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ABSTRACT: An insight into the motional heterogeneity of a series of poly(ether-block-amide) copolymers
is presented and discussed in terms of its NMR fingerprints dependent on a content and length of hard
and soft segments and a microphase-separated morphology. Local-field dipolar spectra carry a straight-
forward signature of microphase-separated morphology endowed with a strong mobility gradient. The
dipolar features of the poly(tetramethylene glycol) (PTMG) and polyamide-12 (PA) components, besides
visualizing the presence of separated PTMG and PA phases, also give evidence for the presence of the
dynamic heterogeneity of each component. 'TH MAS spectra provide an another fingerprint of phase-
separated systems. Although such spectra roughly show increasing line broadening at higher PA/PTMG
ratio, they are mainly sensitive to the presence of the most mobile fragments and may give a distorted
vision of intrinsic mobility of the soft component in the presence of its dynamic heterogeneity. *C spectra
bearing proton—carbon J-coupling features appear to be more sensitive to the length of the soft blocks
and seem to bring a proper visualization of their overall mobility. Special attention has been paid to
characterize motional heterogeneity of the soft component by exploiting cross-polarization transfer
efficiency combined with indirect T2(H) relaxation measurements. The cross-polarization inversion
experiments provide, from heteronuclear dipolar interaction perspective, a corroborating visualization of
the extent of motional distribution of the PTMG component. The revealed fingerprints of the motional
heterogeneity of the soft component and the ways exploited in this work for their retrieval might be
helpful for a better assessment of its role in the mechanical properties of thermoplastic elastomers.

Introduction

There is still a great deal of interest in the study of
block copolymers known for a wide range of industrial
applications. Block copolymers with immiscible soft and
rigid blocks can form various microphase-separated,
mostly complicated nanostructures, providing materials
with a useful combination of elasticity and mechanical
strength.

Poly(ether-block-amide) (PEBA) thermoplastic elas-
tomers are block copolymers having alternating se-
quences of hard polyamide (PA) and soft polyether (PE)
segments and a microphase-separated morphology.! At
the normal service temperatures the rigid part acts as
a physical cross-link site for the rubbery phase of the
soft blocks. By changing the polyamide (PA6, PA6.6,
PA11, PA12, etc.) and the polyether segment (PTMG,
PEG, PPG, etc.), the mechanical, chemical, and physical
properties can be conveniently modeled.! Some aspects
of the phase structure, morphology, and the basic
physicochemical properties of poly(ether-block-amides)
have been studed by transmission electron? and atomic
force microscopies,>* small-3>* and wide-angle X-ray
scattering,*® small-angle light scattering,* and dif-
ferential scanning calorimetry?*~6 as well as by dynamic
mechanical analysis!®*57 and thermally stimulated
current methods.8

Solid-state NMR spectroscopy is now recognized as
one of the most powerful tools for structural and dyna-
mic studies of polymeric materials. Several research
groups used indeed solid-state NMR methods, based on
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proton spin-diffusion phenomena, to investigate the
phase structure and to determine the rigid and mobile
domain sizes on the nanometer length scale (typically
between 2 and 30 nm) as well as the sizes of interphases
(0.5—2.5 nm) in a number of block copolymers.?~2! Some
attention has been also paid to the investigation of
molecular mobility of block copolymers by proton,!©
deuterium,?2-25 and carbon-13 172629 solid-state NMR
techniques.

Somewhat surprisingly, no any systematic solid-state
NMR study of the poly(ether-block-amide) copolymers
has been published yet. As far as we know, only
standard 13C and "N CP/MAS spectra of a few poly-
(ether-block-amide) copolymers have been presented
and discussed in terms of their chemical structure and
polymorphic features of the crystalline polyamide
phase.3%31 The principal aim of our work is to probe the
motional heterogeneity in poly(ether-block-amide) co-
polymers which is supposed to play an important, albeit
still not well recognized, role in the mechanical proper-
ties of block copolymers.! We give first an insight into
the overall molecular mobility of a series of structurally
different samples against the content and length of hard
and soft segments. To gain a deeper insight into the
motional heterogeneity of the soft component, we exploit
an approach based on the cross-polarization transfer
efficiency combined with different well-established meth-
ods of high-resolution solid-state 13C NMR spectroscopy.

