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Spin—Ilattice and rotating frame relaxation measurements have been made on nine copoly-
mers of styrene with N-n-alkyl maleimides in which the alkyl groups are CHs, C,Hs, CsHy;,
C7H15, CgH 19, Cy2Has, CI4H29, Cy6H33 and C13H37. Five relaxations have been detected
which are correlated with existing relaxation work. The highest temperature () relaxa-
tion is associated with the glass transition and the y-relaxation results from ring twisting

in the ordered (helical) parts of the structure, The 6-relaxation occurs only in the C;—C,
polymers and reflects movement in helical stacking within the ordered phase while the
e-relaxation occurs only in the C4—C,3 homologues and arises from motion of the pendant
alkyl chain in both ordered and disordered regions. The lowest temperature minimum in
T, is associated in all polymers with methyl! rotation. Spin diffusion plays a prominent
role in the relaxations and this is used to interpret further the morphology of the samples,

INTRODUCTION

Relaxation techniques are a valuable source of information
on the detailed motional behaviour of polymers!, and their
combined use (usually dielectric and mechanical) can be a
particularly powerful tool in the assignment of relaxations?.
One of the more serious difficulties of this type of work is
concerned with problems of crystallinity, where the specifi-
city of relaxations for the crystalline or amorphous phase is
often in doubt. Ambiguities of this nature are enhanced in
polymers where distinct crystalline and amorphous phases
cannot be identified, but rather where the material com-
prises short range ordered and disordered regions with an
essentially amorphous nature3, In these circumstances, the
use of X-ray diffraction coupled with diagnostic heat treat-
ments such as quenching or annealing are only of marginal
value,

Nuclear magnetic resonance has the distinct advantage
over dielectric and mechanical methods that separate relaxa-
tion data are often provided for crystalline and amorphous
regions throughout a wide temperature interval. This is a
particular feature of experiments in the rotating frame,
which additionally alleviate one of the disadvantages of the
technique, its limited frequency coverage

A further aid towards an understanding of the molecular
origin of relaxations lies in the study of similar materials
whereby minor structural modifications in their chemistry
can be observed for their subsequent effects. The homolo-
gous series based on N-substituted polymaleimides satisfies
these requirements and has formed the basis of previous
reports>*, We report here a comprehensive study using
pulsed n.m.r. on nine copolymers of styrene and N-alkyl

* Present address: Atomic Energy Board, Pretoria, South Africa.
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maleimides where the pendant n-alkyl chain varies from
CHj to CygH37. The data indicate the existence of five
relaxations which (apart from methyl group rotations) we
have attempted to correlate with existing dielectric work.
The presence of non-exponential decays in the rotating
frame has enabled the morphological origin of the relaxa-
tions to be established. In addition, the effects of spin
diffusion (which is universaily present) add further confir-
mation to, and enlarge our ideas about, the ordering within
the amorphous phase.

EXPERIMENTAL

Materials

All the polymers were prepared by the treatment of an
alternating copolymer of styrene and maleic anhydride with
the appropriate n-alkyl amine. Full details of the prepara-
tion and characterization (chemical and physical) have been
published?, and some data relevant to the present study are
presented in Tables 1 and 2. It should be re-emphasized
that none of the samples shows X-ray evidence for the
presence of crystallinity although amorphous haloes indicate
that extensive short range order is undoubtedly present.

N.m.r.

Measurements were carried out using a Polaron pulsed
n.myr. spectrometer operating at 21 MHz utilizing the
0.5 T magnetic field of 2 Newport Instruments 7 in (177 mm)
electromagnet, A continuous temperature interval, from 120
to 450K, was studied with an additional ‘spot’ temperature
of 77K. T was estimated using the saturation recovery
method via 90°—7—90° pulse sequences. In all polymers at
all temperatures, exponential behaviour was observed. Rota-
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Table 1 Transition temperature minima (K) for styrene-N-n-atkyl
maleimide copolymers

Relaxation assignment

Polymer
Substituent T93 aff ¥ [ € CH3
CH3 T 444 — — 326 - <77
Tip (iong) - 312 206 - <77
T1p (short) - 348 273 - -
CaHs 417 - - 290 - 144
- 300 184 - -
- - - - 100
CsHyy 401 - - 331 213 147
413 325 244 116 -
420 — - ~110 -
CqHys 377 - - 323 218 131
380 274 197 137 -
413 - - ~120 -
CgHyo 378 — - — 223 153
373 287 - 166 -
392 277 - ~140 —
CiaHas 356 425 — — 227 153
375 276 - 163 —
393 ~285 - ~140 -
CiyaH2o 333 390 - - 233 135
352 283 - 174 -
363 287 — ~145 —
Ci6H33 326 a7 - - 236 123
355 283 - 176 -
345 283 - ~155 -
CigHs7 332 389 - - 237 126
365 279 - 174 -
379 281 - 179 -

