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also some of the crystalline part (probably surrounding
regions of the crystalline part) of PVF,. And the fraction
of PMeOZO is limited constructing a miscible phase in the
PMeOZO-PVF, blend (<50%).

Conclusion. PMeOZO-PVC and PMeOZO-PVF,
blends are miscible in the blend fraction range of PMeOZO
lower than 50 wt %. PPrOZO is miscible with PSt in the
range of the PPrOZO fraction lower than 25 wt %. Both
PMeOZO-PP and PEtOZO-PP blends are not miscible.
These results provide fundamental, important data when
new polymer materials are desired from blends of these
polymers and/or copolymers.
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ABSTRACT: Molecular motions in network polymers of monodisperse PPO, a,w-dihydroxypoly(propylene
oxide), cross-linked with TIPTP, tris(4-isocyanatophenyl) thiophosphate, were compared with those of linear
polymers of the same molecular weight PPO chains extended with diisocyanates. The linear polyurethanes
have a single exponential decay for T1,(C) with well-defined T',(C) minima that occur at lower temperatures
for longer PPO segments. Samples of 1000 MW PPO chains extended with phenylene-1,4-diisocyanate show
the same T,(C) values by cross polarization or direct polarization while these values are different for tolu-
ene-2,4-diisocyanate linked polymers, indicating the presence of regions of dissimilar rigidity. The decay of
backbone carbon magnetization is biphasic for networks with PPO MW 400-2000. The fast components have
values very close to the corresponding T',(C) value for the aromatic carbons. The former is probably the
relaxation of those backbone atoms in proximity with and closely coupled to the phenyl group of TIPIP while
the slow component is associated with the remote backbone carbons. The networks formed from MW 3000
PPO have T,(C) behavior resembling that for the linear polyurethanes according to both cross and direct
polarization. CP-MAS-13C NMR thus yields a biphasic decay for networks with short interconnecting chains,
but when the length of chains approaches 3000, the relaxation becomes simple exponential and closely resembles
that of linear chain systems.

Cross-linked polymeric systems span a wide range of
properties and applications from swollen gels of hydrox-
yethyl methacrylates to rubbers, engineering resins, and
composite matrix materials. Physicochemical measure-
ments on these systems are naturally limited to those
which do not require their dissolution. Most of the tech-
niques measure the macroscopic properties. Any new
method that can reveal details of the molecular motion and
indeed any discrimination of regions within a network
would contribute toward further advances in the basic
understanding and designing of new network systems.

There is extensive literature on nuclear magnetic re-
laxation in polymeric networks and rubbery materials.

Early work relied upon the decrease with temperature of
the second moment of the featureless proton line shape
to detect component motions and could distinguish seg-
mental and methyl motion in favorable cases, such as
polypropylene, polyisobutylene, and natural rubber.!
Spin-lattice relaxation times of the protons, T, (H), could
be measured to differentiate between the same motions
in poly(isobutylene).? Spin-lattice relaxation in the ro-
tating frame, T';,(H), was found to be a useful parameter
in mapping low-frequency motions (tens of kHz) in poly-
mers® including poly(propylene oxide).* The subject of
NMR in solid polymers has been reviewed.’® Several
studies are of special relevance to our work. In particular
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a study of T,(H) in poly(cis-butadiene) randomly cross-
linked with peroxide has shown a decrease in T,(H) at
temperatures above the T; minimum that was interpreted
as indicative of a broad distribution of correlation times
near the cross-link.” An extension of that work examined
Ty(H), T,,(H), and T,(H) at several frequencies. T,(H)
varied markedly with M, molecular weight between
cross-links.2 Other studies of radiation cross-linked
poly(cis-isoprene) and of poly(dimethylsiloxane)!® and their
gels emphasized the separate observability of entangle-
ments and cross-links via their T,(H) dependences upon
molecular weight.

With the advent of spectrometer improvements *C
spectra of polymeric systems were analyzed to obtain the
distribution of correlation times.!! Addition of rapid
sample spinning at the magic angle allowed examination
of vulcanized or filled polymeric systems.!2

To limit the importance of the variable of distribution
of MW between cross-links, we have undertaken a study
of model network polymers derived from narrow distri-
bution PPO and a triisocyanate, TIPTP. Linear coun-
terparts were obtained by chain extending these PPO’s
with diisocyanates. Comparisons of these two types of
systems showed the effect of cross-linking on the molecular
motion. Emphasis was placed on measurements at tem-
peratures above and below T,. T,(C) and T,(H) at re-
solved resonances were determined. The central purpose
of this work is to extend the previous studies to exploit
more fully the potentials of magic angle spinning with cross
polarization (MAS-CP-NMR) in gaining basic knowledge
about molecular motions in network polymers.