Experimental Part

Polymers. Poly(ether-block-amide) copolymers, commer-
cialized by Arkema under the trademark Pebax, and available
in granular form, were cryomilled at liquid nitrogen temper-
ature. To avoid the influence of thermal and process history
on the morphology, each sample has been subsequently dried
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Table 1. Molecular Characteristics of Block Polyamide
(PA) and Poly(tetramethylene glycol) (PTMG)
Copolymers Studied

av block length PA/PTMG, av block length

sample no. g mol ! ratio

1 600/2000 0.3

2 850/2000 0.425

3 2000/2000 1.0

4 1000/1000 1.0

5 2000/1000 2.0

6 4000/1000 4.0

7 5000/650 7.69

overnight under vacuum at 80 °C. Seven copolymers with
varying composition and block length were investigated by
NMR (Table 1).

Solid-State NMR Experiments. All NMR experiments
were carried out on a Bruker DSX 300 spectrometer. The
operating frequencies were 300.13 MHz for 'H and 75.47 MHz
for C. Cross-polarization magic-angle spinning (CP/MAS)
spectra have been recorded at a spinning frequency of 4 kHz
with carrefully adjusted and supervised n = —1 Hartmann—
Hahn cross-polarization conditions, i.e., vig = vic — v». 'H MAS
spectra were acquired at a spinning frequency of 4 kHz.
Several relaxation measurements probing a large frequency
scale of molecular motions have been performed. Indirect
measurements of proton 74, relaxation times have been
conducted with standard variable spin-lock period (vig = 62.5
kHz) preceding the cross-polarization contact time. The 3C
spin—lattice relaxation times in the laboratory frame were
measured by the method of Torchia.3?

Results and Discussion

Among the main parameters defining the physico-
chemical properties of poly(ether-block-amide) copoly-
mers, three of the most important are the chemical
nature of each block, the weight ratio PA/PTMG, and
the length of each block. These parameters determine
the glass and melting temperature, the chemical resis-
tance, the mechanical properties like stiffness and
elasticity, and the degree of segregation of the two
chemical components. In polymers well above T, mo-
lecular motions reduce considerably the broadening
effect arising from the anisotropic interactions under-
gone by nuclear spins. In the case of poly(ether-block-
amide) copolymers, this is the case of the soft component
for which the observed residual line widths are due to
rapid anisotropic segmental motion hampered by chain
constrains such as covalent linking to PA block, the
presence of PA crystalline domains behaving as virtual
cross-links, and the possible partial miscibility of both
components, all three acting as anchors for the rapid
segmental reorientations.

In this work we wish to get an insight into the degree
of molecular mobility and its changes in a series of poly-
(ether-block-amide) copolymers probing different types
of spectral broadening arising from dipolar or scalar
interactions as well as different types of relaxation
measurements. To provide a dynamic framework for
these studies in relation to the chemical structure
composition, we will start with a short resume of some
salient motional characteristics from the dynamic me-
chanical analysis.

1. Overview of Molecular Mobility and Mi-
crophase Separation by Dynamic Mechanical
Analysis. The position and origin of dynamic mechan-
ical analysis (DMA) relaxation regions observed in poly-
(ether-block-amide) copolymers have been already dis-
cussed in the literature.l’457 Figure 1 shows the
evolution of tan 0 as a function of temperature for
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Figure 1. Evolution of tan J as a function of temperature for

various PA/PTMG mole ratios (sample 8 has a PA/PTMG mole

ratio 5000/250).

various PA/PTMG mole ratios. Each relaxation is ac-
companied by a peak in the tan 0 curve, the multiple
relaxations being labeled o, 3, and v, when going from
higher to lower temperatures. The y peak present below
—100 °C is attributed to local motions of the CHs groups
inside the polyamide and polyether phases and remains
very similar for all compositions. The /5 region placed
between —80 and —50 °C is supposed to be the sum of
two relaxation processes: the first relaxation is the glass
transition of the PTMG-rich phase (about —80 °C) and
is clearly predominant for soft and medium grades
(samples 1, 2, 3, and 5). This relaxation, having es-
sentially the same position for this range of PA/PTMG
ratios, can overlap with a secondary relaxation from
local motions of free and water bound amide groups,
very well known in the polyamides and easily observed
in the rigid grades 7 and 8 (PA/PTMG = 20). The a
region between —20 and +40 °C is attibuted to the glass
transition of the polyamide phase (+50 °C for the pure
PA). This relaxation can overlap with another relaxation
due to the melting of the PTMG; however, the samples
investigated by NMR in this work did not contain any
crystalline phase of the PTMG component. One can note
that, except for samples 7 and 8, the maximum position
of the glass transition relaxation of the PA is placed well
below the room temperature and decreases for a lower
PA/PTMG ratio. The existence of two, well-separated,
glass transitions from the amorphous polyamide and
polyether corroborates a well-defined microphase sepa-
ration within the amorphous part of poly(ether-block-
amide) copolymers. The observed lowering of the glass
temperature of the PA component at lower PA/PTMG
ratios has most probably for origin a combined effect
from different scenarios like increasing role of internal
plasticization due to the presence of oligoamide compo-
nents inside the polyamide regions for samples with
shorter PA blocks, the related progressive disruption of
the hydrogen-bond contacts, and possible external plas-
tization due to increasing effect of growing soft polyether
matrix covalently bonded to the polyamide segments.!6
The presence of mixed PA/PTMG phase has also been
suggested in the literature.2*