Table 2 Activation energies {kJ/mol) caiculated from Table 1

Substituent aff y* 8 €
CHj Long 29.7
Short g9.2}151]
CaHs 267y 43)
CsHy1 49.3 135
- 12.1
CqHis 26.8 19.6
- 14.2
CoMyo 34.5
20.0
C12Has 169 41.8 24.9
27711298 45.9 19.4
Cute ol g5 204
o o &3 i
C1gHs37 314 52.4 34.8
783}(5501 37 388

Figures in parentheses refer to dielectric data®,
* Figures derived assuming the 7y minimum is merged with the
higher temperature ag-relaxation

ting frame data (T} ,) were obtained by the spin-ocking
90°-90°g(° sequence producing information at an effective
frequency of 5 x 104 Hz. In most cases the observed decay
was non-exponential and was satisfactorily analysed in terms
of two components. The receiver recovery time was 8 usec,

Samples were thoroughly purged of oxygen and investiga-
ted in vacuo as compressed pellets to improve signal/noise
ratio. Instrumental details have been reported previously?,

Results

The n.m.r. behaviour of the nine samples is shown in
Figures 1-9. A profusion of minima are evident in both
Ty and T , data with the additional complication that the
latter can be resolved into long and short components. The
temperatures at the minima are recorded in Table I where
assignments to various relaxation processes have been made.
These assignments are based on a comparison with existing
dielectric data where available3, coupled with such similari-
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Figure 1 Relaxation data as a function of temperature for the

methy| derivative
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Figure 2 Relaxation data s a function of temperature for the
ethyl derivative
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1000

Analysis of this diagram will be deferred until the Discussion
section,

Computed activation energies based on these assignments
are compiled in 7gble 2 together with comparison values
from ref 3. A glance at Figure 10 shows quite clearly that
at the high temperatures necessary to observe the -
relaxation in the T data, this relaxation will have merged
with the af-minimum and be unresolved. This forms the
basis of the calculation for the y-activation energy in Table
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ties as are apparent in Figures 1—9. Only the methyl, ethyl =
and dodecy] derivatives have been studied over a sufficiently S
wide temperature range to include all the relaxations shown &
in Table 1. A relaxation map for these three materials can
be constructed using the following relations for the correla-
tion frequencies at the temperature minima:

ve = (2)!/2vg at a T} minimum
L]
Ve = vH1/2m at a Ty, minimum o1l

80 140 200 260 320 380 440
In our case v, for 7 minima is 2.97 x 107 Hz and 5 x 104 Temperature (K)

Hz for Tlﬂ n.nnnna‘. Usmg Sta_ndgrd _relatlons for co"elatmg Figure 6 Relaxation data as a function of temperature for the
n.m.r. and dielectric frequencies®, Figure 10 was constructed.  godecy! derivative
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Figure 7 Relaxation data as a function of temperature for the
tetradecyl derivative
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Figure 8 Relaxation data as a function of temperature for the
hexadecy! derivative

The relative contributions of the long and short Ty,
components are of interest since it might be supposed that
the relative abundances of the molecules contributing to
them could be determined. The data for the dodecyl and
octadecyl derivatives are illustrated in Figure 11 which
shows behaviour typical of the longer alkyl chains in the
series. Comparison with Figures 6 and 9 reveals a remarkable
similarity in that the fractional proportion of the long com-
ponent follows the relaxation behaviour very closely and

appears to approach minima at the same temperatures as
does the relaxation time, Since it is thus clearly inapprop-
riate to assign the long and short contributions to the total
magnetization in terms of molecular populations, a more
satisfactory explanation in terms of spin diffusion must be
invoked?”. This work will be explored in detail later. The
technique of non-exponential curve resolution and the de-
termination of relative component magnitudes follows that
discussed in ref 8. The errors in the determination of the
short component parameters are necessarily greater than
those for the long component and the errors in the decom-
position become larger as the difference in the two relaxa-
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Figure 9 Relaxation data as a function of temperature for the
octadecyl derivative

10%riK™")

Figure 10 Arrhenius plot of log v, against 1/7 for the methyl,
ethyl and dodecy! derivatives. The solid lines refer to dielectric
data3, with the following code for the remaining points:

O, methyl derivative, y-relaxation (n.m.r.); ® methyl| derivative,
§-relaxation {(n.m.r.); O, ethyl derivative. - relaxation (n.m.r.};

B, ethyl derivative, §-relaxation {n.m.r.); X, dodecy! derivative,
v-relaxation {(n.m.r.}); &, dodecy| derivative, e- relaxation (n.m.r.);
4, dodecy! derivative, e-relaxation (dielectric). Only the long com:
ponent of the rotating-frame data is represented
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Figure 11 Relative intensity of the long component of the

rotating-frame data as a function of temperature. (a) dodecy!
derivative; (b) octadecy| derivative

tion times becomes smaller. For the shorter chain lengths

in the series (methyl, ethyl and amy1) the errors in T, (short)
are particularly large and the population fractions subject to
such scatter that no discernible trends can be ascertained.