Experimental Section

Material. o,w-Dihydroxypoly(propylene oxide), PPO, of
nominal molecular weight 425, 1000, 2000, 3000, and 4000 was
obtained from Aldrich Chemical. By gel permeation chroma-
tography and vapor pressure osmometry the PPO’s were found
to have the following molecular weights (polydispersities), re-
spectively: 454 (1.01); 965 (1.01); 2020 (1.01); 3000 (1.03). They
all titrated to an OH functionality of 2.00 + 0.15. The PPO was
azeotropically dried in dry benzene and stored under dry nitrogen
or in vacuo. Tris(4-isocyanatophenyl) thiophosphate, TIPTP
(Mobay Chemicals), was recrystallized twice from toluene at —20
°C. Dibutylamine titration showed the TIPTP to contain 298%
of the required isocyanate functionality.

Networks were prepared by dissolving under dry nitrogen !/4
mol of TIPTP with !/ mol of PPQ, heating to 90 °C in a vacuum
oven for 12-48 h. Infrared spectroscopy showed no remaining
isocyanate absorptions. Network systems prepared from 425, 1000,
2000, 3000, and 4000 MW PPO are designated as N(0.4K), N(1K),
N(2K), N(3K), and N(4K), respectively.

Linear polyurethanes were also prepared by chain extension
of PPO either with toluene-2,4-diisocyanate with designations
L(nK)2,4 or with p-pheny! diisocyanate designated as L(nK)1,4
where nK corresponds to MW of PPO and L distinguishes linear
from network systems. The chain extension reaction conditions
are the same as those given above for network formation. By GPC
the following M,, and polydispersisities were determined: L-
(1K)2,4, 103000, 2.89; L(3K)2,4, 60800, 2.8; L(1K)1,4, 160000,
1.6.

Method. An IBM 200 AF spectrometer with solids accessory
was used in this study with *C observed at 50.3 MHz. The
polymer samples were ground to 100-um size powder in a Spex
Freezer Mill (Spex Industries, Edison, NJ) which facilitates
uniform packing in a rotor in order to be spun at 5 kHz. Recycle
time was generally 3 s, and FID’s were summed. For cross-po-
larization (CP) sequences, a 5 us m/2 proton pulse was followed
by a simultaneous Hartmann—Hahn spin locking of 3C and 'H
for 0.5-2 ms depending upon the sample and temperature. With
the 'H field turned off the 3C spin lock was maintained for a time,
7, after which *C magnetization was monitored with 'H decou-
pling. For the direct polarization (DP) experiment, a 5 us /2
13C pulse was followed by '3C spin locking for time r followed by
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Figure 1. Relative intensity of the backbone carbon resonances
in N(1K) samples as a function of temperature by (O) cross
polarization and (@) direct polarization.

decoupling during the receiver-on period. T',(H) was obtained
by spin-locking protons for a time 7 prior to the cross polarization.
Relaxation times were obtained as slopes of semilog plots of 13C
intensity versus 7. Variable temperature was controlled by a
Bruker control unit with accuracy of £1 °C.

Dynamic mechanical measurements were obtained at 10 Hz
on a DMTA,; dielectric loss was measured at 1 KHz on a DETA.
Both instruments are manufactured by Polymer Laboratories
(Ambherst, MA).

Results

Magnetization by Direct and Cross Polarizations.
There is an intrinsic limitation to the MAS-CP-NMR
technique in obtaining data over a wide range of tem-
peratures for noncrystalline substances. This is illustrated
in Figure 1 for the N(1K) network. At low temperatures
CP is efficient, but as temperature increases, the dipole—
dipole interaction responsible for polarization transfer
becomes progressively weaker as segmental motion in-
creases with temperature. In the high-temperature limit
CP should vanish since the dipolar tensor has zero trace.
Signal intensity for CP sequences can thus drop by an
order of magnitude or more over the -90 to +50 °C range
examined (Figure 1). Fortunately, DP is not affected in
the same way and the polymers give strong signals above
T, with simple DP by #/2 pulses. On the other hand, as
the temperature is lowered, the DP signal weakens. Pre-
sumably as motional freedom decreases T;(C) lengthens,
the time of delay between pulses was probably insufficient
for the return of spin to equilibrium. Some experiments
with recycle delays of 10, 20, and 30 s for the DP exper-
iment showed an increase in intensity corresponding to an
approximate T;(C) of 100 s. 13C relaxation in the rotating
frame is a complicated process; in fact, the T',(C) values
found by DP and CP magnetization are not always in
agreement. In principle if DP and CP detected the same
rigid ensemble of carbon nuclei, the latter would be 4 times
as intense as the former. This condition is evidently not
true for the backbone carbons of the N(1K) sample (Figure
1), suggesting that there are regions of differing rigidity
which are preferentially sampled by the CP and DP
measurements.