2. Overview of Molecular Mobility and Phase
Structure by Solid-State NMR. Local Field Features
of Soft and Rigid Components. It has been shown
previously that the popular WISE experiment?®® used
commonly to investigate site-resolved molecular mobili-
ties in heterogeneous polymeric materials may be
further exploited to obtain dipolar local field spectra
providing local structural and dynamic information.34
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Figure 2. Dipolar slices of methylene groups separated according to the 2C chemical shift from different positions in the chain
of sample 2 and recorded using contact time of 30 us and v, = 4 kHz. 32 increments of 2 us were used in ¢;, and the imaginary
part of the transposed FID was set to zero in order to symmetrize the dipolar spectra.

The success of this local-field experiment relies on the
effective isolation of the protons directly bonded to the
carbon-13 nucleus. In fact, the resonance frequency for
a proton spin H* coupled to a 13C atom is different from
those for 'H spins coupled to 12C, and this leads to a
slower flip-flop exchange between the 'H* and other 'H
spins.?> Moreover, for elastomers well above T, high
molecular mobility reduces dipolar interactions dra-
matically, and spin diffusion is much less effective than
in the glassy or crystalline state.?¢ Both factors lead to
a greatly diminished role for proton—proton flip-flops.
Consequently, using a very short period of polarization
transfer, the effective number of spins can be restricted
to the nearest neighbors that govern the dipolar local
field interactions which are subsequently unravelled in
the v; cross sections. In the absence of molecular
motions these dipolar slices provide structural informa-
tion on internuclear distances while their collapse may
be used to detect the presence of large-amplitude
molecular motions with frequencies comparable to or
greater than the dipolar line width.3436

As an example, Figure 2 shows dipolar slices of
methylene groups separated according to the 3C chemi-
cal shift from different positions in the chain of sample
2. Further dipolar cross sections are given in Figure 3
for the PTMG —OCH2— and amorphous PA —CHy—
resonances from four other samples representive of a
whole range of chemical structures investigated in this

work. A dramatic difference in the shape and line width
of methylene groups belonging to PTMG and PA blocks
is immediately observed in these two figures. This is a
clear fingerprint of phase-separated systems endowed
with a strong mobility gradient. Dipolar cross sections
from the crystalline and amorphous PA also show a
huge difference with a characteristic ~32 kHz splitting
from the rigid —CHs— group and a much narrower
dipolar line width, respectively. This permits a favorable
observation of the line shape from the amorphous PA,
which visualizes in all but one case a complex character
indicative of its dynamic heterogeneous nature. Equally
interesting for this work, the apparent two-component
character of dipolar slices in Figure 3 gives also first
indication for the inhomogeneous dynamic character of
the PTMG blocks.

We wish to point out that despite common belief that
only proton—proton dipolar couplings manifest them-
selves in the first dimension of the WISE experiment,
both homonuclear and heteronuclear dipolar effects
determine the dipolar cross sections, especially when
recorded with short contact time.343¢ The heteronuclear
dipolar effects may be suppressed by decoupling irradia-
tion applied to the carbon channel during the ¢; period.3”
Finally, it is worth taking note that in order to access
the local field features of the soft and rigid components,
a very short contact time of 30 us has been used in these
experiments. Consequently, the observed dipolar line
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Figure 3. Dipolar cross sections for the PTMG —OCHz— (left)
and amorphous PA —CH— (right) resonances from samples
1, 3, 5, and 7. Same experimental conditions as in Figure 1.

widths of both types of methylene groups from the
PTMG fragment are only representative of the most
rigid fraction belonging to the soft component. The
reverse sensitivity to the most mobile methylene groups
from the PTMG blocks is exploited in proton spectra
discussed below.

