
ferent kinds of carbons. This is possible because the final
evolution of the carbon signal in a cross-polarization ex-
periment tracks the T, decay of the protons. Neither the
cross relaxation between carbons and protons nor the
strong homonuclear coupling between protons (10-20 kHz)
is affected by a relatively slow (2 kHz) mechanical spin-
ning.! Through spin diffusion, proton T},’s of a multi-
component system are strongly dependent on the short-
range (1 nm) spatial proximity, or mixing, of the various
components. Measuring a proton T, by monitoring a
resolved carbon resonance is therefore well suited to the
analysis of the complicated class of polymeric solids known
as blends.? In this paper we report the results of such
high-resolution *C NMR experiments on poly(phenylene
oxide)/polystyrene (PPO/PS) blends, which lead to new
qualitative conclusions regarding both the intimacy and
homogeneity of mixing of individual poly(phenylene oxide)
and polystyrene chains in these materials.?

Experiments

The polymers used in this study were poly(2,6-dimethyl-p-
phenylene oxide) (Aldrich lot 03, MW = 37500, M,,/M, = 1.60),
polystyrene (Monsanto lot DR-14, MW = 245600, M,/ M, = 2.06),
polystyrene (Waters Associates lot 7b, MW = 35000, M,,/M, =
1.05), isotactic polystyrene, (i-PS) (Polysciences, MW = 335 000,
M, /M, = 2.15), poly(p-chlorostyrene) (p-Cl-PS) (Polysciences,
lot 2-1972), and polystyrene-dg polymerized from 98 atom %
styrene-dg. The homopolymers and polyblends were prepared
by dissolution of the required materials in chloroform followed
by precipitation in methanol. The dried powders were then
compression molded near 270 °C for 10 min as thin films and
subsequently quenched in ice water. Samples prepared in this
fashion were clear and void free. Mechanical loss spectra of the
PPO/PS blends were consistent with a homogeneous material.?
The blend of PPO with p-CIl-PS was annealed at 70 °C (well below
T, of either component) for 300 h in an air oven; this blend was
examined by NMR both before and after annealing.

Disks were punched from the 10-mil films and stacked to fill
the magic-angle rotor. Carbon-13 magic-angle spinning results
were obtained at 15.1 MHz, using a Beams-Andrew design rotor
(0.7-cm® sample volume) and spinning speeds of the order of 2
kHz. Samples occupied approximately two-thirds of the volume
of the double-tuned coil. Carbon and proton H;’s of 37 kHz and
standard radio-frequency and four-phase quadrature routing
schemes were employed throughout.* The cross-polarization pulse
sequence used in the experiments is shown in Figure 1 (top).

Results

The magic-angle !3C line shapes of the minor compo-
nents of PPO/PS blends are distinctly different from those
of the corresponding homopolymers. The low-field
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Figure 2. Magic-angle cross-polarization 1*C NMR spectra of
polystyrene (top) and a 75/25 PPO/PS blend (bottom).
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Figure 3. Magic-angle cross-polarization 1*C NMR spectra of
the aromatic-carbon regions of polystyrene-dg (top), poly(phe-

nylene oxide) homopolymer (middle), and a 25/75 blend of the
two polymers (bottom).

shoulder of the aliphatic main-chain carbon resonance of
PS in a 75/25 (by weight) PPO/PS blend is enhanced
relative to the homopolymer line shape (Figure 2). Sim-
ilarly, the protonated aromatic-carbon doublet of PPO (5,
115) is broadened and considerably more complex in a
25/75 blend than in the homopolymer (Figure 3). This
observation is, in fact, easier to make on a blend with
PS-dg, which avoids the strong aromatic PS resonance at
0. 125. Interchain carbon—-deuterium dipolar interactions
are negligible.

Proton T, relaxation can be characterized by means of
matched spin-locked, cross-polarization transfer experi-
ments.!® After the initial, rapid buildup of carbon po-
larization, the carbon signal tracks the polarization in the
proton reservoir and thus follows its decrease via the
T,,(H) process. Under high-resolution conditions, the
individual carbon resonances follow the protons to which
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they are most closely coupled and thus are capable of
resolving T',,(H) differences between protons which might
be difficult to detect if the T',(H) process were obtained
directly from the composite proton signal.® With the pulse
sequence of Figure 1 (top), the carbon magnetization, S,
is given by®

ds Soe_t/Tl"(H) -8 S (1)

dt TIS /pL
where S; is the maximum carbon polarization available in
a matched spin-lock experiment with no dissipative pro-
cesses, T,(H) is the proton rotating-frame spin-lattice
relaxation time constant, Tig is the proton—carbon matched
spin-lock cross-polarization time constant, and T",, is the
carbon rotating-frame spin-lattice relaxation time constant
in the presence of dipolar decoupling of the protons. Thus

e—t/T1,,(H) - e—t(l/T(s-i'l/T’pL)
1/Tg+1/T,~-1/T,(H)

and since T",;, >» T we can make the approximation
e"t/Tlp(H) _ e—t/T[s

S =(Sy/Ts)