Variation of cross polarization time for our networks
below T, gives the typical T¢y rise in 13C intensity with
T,,(H) decline at longer CP times. The maximum inten-
sity occurs in 0.5 ms for N(3K) and 2.0 ms for N(0.4K)
materials. Near T, the 13C intensity drops precipitously,
but the CP intensity versus CP time curve retains the same
shape. Above T, the *C intensity shows a linear increase
with 7cp with no maximum observed that is typical for
cross polarization of rubbery materials.
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Figure 2. MAS-CP-3C NMR spectra of (a) N(0.4K) and (b)
N(4K) samples at room temperature. Peak assignments are 1,
P-0-C,rom; 2, C=0; 3, C,,om—N; 4, CpromH; 5, -CHCH,—; 6, CH,,.
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Figure 3. Methyl carbon resonance line width as a function of
temperature for N(1K) sample (O) by CP and (@) by DP and for
N(3K) sample (a) by CP.

Line Width. The CP-NMR spectra of N(0.4K) and
N(4K) are shown in Figure 2; the former have considerably
broader lines than the latter. The two backbone carbon
resonances are unresolved in the lower MW networks but
are partially resolved in the high MW network specimen.
The protonated and unprotonated aromatic resonances of
TIPTP are evident. As the molecular weight between
cross-links is increased, the aromatic resonances diminish
in relative intensity.

The variation of line width with temperature for N(1K)
and N(3K) samples has been studied. For the methyl
resonance (Figure 3), there is a monotonic decrease of line
width with increase of temperature as observed by either
CP or DP. The backbone carbons have broader line widths
than the methyl carbons (Figure 4). For the N(1K) sam-
ples the line width is unchanged with increasing temper-
ature, but above —10 °C it decreases rapidly. Samples with
longer PPO chains (and thus lower T) have line widths
that begin to decrease at a lower temperature as illustrated
for the N(3K) sample in this figure.

For the linear polyurethane the CH; carbon line width
exhibits the same temperature variation as the network
systems (Figure 5). However, the line width of the
backbone carbons is practically temperature-independent.

Spin-Lattice Relaxation of Carbon in Linear
Polyurethanes. The semilog plots of 1*C NMR intensity
versus spin lock time are characterized by a single expo-
nential decay (Figure 6). Values of T,(C) are then simply
calculated from the slope. The variation of T,(C) versus
temperature for the L(1K)1,4 polymer is plotted in Figure
7. The backbone T',(C) has a minimum at 0° with a value
of 0.5 = 0.1 ms, corresponding to w,7, = 0.5. Since w, =
50 kHz, 7, = 10 ys near 0 °C. T,(C) increases monoton-
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Figure 4. Backbone carbon resonance line width as a function
of temperature for N(1K) sample (0) by CP and (@) by DP and
for N(3K) sample (A) by CP.
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Figure 5. Carbon resonance line width as a function of tem-
perature: (O) backbone carbons by CP, (®) backbone carbons
by DP, (A) methyl carbons by CP, (a) methyl carbons by DP.
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Figure 6. Variation of 13C intensity versus delay time of cross
polarization: (A) L(1K)1,4, -90 °C; (0) L(1K)2,4, +9 °C.

ically on both sides of the minimum. The slope is some-
what smaller at the low-temperature side of the minimum.
The same results are obtained with CP or DP. CP sen-
sitivity is poor above room temperature. The methyl
T,,(C) minimum of ca. 5 ms was found near -10 °C. The
differences in minimum position show that at a given
temperature the CH; carbon has a shorter correlation time.
In fact, by shifting Figure 7b vertically down by 5 ms and
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Figure 7. Variation of T;,(C) of L{1K)1,4 sample as a function
of temperature by (O) CP and (@) DP: (a) backbone carbons;
(b) methyl carbons.

horizontally by +12 °C the curve can be brought into
superposition with Figure 7a. At the low-temperature limit
of our spectrometer the T,(C) values for the methyl res-
onance appears to reach a plateau. In this region T',(C)
is a bit larger by CP than by DP. In general, the T,,(C)
versus temperature dependence is appreciably narrower
for the methyl carbon than it is for the backbone carbons,
suggesting a broader distribution of molecular motions
affecting the relation of the backbone carbons.