DISCUSSION

Spin diffusion

That spin diffusion relaxation mechanisms are a major
factor in this series has already been demonstrated in
Figure 11. Further evidence for the existence of spin dif-
fusion can be found from the magnitude of the relaxation
time at the various minima illustrated in Figures 1—9.
According to established formulae® for those magnitudes it
is clear that, because of their high value, they are substantially
affected by spin diffusion.

Spin diffusion effects occur because excess energy can
remain in the spin system for a long time (compared to T,)
before being transferred to the lattice via preferred relaxa-
tion sites. Although a number of such sites may exist in a
typical lattice!?, only two need concern us for this series of
purified amorphous, oxygen-free polymers. The first of
these is the well established sink for spin energy provided
by rapidly rotating methyl groups!®. Two sites for methy!
groups exist in this series, at the termination of the alkyl
chain and as end groups on the main chain (a consequence of
azobisisobutyronitrile initiation in the synthesis of the pre-
cursor styrene—maleic anhydride copolymer). With the
exception of the methyl derivative, where it occurs at a very
low temperature, all the polymers exhibit substantial methyl
group minjma in the 7 data. This mechanism is responsible
for relaxing the spin energy along the whole polymer chain
and results in the anomalously high values of the relaxation
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times at the minima. This phenomenon is well known and
almost universal in materials containing methyl groups.
Since the polymers in the series are so similar, it would be
expected that this preferential relaxation would affect all
the polymers in the same way. However, we have to account
for the increasing dominance of spin diffusion as the alkyl
chain length increases — an influence which is sufficiently
powerful to produce the anomalous intensity variations
depicted in Figure 11. The cause for this is the presence of
a second important site for spin diffusion interactions.

Temperature-dependent T, component intensities, un-
representative of the number of contributing nuclei, have
been observed on several occasions!? and attributed to spin
diffusion between different phases within a polymer. A
similar influence is observed between water and protein
molecules resulting in cross-relaxation in hydrated collagen!?,
We suggest the following argument to account for the im-
portance of spin diffusion in our substrates.

It has been established that, in these and similar materials®*
there is no X-ray-observable crystalline phase. However,
the present T, data, existing dielectric work®* and X-ray
evidence®>14 all indicate the presence of ordered regions
within an amorphous phase. In particular, the X-ray results
show two amorphous haloes in favourable cases, which have
been interpreted as originating in local order in both main
chain (helical) and side chain. It was proposed that for alkyl
chain lengths up to and including Cg the main chain con-
forms to a 3; helix while the increasing side chain influence
above this length begins to dominate the structure. The
spin diffusion behaviour exhibited by this series is consistent
with this morphology. For the lower numbers of the series
Figures 1— 3 show that the relaxation behaviour of the two
regions is essentially independent with little correlation bet-
ween the two. Indeed, the assignments to similar relaxations
proposed in Table I must be regarded as tentative. The
morphology is determined by main-chain conformations and
spin diffusion effects arise principally from the CHj ‘sink’.
In the C; derivative and above we see that the relaxation
behaviour of the two regions becomes increasingly similar
with increasing chain length. The stacking of side chains is
now the principal structure-determining factor and there is
consequently a close physical interaction between the two
phases allowing cross-relaxation by spin diffusion. This
results in the appearance of relaxation minima which do not
necessarily reflect the true motional characteristics of a
phase but rather the coupling of spins. Thus anomalous in-
tensity patterns are generated as shown in Figure 11. That
methy] rotation is still a potent factor in spin diffusion is
apparent from Figures 4—9. Support for this structure varia-
tion is also to be found in the characteristics of the other
relaxations.

af-relaxation

Existing relaxation work? indicates that the o- and §-
relaxations are very closely associated, even at very low
frequencies (~10~3 Hz), and their resolution is often unsatis-
factory. It is clear from such data that these two relaxations
will have merged at the frequencies employed in this inves-
tigation and are represented by the high temperature relaxa-
tion minima found here which should be considered as a
combined aff process.