(2)

S =~ (Sy/T 3
(So/ IS)I/TIS ST 3

In addition, since T',(H) > Tis when ¢t > Tig
S ~ Spet/TuiM) /(1 - Tig/Ty,(H)) 4

Thus, from a semilog plot of S vs. t, we obtain T',(H).

This method is insensitive to the T',(H) relaxation which
occurs during the initial cross-polarization process. An
alternative method for obtaining T',(H) involves a fixed
contact time used after a variable delay following the
proton spin-locking process (Figure 1, bottom). In this
situation

ds Soe—(H‘T)/Tlp(H) -8 S

dS 2S¢ ~ T 70 8 ®)
dt Tis L
~t/T1e(H) __ o-t(1/Tig+1/T',)
S = (S.e-*/ T /7 )% 6
( 0 / IS)]-/TIS + 1/T,pL — I/Tlp(H) ( )
As before
“t/Ti(H) _ o-t/Tis
S ~ (S.e-/Tu® /T y-E 7
( 0€ / IS)]-/TIS _ 1/T1P(H) ™
and
Soe-(t+1)/ T1,(H)
S (8)

T 1-Tis/Ty,(H)

when t » Tie. If the contact time ¢ is made short, relax-
ation behavior for small values of 7 yields the initial part
of the T',(H) decay. We choose not to use this method
in our experiments because of the fear that a short contact
time would not necessarily capture a representative carbon
polarization. With long contact times the two methods are
equivalent.

Figure 4 displays T,(H) relaxation as detected by the
protonated, main-chain carbons of PPO, high molecular
weight atactic PS, isotactic PS, and three PPO/PS (75/25)
blends. The protons were spin locked in a field of 37 kHz.
The initial cross polarization was complete within several
hundred microseconds so that the first points shown (at
2 ms) are fully indicative of the T ,(H) process. It can be
observed in the blends that the PPO and PS carbons de-
tect slightly different T;,(H) processes and further that
the PS decays are clearly not first order. Thus we have
detected considerable but not complete averaging by spin
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Figure 4. Plots of carbon magnetization generated by long-term
matched spin-lock cross-polarization transfers yielding 7',’s for
protons attached to main-chain carbons of PPO, PS, and a variety
of 75/25 PPO/PS blends. The pulse sequence of Figure 1 (top)
was used.

Table 1
Proton T ,’s of Poly(phenylene oxide)/Polystyrene
(75/25) Solid Blends®? (T'= 26 °C, H, = 37 kHz)

T15(H), (Typ(HNC
ms ms

blend
PPO/p-C1-PS, quenched 48 48
PPO/p-Cl1-PS, annealed 54 54
PPO/i-PS 20 20
PPO/PS (high MW) 18 22
PPO/PS (low MW) 15 20
PPO/PS (high MW) 17 6.8
PPO/PS (low MW) 15 6.5
PPO/i-PS 15 10
PPO/p-C1-PS, quenched 9 9.0
PPO/p-C1-PS, annealed 9 9.0

¢ Boldface identifies the component of the blend whose
main-chain proton T, is reported. b Estimated accuracy
is +5%. 0 The brackets indicate a nominal initial slope.

Table II
Proton Ty,’s of Some Homopolymers and of
Poly(phenylene oxide)/Polystyrene (25/75)
Solid Blends%? (T'= 26 °C, H, = 87 kHz)

Tlp(H)fc <T1p(H)>7c

system ms ms
PPO 49 49
PPO/PS-d, 88 88
PPO/PS (high MW) 6.7 6.7
PPO/PS (high MW) 6.2 6.2
i-PS 5.3 5.3
PS (high MW) 5.6 5.6
p-CI-PS 8.0 8.

% Boldface identifies the component of the blend whose
main-chain proton Ty1p is reported. ® Estimated accuracy
is +5%. ¢ The brackets indicate a nominal initial slope.

diffusion of the T,(H)’s for the two polymers in the blends.
We discuss below whether the curvature in the PS decays
is due to incomplete spin diffusion or phase separation,
For the PS homopolymers, T;,(H)’s detected by the pro-
tonated main-chain and side-chain carbons differ by no
more than 5%. Values for all T',(H)’s are presented in
Tables I and II. For curved relaxation plots the (nominal)
initial slope, indicated by brackets, is different from the
final slope.
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Discussion

Line Shapes. Carbon-13 isotropic chemical shifts arise
from relatively short-range effects. The fact that changes
in isotropic shifts (or line shapes) of the blends (relative
to the component homopolymers) can be observed means
that mixing in PPO/PS blends is on an individual chain-
for-chain basis. These shifts may be induced either by
direct interchain shielding or by indirect conformationally
induced effects. In either event, the interacting chains
must be nearest neighbors.