Chain extension with toluene-2,4-diisocyanate noticeably
alters the details of relaxation behavior as shown in Figure
8. Though their T',(C) values at the minima are compa-
rable to the corresponding values for the L(1K)1,4 polymer,
the minima for the two resonances are now observed at
the same temperature of —7 °C. For temperatures higher
than the T',(C) minimum the values obtained by CP only
increase slightly with temperature so that they are shorter
than those found with DP. This is true for both the
backbone and methyl carbons. Below the minimum T',(C)
at first increases with decreasing temperature but goes
through a maximum. For the backbone carbons (Figure
8a) the maxima occur at —74 and —64 °C for CP and DP,
respectively. The CP relaxation times are always longer.
The maxima for the T',(C) for methyl carbon by CP and
DP differ by about 20 °C, but T';,(C) by CP and DP are
the same between —50 and -70 °C.

The sensitivity of motion to PPO length between ure-
thane units is shown by results in Figure 9 for L(3K)2,4.
It is interesting that the T;,(C) minimum occurs at —40 °C
for both backbone and methyl carbons having the values
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Figure 8. Variation of T,(C) of L(1K)2,4 sample as a function
of temperature by (0) CP and (@) DP: (a) backbone carbons;
(b) methyl carbons.
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Figure 9. Variation of T,(C) of L(3K)2,4 sample as a function
of temperature by DP: (Q) methyl resonance; (®) backbone
resonances.

of 0.5 and 3.5 ms, respectively. The relaxation times are
the same for either CP or DP. At elevated temperatures,
i.e., 40 °C, T,(C) becomes quite long with values of 60 and
175 ms for the backbone and methyl carbons, respectively.

Spin-Lattice Relaxation of Carbon Nuclei in Net-
work Systems. The most significant differences between
the linear and cross-linked polyurethanes are that the
N(0.4K), N(1K), and N(2K) have 3C NMR decays which
are biphasic whereas the linear and N(3K) samples show
a single exponential decay. The biphasic plots are illus-
trated in Figure 10. At -90 °C the slow decay phase is
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Figure 10. Decay of backbone carbon resonances in the rotating
frame with time for the following: (0) N(1K) at -90 °C; (@) N(1K)
at —30 °C; (A) N(2K) at —90 °C; (a) N(2K) at -30 °C.
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Figure 11. Variation of 7',(C) versus temperature for N(0.4K)
sample: (O, ®) backbone carbons, CP (slow and fast components);
(A) methyl carbon, CP.

about one-half of the total whereas only about 20% of the
13C intensity decays slowly at —30 °C; there is about one-
third of a slow component for the N(0.4K) samples at -30
°C. Therefore, both the decay rates and the relative
contributions of the two components are dependent upon
temperature and M,. There is little doubt that the slope
of the slow decaying process corresponds to the assigned
spin-lattice relaxation time. On the other hand there is
no basis to analyze the initial decay according to concur-
rent or consecutive first-order kinetics. Therefore, we just
report the apparent T,(C) for the first component as
obtained from the initial slope. Because of spin diffusion
it is well-known that quantitative interpretation of fraction
of slope of each component is impossible.

Now we present the data on the network polymers in
the order of increasing M. The T,(C) values for the
methyl backbone resonances (Figure 11) by CP for N(0.4K)
sample are about twice that for the backbone carbons. The
change of relaxation time with temperature is very slight
over a broad range of —30 to +70 °C without a distinct
minimum. These relaxation times are notably very short.
For this material the DP signal is quite weak so accurate
relaxation times are difficult to obtain, but a few data
points show them to be comparable to the CP results. The
low-temperature CP sequences have distinctly biphasic
decay for the relaxation of the backbone resonance.

The N(1K) material has the rapid CP decay phase
T,,(C) values comparable to the N(0.4K) samples, and no
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Figure 12. Variation of backbone T',(C) versus temperature for
N(1K) sample by (0, A) CP (fast and slow component) and (@)
DP: (a) backbone carbons; (b) methyl carbons.

minimum was observed by CP (Figure 12). On the other
hand the DP results showed a definite minimum in the
vicinity of 0 °C with T, (C) = 0.86 ms for the backbone
carbons and 3 ms for the methyl carbons. The Ty,(C)
versus temperature plot is almost symmetric for the methyl
resonance by DP. Like the N(0.4K) sample, the decay of
the CP backbone resonance for N(2K) is biphasic.

The behavior of the relaxation for N(2K) material is like
that of the lower M, samples except in this case the T',(C)
values for both the backbone and methyl carbons are
nearly the same throughout the temperature range in-
vestigated (Figure 13).