IH MAS Spectra: Residual Proton—Proton Dipolar
Broadening. High-resolution proton NMR spectroscopy
is an inherently quantitative and sensitive probe of the
hydrogen environment. In systems with not very tightly
coupled protons, the spinning frequencies of a few
kilohertz are usually sufficient to efficiently remove the
residual dipolar broadening, which results in highly
resolved proton spectra. Figure 4 shows the central part
of TH MAS NMR spectra of PTMG2000 and of samples
1-7, all acquired with a spinning frequency of 4 kHz.
As expected, even with such a modest-speed MAS, a
resolution of two PTMG resonance signals is easily
available in all but one case. Indeed, the molecular
mobility of the hard and soft blocks is so different at
room temperature that two narrow resonance peaks are
observed for —CHy— and —OCHgz— from the PTMG
fragments while the PA spectrum consists of a feature-
less broad line with a width of 30—40 kHz (not shown).
More interestingly, Figure 4 shows progressively albeit
not regularly increasing line broadening at higher PA/
PTMG block length ratio. Indeed, while the residual
dipolar broadening for 1 and 2 remains roughly the
same as for PTMG with block length 2000, a substantial
broadening is observed for 3 and 4, for which the length
ratio PA/PTMG has increased to one. Somewhat unex-
pectedly, the dipolar broadening effects are clearly less
pronounced for sample 6 as compared with sample 5,
despite a 2-fold increase of the PA/PTMG ratio. The
temperature dependence of 'H spectra in poly(styrene-
block-methylphenylsiloxane) (PS/PMPS), as compared
with that of PMPS itself, has been used before by Cai
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Figure 4. Central part of '"H MAS (v, = 4 kHz) spectra of
PTMG2000 (sample 0) and PEBAX samples 1-7.

et al.?® to estimate the shift of 7 of the soft component.
Such an approach would lead us to a somewhat unusual
conclusion of decreasing T of the PTMG component
when increasing the PA/PTMG ratio from two to four.
Indeed, as we will show below, the observed effect is
due to the presence of a small amount of highly mobile
fraction in sample 6 and cannot be used as indicator of
the glass transition temperature of the soft component
as a whole.

13C CP/MAS Spectra: Proton—Carbon J-Coupling
Features. Heteronuclear J-resolved 1*C NMR spectra
can be recorded in the solid state under a simultaneous
application of magic-angle spinning and homonuclear
proton decoupling.® In fact, when applying the homo-
nuclear decoupling, the dipolar proton—proton interac-
tion is averaged out, restoring the inhomogeneous
character of the dipolar carbon—proton interaction. The
effect of MAS is to narrow the inhomogeneously broad-
ened lines due to the chemical shift anisotropy (CSA)
and heteronuclear dipolar interactions. As a conse-
quence, high-resolution liquidlike spectra can be ob-
tained in the solid state, exhibiting scalar coupling and
isotropic chemical shifts. In this experiment, however,
the proton—carbon scalar coupling constants are scaled
down by homonuclear proton decoupling. In some favor-
able conditions, MAS alone will be sufficient to reveal
unscaled scalar ¥C—1H couplings by averaging the
homonuclear proton dipolar couplings and suppressing
in this manner proton dipolar fluctuations modulating
the heteronuclear scalar coupling interactions. This was
indeed observed earlier in a cured, carbon black filled
natural rubber.?° Because of a high mobility of the
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Flgure 5. 13C heteronuclear J-spectra of PTMG2000 (sample
0) and samples 1—7 recorded without proton decoupling. All
spectra have been recorded using CP contact time of 1 ms and
with MAS at 4 kHz spinning.

PTMG, one can expect to get also such spectra in the
case of poly(ether-block-amide) copolymers.

Figure 5 shows 13C CP/MAS spectra (CT = 1 ms, v,
= 4 kHz) of PTMG2000 and samples 1—7 recorded
without heteronuclear decoupling. Well-resolved J mul-
tiplets can be observed for PTMG and samples 1—3,
while in the right-side spectra only sample 4 gives a
hint of scalar effect. This reveals that, only in samples
having the spectra with scalar effects, there exists a
substantial fraction of carbons with residual anisotropic
interactions small enough to be completely averaged by
4 kHz spinning, still being able to cross-polarize with 1
ms contact time. Noticeable differences, as compared
with proton spectra shown in Figure 4, appear in the
relation to decreasing mobility when going to higher PA/
PTMG ratio or shorter length of soft blocks. Indeed,
contrary to very similar proton spectra of samples 3 and
4, a clearly smaller mobility is revealed in J-spectra
when the length of each block is divided by two. This
may be equally due to the renforced anchoring effect of
PA block and/or to a less pronounced mobility of shorter
PTMG blocks. An another difference is visible for
samples 5 and 6 for which an expected global decrease
of mobility is apparent for the second sample from
barely appearing hints of 13C resonances, while a
reverse conclusion could be drawn from the correspond-
ing proton spectra due to the presence of a small amount
of highly mobile fraction in sample 6.