Proton-Proton Spin Diffusion in a Two-Component
System. The T ,(H) measurements can tell us something
of the homogeneity of intimate PPO/PS blends. However,
we must first understand the dynamics of spin diffusion
between the PPO and PS protons. We model this relax-
ation behavior by considering that the protons may be
divided into two species, depending on the polymer they
are part of (species A for PPO, species B for PS). The
equations describing T;,(H) relaxation in such a system
are

-dA/dt = (K + fpRJA — fakB
-dB/dt = (Kp + fako)B - fpkA 9)

where, if n, and ng represent the numbers of A and B
spins, respectively, fao = na/(ns + ng) and fg = ng/(ns +
ng) represent the fractions of A and B spins. The three
rate constants K, (the initial decay rate of PPO protons
before cross relaxation makes its influence felt), K (the
initial decay rate of PS protons), and k. (the cross-relax-
ation rate) are defined by

Kp = 2np(Wa)aa + 2np(Waias
Kg = 2ng(Ws)pp + 2na(Ws)as
ke = (ny + np)({Wp)ap — (W3)ap) (10)

In these equations, W, represents the probability that a
pair of interacting protons will each flip so as to make Am
= +1 and W, represents the probability of a pair of flips
resulting in Am = 0. The averages are pairwise between
spins of the species indicated by the subscripts. There are
no terms involving W, since Am = £!/, flips are not im-
portant if H; is much larger than the local dipolar field.”
The probabilities (Wy)as and (W;)gp are not small but
contribute to neither net relaxation nor cross relaxation
and so drop out; they do describe the spin diffusion within
species A and B which helps to make it possible to regard
each species as homogeneous. These equations are an
extension® of the treatment of relaxation due to Solomon.®

We solve the coupled relaxation equations subject to the
initial conditions that A = A, and B = B, when t = 0.
Further we require that Ao/ By = na/ng. The solution has
the form

A=qa.e +ae
B =b.e + be (11)
where
re = Yol~(Ks + Kp + k) £ R]
a: = %Al £+ RYKg + k., — K,)]
by = %Bo[l £ RYK, + k., — Kp)]
R = +{[(Kx - Kp) + (fa = fa)ke)® + 4fafkH/? (12)

As was noted earlier, K and Ky represent the initial rates
of relaxation. However, as time passes, cross relaxation
pulls the relaxation rates together until both A and B relax

Macromolecules
/ T
Ky=328-
T Ks= 1483~ PPO
- -/
It ke =250 PS(high MW)
3
o ! Tip(H) from Tig(SL)
¥E for PPO and PS in
C PPO/PS (75/25) blends
L PPO
[ kemisa! i-P$
! i 1 ! | 1
“0 [7 20
te(SL), msec —

Figure 5. Results of fitting eq 3 to some of the data in Figure
4. The fitting parameters are indicated; the mole fractions used
were f5 = 0.72 and fg = 0.28. Signal amplitude has been scaled
to coincide with the calculated decay curves.

at the same intermediate rate. Fitting data such as in
Figure 4 is simply a matter of determining the initial slopes
for each species and then adjusting k. until the remainder
of the decay curves are fitted satisfactorily.

T, (H) in the PPO/i-PS Blend. Figure 5 shows the
results of fitting the data from two of the blends plotted
in Figure 4. Consider first the PPO/i-PS data. The re-
laxation rate for PPO homopolymer is determined from
Figure 4 to be 20 s71; the rate is 190 s™! for the isotactic
PS homopolymer. The values of K, and Ky required to
fit the PPO/i-PS data are clearly intermediate between
the homopolymer rates. This suggests that (W,),p makes
a significant contribution to the initial relaxation rates.
That is, mixing is intimate enough that PPO relaxation
is aided by interaction with nearby, efficiently relaxing PS,
and PS relaxation is reduced by its dispersal in PPO.