The N(3K) samples have a relaxation behavior like the
L(1K)1,4 chain extended polymer as shown in Figure 14.
The T',,(C) minimum is found that -29 °C with very short
T,,(C) values for the backbone of 0.5 and 0.8 ms by CP
and DP, respectively, and corresponding values of 1.5 and
3.0 ms for the methyl resonance. The symmetry of the
T;,(C) versus T plot breaks to low slope at the low-tem-
perature region. It is important to note that the decay
obeys simple first-order kinetics.

The relaxation of the protonated aromatic peak at 126
ppm can be followed over the —90 to +60 °C temperature
range for the N(0.4K) sample, but only up to T, for the
N(1K) and N(2K) materials (Figure 15). In all these cases
T,,(C) is quite short. A minimum is found at +30 °C,
which is near the dielectric and mechanical T, for the
N(0.4K) systems. In the other polymers there is only a
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Figure 15. Variation of aromatic carbon T, with temperature
for {(0) N(0.4K), (@) N(1K), and (a) N(2K).

gradual decrease of relaxation times with temperature
increase.

Rotating-frame spin-lattice relaxation of the protons,
T,,(H), was also measured by a CP technique. In all cases
the same T',(H) values were found for the CH; and the
CHCH,, suggesting spin diffusion to the common site with
the fastest relaxations. All the values were obtained from
the slope of simple experimental decay. In the case of
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Figure 16, Variation of T,(H) with temperature for (a) N(0.4K),
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Figure 17. Variation of dynamic (E”) loss and storage (E’)

modulus at 10 Hz with temperature for (1) N(0.4K), (2) N(1K),
(3) N(2K), and (4) N(4K) networks.

Table I
Temperatures of Mechanical and Dielectric Relaxations
dynamic® mechanical dielectric?

sample (E’ onset) (onset)
N{4K) -45 -60

N(3K) -50

N(2K) -40

N(@1K) -15 -30
N(0.4K) +30 +20

%At 10 Hz. ?At 1 kHz.

N(3K) at -90 °C the decay data display some tendency
toward nonlinearity for the semilog plot. The results for
each network are shown in Figure 16.

Mechanical and Dielectric Measurements. Dynamic
mechanical storage (E') and loss (E”) moduli at 10 Hz are
shown in Figure 17 for four networks of PPO/TIPTP. The
storage modulus for each sample shows a low-temperature
plateau with a drop at the onset of the glass transition.
The onset temperatures given in Table I are —45, —40, —15,
and +30 °C for N(4K), N(2K), N(1K), and N(0.4K), re-
spectively. These materials range from soft and pliable
to hard and frangible with decreasing MW of PPO. Sim-
ilarly the mechanical loss moduli go through maxima which
also occur at lower temperatures with increasing molecular
weight. Interestingly a low broad maximum also occurs
in the loss modulus of each of the networks in the glassy
region.

Dielectric loss results at 1 kHz are shown in Figure 18
for a range of temperature. Below T, no loss is detected;
N(3K), N(2K), N(1K), and N(0.4Kg) show respectively
onset of T at —60, —50, —30, and +20 °C. To the low-
temperature side of the T, there is a smaller loss peak in
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Figure 18. Variation of dielectric loss at 1 KHz with temperature
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the N(3K) sample and a slight shoulder in the N(2K)
sample: we have no understanding of their origin.

The relaxation behavior of the chain extended samples
have not been determined. However, we have studied the
structure-property relationship of other segmented poly-
ether-polyurethanes by DSC.!* Chain extension with
symmetric diisocyanates yielded materials with low T,
values of -50 to —55 °C, whereas thermoplastic elastomers
derived from asymmetric toluene-2,4-diisocyanate have
higher T,’s of about -40 °C.

Discussion of Results

A novel objective of this motional investigation on
network polymers is to explore how the cross-link influ-
ences the motion of chain segments in close proximity to
it as well as those far away from it. These monomer units
will be referred to as m, and m, where the subscripts p
and d are proximal ancf distal, respectively. In proton
NMR there is often good contact between the cross-link
relaxation sites and the free-chain regions via spin diffu-
sion. Thus T data are relatively insensitive to M, except
at very high cross-link density beginning at about M, ~
10m where m is the monomer unit molecular weight. For
such materials T versus temperature has a reduced slope
above T,. This is attributable to the restriction of motion
due to constraints imposed by the cross-links. Rowland
and Labun’ analyzed the deviation for the single relaxation
BPP theory

3 vyth? 4
1 _°78 T T + T (1)
T, 10 5 1+ w272 1+ dw?r?

by treating the network T'; as having two T, components
corresponding to m, and my

1 mp, my

— = 2
T, Ty ' T @
where T'y, and T'4 are the T, components for the proximal
and distal regions with respect to the cross-links.