Indirect To(*H) Relaxation Measurements. The cross-
polarization technique offers the possibility of investi-
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Figure 6. Temporal evolution of the 1*C resonance signal from

the —OCHz— groups of PTMG in samples 1 (x), 2 (¥), 3 (A), 4

(m), 5 (#),6 (a), and 7 (@) as a function of time preceding the

CP transfer (contact time CT = 1 ms).

gating one nucleus indirectly by means of the other
nucleus involved in the polarization transfer. The
complementary advantages of high sensitivity and high
chemical shift dispersion offered by 'H and 3C spins
have been exploited previously in heterogeneous organic
solids for indirect measurements of T relaxation times
of proton attached to various types of carbons.*! The
method was originally applied to the case of macromo-
lecular materials endowed with a distribution of T
values due to the presence of components with different
molecular mobilities.#!2 The pulse sequence used for the
measurements of 'H 7T times via detection of the 13C
resonances starts with a 90° proton pulse followed by a
variable time left for transverse proton relaxation.*!a¢
The 13C magnetization is than created by standard CP
procedure. A plot of the intensity of the 3C signal is a
representation of the proton signal in the time domain,
from which a characteristic proton time constant Te may
be extracted.

Figure 6 shows such a temporal evolution of the 13C
resonance signal from the —OCHz— groups in samples
1-7 as a function of time preceding the CP transfer
(contact time CT = 1 ms). Although the data as a whole
visualize nicely progressively increasing transverse
relaxation of these groups due to their decreasing overall
molecular mobility when going from sample 1 to sample
7, a single-exponential decay satisfactory fits the ex-
perimental data for samples 1-3 and 7, while the
presence of two relaxation processes had to be assumed
for series 4—6. This would mean the presence of single-
and two-component character of PTMG blocks in the
first and second group of samples, respectively. In fact,
as will be shown in the second part of this paper, subtle
fingerprints of motional heterogeneity of the PTMG
blocks in the most mobile samples can be revealed by
indirect T2(*H) measurements using a range of CP
contact times.

Indirect T1,(*H) Relaxation Measurements. The mea-
surements of spin—lattice relaxation in the rotating
frame are frequently used to probe the spectral density
of molecular motions in the mid-kilohertz range. How-
ever, through the spin-diffusion relaxation mechanism,
proton T1,('H) can be strongly dependent on short-range
spatial proximity of the interacting dipole moments of
protons and thus very sensitive to the homogeneity of
polymer systems.*?> To measure selectively proton 74,
relaxation of each block, we again take advantage of
indirect measurements via well-separated 13C reso-
nances of differently located methylene groups.
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Figure 7. Indirect T,('H) relaxation measurements for the
—OCH3y— groups of PTMG (a) and for the PA methylene
belonging mostly to the amorphous (b) and crystalline (c)
phases, respectively. Symbols are the same as in Figure 6. CT
=1 ms, v, = 4 kHz.

Figure 7 shows three sets of relaxation curves for
protons from —OCHgy— groups of PTMG and from the
PA methylene belonging mostly to the amorphous and
crystalline phases. Somewhat surprisingly, roughly
similar time constants of the relaxation decays are
observed for these three spacial emplacements, without
any regular dependence on the increasing PA/PTMG
ratio or length of each block. This must be due to the
averaging spin-diffusion effect. All temporal decays of
the PTMG and the PA amorphous parts reveal a two-
exponential relaxation, while monoexponential decays
take place in all but one case (sample 1) for amorphous
trans—trans and crystalline emplacement. In the case
of the PTMG protons, very similar time constants close
to 2.6 + 0.3 and 13.0 + 2.0 ms come from samples 1, 2,
3, 6, and 7 while sample 4 shows somewhat eccentric
behavior with two time constants equal to 4.8 and 27
ms. Consequently, the observed small differences in
decays are mainly due to a somewhat different weight-
ing of both processes. For the amorphous PA, except
slightly slower relaxation in sample 7, very similar time
constants close to 2.8 + 0.3 and 13.0 + 2.0 ms are
measured for all samples. Similarly, the slowest relax-
ation of trans—trans or crystalline protons is noted for
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Figure 8. T1,(13C) decays for the —OCH;— groups of PTMG
(a) and for the PA methylene belonging mostly to the amor-
phous (b) and crystalline (c) phases, respectively. Symbols are
the same as in Figure 6. CT = 1 ms, v, = 4 kHz.

sample 7, while roughly half of this signal from sample
1 is relaxing more rapidly due to its actual provenance
from the amorphous trans—trans fragments.