This explanation is more plausible than one that says
that dispersal is not complete but molecular motions are
altered by blending. Since T,(H) for both PPO and PS
is expected to be on the low-temperature side of the T},
minimum, an explanation based on changes in motion
would require that PS slow down and PPO speed up even
though they were not intimately mixed. While, in an in-
timate mixture, it is possible that some coming together
of rates of motion may occur, it is more likely that proton
density differences between PPO and PS give rise to the
shifts in K, and Ky on blending. The size of &, also sug-
gests an intimate mixing of the two species of protons. It
is likely that the PS chains are totally separated from one
another by PPO.

T,,(H) in the PPO/PS Blends. When we look at the
fit to the PPO/PS (high MW) data in Figure 5 we note
something peculiar, Although the fit is as good as to the
PPO/i-PS data, the fitting parameters do not seem rea-
sonable when compared to the PPO/i-PS parameters. In
PPO/PS (high MW) we have a blend in which K, and Kp
more closely resemble the homopolymer values (as seen
in the initial slopes) while &, indicates greater cross re-
laxation. The first observation suggests less intimate
mixing while the second indicates more intimate mixing.

The increase in k. cannot be caused by a proton density
change since the PPO/i-PS blend is physically the denser
of the two. Furthermore, the increase in k, cannot be
attributed to a decrease in { W;) g as might be suggested
by eq 10, since the required large decrease would affect
K, and Kp too much. A decrease in motion could increase
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Figure 6. Simulation of a T,(H) relaxation decay as would be
obtained by direct observation of the composite proton signal.
The carbon-derived data (open circles) have been combined with
suitable weighting factors. The pair of calculated curves from
Figure 5 which fit these data have been combined to yield the
(solid) curve shown.

{Wy) ap, but then all the {(W,) terms could be expected to
decrease for which there is no evidence.

We reconcile this discrepancy by attributing part (per-
haps 5-10%) of the initial decay of the PS protons to small
regions where the PS is not fully dispersed and hence
relaxes more like PS homopolymer. The net result is an
effective phase separation and a distribution of PS relax-
ation rates. This distribution cannot be explained in terms
of local statistical fluctuations of homogeneous mixing,
since we know!? that random mixing of PS with proton-
deficient perdeuteriopolystyrene results in just a single,
average, increased T',(H). With an assumption of phase
separation for a part of the PPO/PS blend, the relaxation
behavior of the remaining part is virtually indistinguishable
from that of the PPO/i-PS blend. These regions of poorly
dispersed PS need not be more than places where awk-
wardly kinked atactic PS tends to fold back on itself or
where a few independent chains have aggregated. The
resulting regions (which may be difficult to detect by
neutron scattering!!) must be in relatively poor contact
with nearby PPO chains so that an effective phase sepa-
ration can occur. The extent of this phase separation could
well depend on temperature-dependent subtleties of
molding and quenching during processing.!> We see no
evidence for such phase separation in the T,(H) results
for the 25/75 PPO/PS (high MW) blend (Table II).

Isotactic PS, being more regular than atactic poly-
styrene, is perhaps less likely to aggregate, or phase sep-
arate, on mixing with PPO. Nevertheless, we cannot rule
out the possibility that some or all of the curvature in the
i-PS relaxation curve is due to such regions. We note,
however, that it is not necessary to postulate such regions
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to fit the PPO/i-PS data since the model of cross relaxa-
tion we have used fits the shape of the relaxation curves
quite well. But, in the event that all of the curvature in
the PPO/i-PS relaxation curve is attributable to poorly
dispersed i-PS, the behavior of the remaining homogeneous
part of the blend does not yield any information about the
cross-relaxation process, which actually may be quite fast.
The estimated value of &, of 135 s™! (Figure 5) is therefore
a lower limit.

Direct Measurement of T,(H). Figure 6 illustrates
the point made earlier that the differences we have been
discussing would be difficult to discern if the 7',(H) pro-
cess were obtained from the total proton signal. While it
is true that the quality of proton data in such measure-
ments can be better than our carbon-derived data, the
curvature in the combined plot is so slight as to be difficult
to characterize. This is because PS in the blend of interest
contributes less than a third of the total proton signal.

T,,(H) in Immiscible Blends. We have emphasized
in this Discussion the characterization of small regions of
heterogeneities in what is primarily a homogeneous solid
blend. Our NMR technique, however, is equally well
suited to the detection of small regions of apparently in-
timate mixing in what is primarily an inhomogeneous
blend of immiscible components. Thus, the similarity of
T,,(H)’s for PPO in the homopolymer and in the 75/25
blend with poly(p-chlorostyrene) (Tables I and II) is strong
evidence for the absence of any significant interchain
mixing, even in the quenched material. Since prolonged
annealing of the blend tends to increase only the PPO
T,,(H), we suspect that this modest increase is due to
changes in low-frequency molecular motions within the
PPO domains and to possible changes in interfacial con-
tact.
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