T, measurements reflect the fast motions in the me-
gahertz region, while Ty, is sensitive to the kilohertz region.
Muncie et al.? measured T,,(H) at 64 and 15 kHz to in-
vestigate the slow motions of cross-linked cis-poly-
butadiene above T,. The results showed again insensitivity
of T1,(H) to M, except for the M, = 14m sample.

Much more sensitive to the low-frequency motion is the
spin—spin relaxation time. It has been shown®® that T',(H)
is sensitive to long-range chain motions affected by en-
tanglements and cross links at elevated temperatures.
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There was the interesting observation that T,(H) reached
a plateau in spite of the fact that the molecules are in the
motional narrowing range. Several authors'*6 have pro-
posed a nonzero averaging of dipolar coupling due to an-
isotropic motions of chain segments between cross-linking
modes as being responsible for this phenomenon.

These proton relaxation times are insensitive to cross-
links below T,. In a complementary way, MAS-CP-NMR
seems to be ideally suited to probe molecular motions
below T, of materials which have more than one confor-
mation in the glassy state. But, above T, the CP sequence
is ineffective and even DP experiments yield limited data.
The important observations for our samples are that by
CP and DP it was possible to sample regions differing in
rigidity present in the network system and that relaxations
of m;, and my can be individually discerned.

The T',(C) data of L(1K)1,4 (Figure 7) represent the
simplest relaxation behavior for polymers. The values are
symmetrical above and below T'j, i, which are the same
for CP and DP. Jones!” derived an expression for T,
based on the BPP theroy of relaxation due to dipolar
interaction. The theory assumes an isotropic random
motion of spins, a single correlation time 7., and an ex-
ponential decay of the correlation function for the mo-
lecular motion. However, polymers inevitably have a
distribution of correlation times. These deviations are
manifest in the width of the T, minimum. Various dis-
tribution functions have been used to represent behavior
of this type such as the Fuoss—Kirkwood!® and the rec-
tangular functions.!® However, the relaxation data can also
be fitted by a nonexponential correlation function.?’ The
results of Figure 7 can be approximately fitted by a rec-
tangular distribution function I(7,) = v} In (b/a) with b/a
=~ 10.

The Ty, min(C) for the methyl carbons is about ten times
longer than that of the backbone carbon. McCall** derived
an approximate formula. T, i, =~ 4vB,To% where T} is
the low-temperature rigid limit transverse relaxation time,
v the gyromagnetic ratio, and B, is RF field strength.
Therefore, T, for the backbone carbon resonance should
be about one-third that of the methyl resonance. The
actual low-temperature line-width ratio is 2:3. The pre-
dicted (T},) minima based on the low-temperature line
widths of Figures 3 and 4 are more than an order of
magnitude longer than the observed minima. This dis-
crepancy indicates simply that our line widths are nar-
rowed by MAS and decoupling and result in an artificially
lengthened T, compared to the true rigid limit.

The values of T,,(C) reach maxima at ca. -100 °C in-
dicative of another motional process at lower temperature.
The behavior resembles the 7, data for a mixture of
poly(vinyl chloride) and tetraethylene glycol dimeth-
acrylate,” which displays a T' ,;, at 165 °C for the methyl
motion and a T ,,, at 100 °C and then decreases to a
minimum for the motion of tetraethylene glycol at +10°.

Although the large changes in 7,,(C) below T, do not
correspond to any dramatic change in mechanical prop-
erties of the networks, we wish to note that the tempera-
ture dependence of E” (Figure 17) below T, shows a broad
weak secondary relaxation peak for each of the networks
examined. While this peak is unassigned, it appears to be
correlated with the shortening of T;,(C) in the same tem-
perature region and thus from the NMR point of view, it
is related to the freeing up of hindered methyl rotation in
the glass.

The backbone carbon relaxation in the linear polymers
is affected by the urethane linkage; there is some motional
constraint for the polymer chain extended with toluene-
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2,4-diisocyanate. At temperatures below T',;,;x(C), the CP
sequence selects for segments with reduced motion and
gives T',(C) values about twice as long as those T,,(C)
values obtained with DP as shown in Figure 8a. On the
other hand, the corresponding values for the methyl res-
onance are not very different (Figure 8b). In both cases
the T, max(C) shifted to between ~55 and 75 °C, which
may indicate a higher temperature for the T, y;, of methyl
motion in L(1K)2,4 polymer as compared to L(1K)1,4 the
polymer chain extended with phenylene-1,4-diisocyanate.