T1,(*3C) and T1(*3C) Relaxation Measurements. The
rotating frame relaxation measurements for naturally
abundant 3C nuclei have also proved to be an efficient
way of studying mid-kilohertz molecular motions in
polymer systems.*® However, the information on such
motions is obtained only if the “spin—spin effect” is not
the dominant one, i.e., if the fluctuations induced by the
flip-flop terms of the proton—proton dipolar interaction
have much more lower frequency than that of molecular
motions.** This is the expected scenario for the soft
component of the thermoplastic elastomers.

Indeed, contrary to the T1,(!H) relaxation measure-
ments, the T'1,(13C) decays (Figure 8a) of the —OCHy—
signal from the PTMG blocks show increasing relaxation
when going from the most mobile sample 1 to sample
6, with the relaxation times changing from 21.8 to 5.3
ms for largely dominating (73—87%) fast relaxing frac-
tion. This strongly suggests motional character of this
relaxation parameter that seems to be in position to give
a straightforward signature of the relative motional
mobility of mobile fraction of the soft component. One
can also note a somewhat slower relaxation rate in
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the same as in Figure 6. CT = 1 ms, v, = 4 kHz.

0

sample 7 as compared to the sample 6. This suggests
the passage through the highest spectral density of
molecular motions with frequencies close to 60 kHz in
sample 6 when going from sample 1 to sample 7. For
the amorphous PA (Figure 8b), and in analogy to T,
(IH) relaxation measurements, very similar time con-
stants close to 2.3 + 0.3 and 17.0 4 2.0 ms are measured
for all but the most rigid sample. Two-exponential
relaxation also governs the decays of carbons placed in
the amorphous trans—trans fragments or crystalline
phase of the PA (Figure 8c). Because of a roughly
constant, minor amount (ranging between 13% in
sample 1 to 22% in sample 6) of rapidly relaxing fraction
and given its relaxation parameter identical to that
measured for the amorphous carbons of the PA, we
assign this fraction to the amorphous PA blocks with
trans—trans conformations.

The short T7(13C) values of about 0.27 + 0.3 s
measured for the soft component are indicative of the
presence of substantial spectral density of molecular
motions in the megahertz frequency range, without any
dependence on the mole fraction of hard segments or
length of soft segments. However, in contrast to T4,
relaxation measurements presented above, single-
exponential decays govern the temporal evolution of
magnetization in 77(13C) relaxation measurements of
the PTMG blocks in all samples (Figure 9a). This must
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Figure 10. Static 13C spectra of sample 3 recorded at three
contact times of 100 us, 1 ms, and 5 ms. For better comparison
of the line shape, the expanded signals of the OCH; groups
are shown with the same intensity on the top part of the figure.

be due to the preponderant averaging effect of spin
diffusion, which manifests fully on the time scale of a
few hundred milliseconds. This is supported by a
somewhat unexpected fastest relaxation in the most
rigid sample 7, which offers the best conditions to the
efficient spin exchange. However, clear two-exponential
decays are systematically observed for both amorphous
and crystalline emplacement of the PA carbons (Figure
9b,c). This brings immediately evidence of the large
dimensions of the corresponding macroscopically sepa-
rated regions.

3. Further Investigation of Motional Heteroge-
neity of the Soft Component. Although each type of
spectra or relaxation measurements presented above
shows specific, more or less pronounced sensitivity to
overall structural < motional changes, the subtle
features of the revealed dynamic heterogeneity of the
soft component remain difficult to appreciate and in
some cases could be wrongly interpreted or simply
overlooked. To get a deeper insight into the motional
heterogeneity of this component, we chose to take
advantage of the dependence of cross-polarization trans-
fer efficiency on the strength of heteronuclear dipolar
couplings governed by the extent of motional averaging.
For this, we start with a simple visualization of expected
motional distribution of the soft component, by recording
a couple of static carbon-13 spectra at different CP
contact times and comparing the resulting line shapes
of individual resonances. As an example, Figure 10
shows the static spectra of sample 3 recorded at three
contact times of 100 us, 1 ms, and 5 ms. Although the
observed changes of the line shape in the resonance
region between 10 and 50 ppm visualize mainly an
obvious, much more higher mobility of —CHs— type
groups in the PTMG fragment as compared with such
groups in the PA part, the dramatic changes of the line
shape between 60 and 90 ppm, representing the
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Figure 11. Indirect T2('H) relaxation measurements for the —OCHy— groups of PTMG in samples 1—6 recorded with three CP

contact times of 100 us (a), 500 us (W), and 1 ms (O).