_ There is little doubt that this relaxation is associated with
the micro-Brownian motion accompanying the glass—rubber
transition. Table I shows a strong correlation between the
dielectric and n.m.r. observations and we suppose that, where
no minimum has been observed, this is due to temperature
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limitations on the part of the apparatus. The calculated
activation energies reveal much lower values than the corres-
ponding dielectric evidence. This is not surprising in view of
the combined nature of the relaxation and the relative effi-
ciency of the relaxation process in the two cases. In the
dielectric case, the chain dipole resides principally in the
maleimide ring and the observation of this relaxation re-
quires the substantial motion of a relatively rigid entity.
Contrastingly the n.mr. experiment is responding to the
motion of protons in the more facile aspects of the com-
plex variety of modes contributing to the overall behaviour.
There is evidence in the Figures and Table 2 that this relaxa-
tion is both more prominent and more difficult in that area
associated with the short T, component, particularly in
later members of this series. This suggests, in common with
other materials exhibiting non-exponential decays’, that the
short component is associated with the more disordered
regions in the polymers.

y-relaxation

As stated previously, we have supposed that at the high
temperatures necessary to observe Ty minima in these
polymers, the y-relaxation has merged with the af-process.
Justification for this is derived from comparisons with di-
electric data illustrated in the relaxation map of Figure 10
where we observe the Ty, y-relaxations in close proximity
to the dielectric y-position.

The y-relaxation is present in all members of the series
but the short Ty, component is much less prominent and
even missing in the short chain polymers. Furthermore, this
relaxation is probably the least susceptible to spin diffusion
and cross relaxation in that it only gradually becomes more
prominent as the chain length increases and in consequence
its intensity component behaviour is not so clearly anoma-
lous. We suggest that this relaxation originates in the ordered
phase only and its appearance in the short Ty, data is en-
tirely due to spin diffusion. It is worthwhile recollecting
that the dielectric y-relaxation was the most susceptible to
quenching treatments and in the ethyl derivative particu-
larly it was virtually removed from the spectrum?3. The
activation energies (Table 2), although approximate, are
consistent with a mechanism that is quite independent of
the length of the alkyl side chain and similar to those re-
corded by dielectric relaxation®% and by both electrical
and mechanical techniques, in the precursor styrene—
maleic anhydride copolymer!®, The molecular mechanism
is therefore a property of the helical nature of the ordered
parts of the structure and is consistent with a ring-twisting
process in the maleimide ring.

b-relaxation

This relaxation is observed only in the short alkyl chain
length members of the series. As with the y-relaxation for
these polymers, the short T, component is relatively struc-
tureless and the & -relaxation appears to be absent (the
assignment in the methyl derivative is tentative). The
minima in both T| and the long T'j, components are relative-
ly shallow and the appearance temperatures are somewhat
erratic. The relaxation map (Figure 10) reveals that this
relaxation occurs at lower temperatures in the n.mr. data
compared with the available dielectric results, particularly
at the T, frequency which also leads to a lower activation
energy. Again contrasting with this n.mr. work, the di-
electric §-relaxation is relatively prominent, being nearly
an order of magnitude more than the y-process.

The molecular origin is obscure; it must occur in the
ordered regions of the structure and be specific to the main-
chain dominance present in the lower members. However,
it does not depend on helical order since this is present in all
polymers, albeit in a modified form for the longer side-
chain materials®. We tentatively suppose that it is related to
chain-stacking or ordering for 3, helices, its increased motion-
al facility in n.mx. pis-g-vis the dielectric mode again reflect-
ing the relative ease of proton motion compared with that
for dipole orientation in these materials.

e-relaxation

This is, in a sense, the complement of the §-process
since it makes its appearance as the latter relaxation dis-
appears and the two are coexistent in the C5 and C; mem-
bers. Both the appearance temperature and activation energy
increase as the chain length increases. This relaxation is
prominent in both T, components with similar relative ef-
ficiencies. No doubt this is partly due to the influence of
spin diffusion but the consistently lower activation energy
appropriate to the short component suggests that such a
mechanism is not the principal factor governing the appear-
ance of this minimum in the disordered regions. Clearly
the motion responsible is occurring in chain dominated areas
of the structure, becoming more hindered as chain entangle-
ment increases, but always more facile in disordered areas
where the steric hindrances are less severe. The low activa-
tion energy (12—40 kJ/mol) is less than would be expected
for the crankshaft-type motion that is known to occur in
polymers containing methylene chains'®, but some related
mechanism is appropriate. It must be pointed out that di-
electric work has revealed the existence of a very small relax-
ation in the Cyjderivative * which correlates quite well with
the n.mr, data (Figure 10). The results were admittedly
sparse and insufficiently well documented to quote an acti-
vation energy, but the existence of a dipolar component
indicates that a simple methylene group motional mode is
too naive a picture. However, in regions of alkyl chain
entanglement, even such a mechanism must be transmitted
to the backbone and will result in a dipole movement. In
contrast, a relaxation with similar appearance temperature
and activation energy (19.5 kJ/mol), occurs in poly(N-vinyl
succinimide)'?. This has been assigned to the motion of
methylene units in the side chain and is dielectrically
inactive.
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