Increasing the PPO molecular weight to 3K has several
consequences. The backbone motion T, ;;,(C) is found
at a lower temperature of ca. —45 °C as compared to the
minimum at ca. =10 °C for the L(3K) polymers, in
agreement with the lower T, for the former. The T,(C)
value has not reached a maximum at -90 °C, indicative
of a lower temperature, T, y,, for the methyl motion. The
T,,(C) values near the minimum (between —30 and —60 °C)
for the methyl carbon are about 7 times greater than the
backbone carbon relaxation times. The line-width data
showing a narrower methyl peak are also consistent with
this as showing rotational averaging of fluctuations by the
methyl group.

At temperatures below the T, ., the decay of the
backbone carbon magnetization in the rotating frame for
the network polymers is biphasic except in the N(3K) case.
This is in contrast to the methyl carbon resonances of all
the network systems, all of which decay as a single expo-
nential. It seems that the PPO chains with M, from 0.4K
to 2K are characterized by two regions that interact dif-
ferently with the lattice.

The earliest demonstrated examples of relaxation
heterogeneity are the semicrystalline polymers. However,
if the two regions are partially coupled via spin diffusion,
then it is possible for the amorphous component that is
tightly coupled to the lattice to relax the nuclei in the
crystalline component which is weakly coupled to the
lattice. Thus, only a single T;(H) is observed at 20 °C
for polyethylene.”? Many glassy polymers have been found
to show a distribution of relaxation times for each type of
carbon.24?

The short T, component of the N(1K) and N(2K)
backbone carbons have nearly the same relaxation times
as the aromatic carbon resonance. In the case of the
N(0.4K) sample the T, (backbone C) versus temperature
parallels that of the aromatic carbon resonance; the re-
laxation time values are about the same at 1-2 ms over a
broad range in the vicinity of minimum but are somewhat
longer for the backbone carbon of PPO. The observation
over such a broad temperature range of short T;,(C) values
for the methyl, backbone, and aromatic resonances is
characteristic of the networks especially in comparison to
the relatively narrow minima seen for the linear polymers.
The molecular cause of this broad region of short T;,(C)
cannot as yet be unambiguously assigned. Both phenyl
motion and methyl motion are reasonable candidates. In
domains near the cross-links the phenyl group proximity
and concentration make them plausible contributors to T,
but if the methyl group rotation is restricted by the
packing in the cross-linked region, they too could con-
tribute to T7,(C) as they overcome the barrier restrictions
with increasing temperature. The further observation that
the T ,(H) values are similarly short indicates that either
the 'H or 3C is somewhat coupled during the spin lock
decay period and/or both are affected by similar processes.
Domains distant from the cross-link would then be as-
signed to the longer relaxation component. As M, is in-
creased the effect of cross-links is diluted out so that T',,(C)
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of N(3K) resembles that of L(3K). Undoubtedly spin
diffusion plays a role in the observed relaxation times but
that is not as yet experimentally accessible. Also, as direct
dipolar relaxation of carbons can occur in competition with
motional relaxation, their relative importance is not as yet
resolved. ADRF experiments are underway to resolve this
question.

In the case of heterogeneity in T, relaxation, one can
estimate the fractions of nuclei with different relaxation
rates. But both the magnitude and intensity of the T,
decay may be affected by spin diffusion, and the compo-
nent intensities of such coupled systems bear no direct
relationship on the number of resonant nuclei contributing
to the individual decay terms.?® The values of short T,
were those of the initial decay slope. The error is large
when one attempts to subtract the slow decay component
from the fast one.

This study also shows that T',(C) by CP is not a reliable
method to determine T, in networks. There is no mini-
mum for the N(0.4K) sample in Figure 11. There are also
N0 T, min for either the backbone or the methyl carbon by
CP for the N(1K) sample (Figure 12). Distinct T, p;r, Were
obtained by DP, but the minimum was found at ca. 0°,
which is considerably higher than the T, obtained by the
other methods. Sharp T';, minima were found at -30 °C
by both CP and DP for the N(3K) system; the T, value
is —40 and —60 °C according to the dynamic mechanical
and dielectric measurements, respectively. It appears that
the sensitivity of NMR to local and small motions makes
the T, measured by NMR problematically related to T,
by more mechanical methods.