—OCH;y— groups of the soft component, give immedi-
ately evidence for the presence of distribution of het-
eronuclear dipolar couplings within these groups. This
must be due to the dynamic heterogeneity encompassing
relatively rigid fragments and much more highly mobile
units as revealed at 100 us and 5 ms contact times,
respectively. Consequently, the observed changes strongly
speak in favor of using a range of contact times as a
sensitive contrast factor to probe motional heterogeneity
of the soft component. However, as the static CP spectra
clearly suffer from lower sensitivity and resolution as
compared with CP/MAS spectra, all measurements
presented below were obtained in the conditions of
magic-angle rotation.

Cross-Polarization Filtered Indirect To (\H) Measure-
ments. Here we come back to the selective measure-
ments of proton transverse relaxation through the 13C
resonance signal of the —OCHsy— group. Figure 11 shows
the decays of magnetization for each sample recorded
with three CP contact times of 100 us, 500 us, and 1
ms. For the most soft sample 1, only monoexponential
decays are detected; however, the decay constant in-
creases from 1.6 ms at the first two contact times to 2.0
ms at the longest contact time. This is the indication of
an inherent distribution of the residual proton—proton
dipolar interactions, possible due to the anchoring effect
of crystalline PA regions on neighboring PTMG blocks.

A substantial difference with a clear two-exponential
decay at short contact time is observed when going to
samples 2 and 3. This reveals the presence of signifi-
cantly restricted fraction, which can only be detected
when using a short contact time filtering largely domi-

nating highly mobile component. A clear fingerprint of
the motional heterogeneity shows up also for samples
4—6. Two-exponential decays are again systematically
present with the first relaxation constant stretching
respectively between 0.19—0.25, 0.1-0.12, and 0.1-0.14
ms, the second close to 1.5, 0.8, and 1.0 ms. Somewhat
strangely, a small amount of highly mobile fraction with
a relaxation constant of 2.0 ms is detected in sample 6
at short contact time. This nicely corroborates early
mentioned less pronounced dipolar broadening effects
observed in 'H MAS spectra for sample 6 as compared
with sample 5 (Figure 4).

Cross-Polarization Inversion Measurements. The
method of selective polarization inversion of resonance
signals depending on the polarization transfer rates
between protons and rare spins was originally proposed
by Melchior?® and is now well established as one of the
simplest tools for solid-state spectral editing. In this
simple experiment the preparation period consists of the
classical cross-polarization procedure, followed by a
variable contact time with inverted phase of proton spin-
locking irradiation. This leads to polarization inversion
of 13C spin magnetization. It has been demonstrated
that the method is also very sensitive to the local
mobility of different functional groups or sites in poly-
mers.*647 Here we wish to exploit such a dynamic
sensitivity of cross-polarization inversion measurements
to test and exploit yet an another way to access the
motional heterogeneity of the soft component.

The experimental data provided by the experiment
run at four different contact times preceding variable
cross-polarization inversion (CPI) period are shown in
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Figure 12. No particular differences in the time of pas-
sage through zero intensity are noted for CPI curves
recorded at short contact time of 100 us. This proves
the presence of small fraction with similar rigidity in
all samples. Much slower CPI rates are observed when
using longer contact times. This is due to the effective
cross-polarization of much mobile fraction having smaller
heteronuclear couplings combined with its increasing
contribution to the observed signal when going to longer
contact times. The data as a whole visualize the relative
extent of motional heterogeneity of the soft component,
which is the most pronounced albeit roughly similar for
samples 1—3, while a significant decrease of such an
extent is observed for the three remaining samples.
Equally interesting, despite 2-fold increase of the block
length PA/PTMG ratio when going from sample 4 to
sample 5, clearly larger motional heterogeneity is ob-
served for the more mobile fraction in sample 5, which
corroborates the To(YH) data (Figure 11) further dis-
cussed below.

General Discussion and Conclusions

The presented experimental results provide comple-
mentary information on the extent and differences of
molecular mobility within a series of structurally dif-
ferent poly(ether-block-amide) copolymers. On the basis
of the relationship between motional and structural
characteristics, this permits a better insight into the
structural features of investigated thermoplastic elas-
tomers. Local-field dipolar spectra carry a straightfor-
ward signature of microphase-separated morphology en-
dowed with a strong mobility gradient due to the pre-
sence of a PA crystalline phase and noncrystalline phas-
es consisting of separated PTMG and PA regions. The
observed dipolar features of the PA component also give
evidence for the presence of its motional heterogeneity.
Albeit the dipolar PA slices in Figure 3 visualize de-
creasing relative proportion of softened PA phase when
going from sample 1 to sample 6, an exact determination
of corresponding amounts is not available from such
spectra.

'H MAS spectra provide an another fingerprint of
microphase-separated systems with domains having the
mobility close to those of individual homopolymers.
Although such spectra roughly show increasing broad-
ening at higher PA/PTMG ratio, they are mainly sensi-
tive to the presence of the most mobile fragments and
can give a distorted vision of the soft component in the
presence of its dynamic heterogeneity. 3C spectra
bearing proton—carbon J-coupling features appear to be
more sensitive to the length of the soft blocks and seem
to bring a proper visualization of their overall mobility.

Indirect T2(*H) relaxation measurements at single
contact time (Figure 6), besides showing increasing
transverse relaxation of —OCHga— groups due to their
decreasing overall molecular mobility when going from
sample 1 to sample 7, immediately reveal the dynamic
heterogeneity of the soft component in samples with the
PA/PTMG block length ratio equal to one or higher,
while more detailed information on the extent of mo-
tional ditribution of PTMG is provided by variable cross-
polarization filter (Figures 11 and 12). Figure 13
resumes these results in terms of percentage of mobile
and restricted fraction and corresponding distribution
of To(*H) relaxation times. Somewhat unexpectedly, the
first graph shows that in samples 4 and 5, despite the
factor two in the corresponding PA/PTMG block length
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Figure 12. Changes in '3C intensity of —OCHy— resonance
signal for samples 1—6 in the cross-polarization inversion
experiment using four different contact times preceding vari-
able cross-polarization inversion (CPI) period: 100 us (x), 500
us (a), 1 ms (W), and 5 ms (O).
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Figure 13. Relative percentage (a) of mobile (M) and restricted
(a) fraction within the soft component along with correspond-
ing transverse relaxation constant times (b) as revealed by
indirect T5(*H) relaxation measurements from Figure 11.

ratio, roughly half of the soft component is present in
the restricted state of both samples. It should be pointed
out that a very similar percentage of mobile fraction in
both samples does not imply the same mobility. Indeed,
as shown in Figure 4, this fraction is more restricted in
sample 5, albeit its residual dipolar strength heteroge-
neity is more pronounced (Figure 13) than in sample 4.
This last feature is confirmed by the cross-polarization
inversion data shown in Figure 12 despite a somewhat
complicating effect arising from longer 74,(‘H) relax-
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ation in sample 4. Indeed, the cross-polarization inver-
sion experiments provide, from the heteronuclear dipo-
lar interaction perspective, an another visualization of
the extent of motional ditribution of PTMG component.
Interestingly, identical temporal evolution of the cross-
polarization inversion curves recorded at the short con-
tact time of 100 us can be observed in all cases. We as-
sign this characteristic feature to the anchoring effect
of PA blocks on the outermost parts of the PTMG
segments.

Finally, coming back to the variable cross-polarization
T2(IH) relaxation data exploited in Figure 13, a some-
what higher mobility of mobile PTMG fraction is
observed when going from sample 5 to sample 6, along
with reappearance of a small population (~3%) of much
more mobile fragments, observed earlier at higher
proportion in softer samples 3 and 4. The presence of
this small amount of highly mobile fraction fully ex-
plains the apparent motional anomaly in 'H MAS
spectra (Figure 4) of samples 5 and 6.

Very similar T',(*H) relaxation parameters have been
revealed in all samples for three main spacial emplace-
ments, i.e., within the soft PTMG, amorphous, and
crystalline PA phases. From the point of view of these
measurements, the overall mobility of each sample
appears as having a two-component character, without
any sensitivity to changes in the mobility of the soft
component vs the PA/PTMG ratio. This strongly sug-
gests the dominant effect of proton spin diffusion leading
to a truncated spectroscopic response of two-component
materials without any clear distinction between the
PTMG and PA segments. On the contrary, apparently
dominating motional character of the T',(*3C) relaxation
parameters of the PTMG —OCHy— carbons seems to be
in a position to give a straightforward signature of the
relative mobility of mobile fraction of the soft compo-
nent, however, without any sensitivity to the amount
of its restricted fraction. This must be due once again
to the averaging spin-diffusion effect.

Summing up, subtle spectroscopic fingerprints of the
dynamic heterogeneity of the soft component in poly-
(ether-block-amide) copolymers can be observed by
exploiting the indirect T>(*H) relaxation measurements
at different cross-polarization contact times. We believe
that the revealed fingerprints and the ways exploited
in this work for their retrieval might be helpful for a
better assessment of its role in the mechanical proper-
ties of thermoplastic elastomers.
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