The relaxation data for NMR-T,,(C), DETA, and
DMTA for N(1K) show maxima (w = 1) at approximately
0, +10, and -5 °C. On the basis of observing frequency
one calculates 7, = 1075, 1073, and 107! s, respectively, at
these temperatures. The range of these correlation times
points out the large differences as to what each technique
measures even though they are all interpreted by the same
power spectrum formalism. DMTA measures the whole
complex of intermolecular interactions that contribute to
bulk modulus. DETA is limited to detecting the mobility
of the electric dipole of the C—O-C bonds in the backbone.
NMR relaxation is sensitive to all motions that modulate
the magnetic dipolar interactions, including backbone
segments, methyl rotations, and phenyl group motion. In
no way are the correlation times expected to be the same.
That the NMR correlation time is several orders of mag-
nitude shorter than that for DMTA reflects the occurrence
of magnetic dipolar/motional events which are of low en-
ergy and are not reflected in the macroscopic modulus.

A considerable amount of further work on several series
of network systems will be necessary in order to separate
contributions to the NMR relaxation and to interrelate
relaxation techniques.

Conclusions

The spin-lattice relaxation of 13C nuclei has been shown
to be sensitive to cross-links below T, whereas the spin-
spin relaxation is insensitive in this temperature regime.
A distribution of correlation times is demonstrated for
network systems with short segmental lengths between
cross-links. The short relaxation component has been
attributed to the backbone carbon in close proximity to
the cross-link. This has yet to be proven by study by
selective '®C enrichment of the terminal carbons in the
a,w-dihydroxypoly(propylene oxide). The close coupling
of the proximal carbon atoms with the phenyl group of
TIPTP may be influenced by its very large molecular size
of this junction molecule. Networks with PPO directly
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cross-linked to phosphorus atoms will be studied in order
to better approximate point cross-links.
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Hydrogen Bonding in Polymer Blends. 3. Blends Involving
Polymers Containing Methacrylic Acid and Ether Groups
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ABSTRACT: Poly(ethylene-co-methacrylic acid) (EMAA) copolymers are strongly self-associated in the
condensed state at ambient temperatures through the formation of intermolecular carboxylic acid dimers.
Polyethers, in contrast, are polymers that are inherently weakly self-associated but associate strongly with
EMAA by forming intermolecular hydrogen bonds between the carboxylic acid and ether oxygen groups. In
this paper we present the results of Fourier transform infrared studies of EMAA copolymer blends containing
poly(vinyl methyl ether) and ethylene oxide-co-propylene oxide copolymers. The blends studied were found
to be extensively mixed at the molecular level in the amorphous state. Quantitative measurements of the
fraction of EMAA carboxylic acid groups that are hydrogen bonded to ether groups have been obtained in
blends of different compositions, and the results are discussed in terms of competing equilibria.

Introduction

During the past 10 years we have taken advantage of the
unique sensitivity of FTIR spectroscopy to specific types
of intermolecular interactions (most notably hydrogen
bonds) in order to probe the molecular structure of mul-
ticomponent polymer systems, especially polymer blends.
Much of this work has been summarized in a recent re-
view.! More recently, we have employed conventional
transmission FTIR spectroscopy to obtain a measure of
the relative strength and concentration of intermolecular
interactions (hydrogen bonds) in strongly self-associated
polymers such as polyamides?* and polyurethanes.® This
led to studies of miscible, or partially miscible, polymer
mixtures containing such polymers®7 and to a simple model
of specific, directional interactions based upon an equi-
librium theory.?®

In our search for miscible or partially miscible binary
polymer blends containing a strongly self-associated
polymer, we have used the following simple axiom. Sig-
nificant mixing at the molecular level is most likely to
occur with a weakly self-associated polymer capable of
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forming a favorable interaction with it. In this vein, we
have published the results of studies performed on
amorphous polyamide—poly(2-vinyl pyridine) (P2VP)% and
amorphous polyurethane—poly(ethylene oxide-co-propylene
oxide) (EPO)7 blends, both of which exhibit a high degree
of molecular mixing. Here we report on our studies of a
series of polymer blends in which one of the components
is a polymer containing methacrylic acid (MAA) units.
Unlike polyamides and polyurethanes that form a distri-
bution of “chains” of hydrogen-bonded amide and urethane
groups in the condensed state,”® MAA containing polymers
are strongly self-associated at ambient temperatures
through characteristic intermolecular hydrogen-bonded
dimers. Our guiding principles are the same, however, and
significant molecular mixing of MAA polymers can be
achieved with other polymers containing ether units.

Experimental Section

Ethylene~methacrylic acid copolymers (EMAA) were syn-
thesized in the laboratories of the E. I. Du Pont de Nemours Co.
Four different copolymers containing 18, 32, 44, and 55 wt % MAA
(denoted EMAA[18], EMAA[32], etc.) were used in our studies.
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