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Abstract

Improving the heat resistance of thermoplastic polyurethane (TPU) is still a challenging task. Therefore, a better understanding of the
processes contributing to thermal aging of these materials is of crucial importance. Previous investigations showed that thermal oxidation of
the soft segments plays a major role in chemical aging of TPU. With the help of several analytical methods, we could prove that there is also a
contribution by thermal oxidation of the methylene diphenylene (MDI) units, producing benzophenone derivatives. The amount of rigid
material diminishes as a consequence of the MDI oxidation. The size as well as the amount of the rigid phase was found to be only one third
after annealing in air at 18G. We conclude that besides oxidation of the soft segments, oxidation of the MDI units plays a major role in
chemical aging of TPU® 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction recovery by acting as a physical crosslink. Here the question
arises, whether the aging of TPU can be attributed to the
To improve the heat resistance of TPU, a better under- oxidation of the soft phase alone or whether the rigid phase
standing of the processes contributing to thermal aging of is also affected. In literature some authors report about the
these materials is necessary. Previous investigations showeghhoto-oxidation of rigid segments [10—12]. The products
that the material suffers from thermal oxidation. From the obtained from this reaction are supposed to have quinone
literature [1-9] it is known, that oxidation of the soft structures. It was stated that photo-oxidation occurs at the
segments plays a major role in aging of polyether based methylene bridge of the MDI unit by forming a hydro-
polyurethanes. This finally leads to chain cleavages, i.e. peroxide. The hydroperoxide was proposed to convert to a
decrease of molecular weight. As a result, the mechanical quinone structure (Fig. 1) [10-12].
properties like tensile strength and elongation decrease with In contrast to these investigations, we were interested in
time. The oxidation of polyethers, e.g. polytetrahydrofuran pure thermal, i.e. non-photochemical oxidation. Therefore,
(PTHF), usually starts at the-position of the ether bridge  we investigated the oxidation processes occurring under
and proceeds via a hydroperoxide. This finally leads to chain thermal exposition only, without any irradiation. Since our
scission, thereby reducing the molecular weight and con- goal was to focus on the fate of the rigid phase components
sequently worsening the mechanical properties. Aldehydesupon thermal aging, we chose TPU based on polyester
and formates can be identified as products resulting from instead of polyether soft blocks in order to minimise thermal
oxidation. In contrast to polyethers, polyesters or poly- aging of the soft phase. The oxidation products of the rigid
carbonates are by far less sensitive to oxidation. phase were identified by analysing the aged TPUs with
Thermoplastic polyurethanes are block copolymers and spectroscopic methods (NMR and IR) and additionally by
owe their elasticity to their biphasic morphology. The examining the hydrolysis products of the aged TPUs as
elastomer consists of phase separated rigid and soft blocksdescribed below in detail.
called rigid and soft phase. The soft phase, composed of
polyether or polyester polyols, gives the material its

flexibility, whereas the rigid phase provides the elastic 2. Analysis of aged MDI-TPU

In order to investigate the oxidation of the methylene

*Corresponding author. Tel.:+49-621-60-52963; fax+49-621-60-  °ridge in MDI based TPU, a polyester based MDI-TPU
43205, was kept at 15T in air for 77 days and the corresponding
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Fig. 1. Formation of quinone-type structures upon photooxidation.
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analytical methods. The results of these methods, solid statewidth can directly be correlated with tHéC spectrum in
NMR, IR and hydrolysis with subsequent GC—MS analysis, a two-dimensional (2D) solid state NMR measurement

are presented here. ("“WISE"—wide line separation experiment [14,15]). This
experiment links chemical structure and molecular mobility
2.1. Solid state NMR and is used to investigate the effect of chemical aging on the

phase structure.

Solid state NMR is used to investigate both, changes in  Furthermore, several experiments are run which allow to
chemical and physical structure during thermal aging of allocate chemical structures to domains applying a spatial
TPU. criterion: Tyno(H) of the hydrogen nuclei as detected vie

High-resolution solid state NMR (CP/MAS NMR) yields  CP/MAS [16,17] reveals where a certain chemical structure
carbon-13 spectra with distinct signals for the various islocated, whether it belongs to the rigid or to the soft phase.
chemical positions in a molecule and is similar to solution |n addition, we get information about the size of the phase
NMR in this respect [13]. CP/MAS NMR can thus be used from spin diffusion after dipolar filtering [15,18]. In both
as an analytical tool to reveal chemical structures. This cases, it is spin diffusion and thus a spatial criterion which
chemical type of information has been combined with applies.
solid state'H-NMR relaxation measurement3,(H), on
stationary samples in order to differentiate with respect to
molecular dynamicsT,(H) relaxation measurements are 2.1.1. Chemical structure (CP/MAS NMR)
used to determine the amount of mobile and immobile  High-resolution*C CP/MAS solid state NMR spectra

material in the dynamically heterogeneous TPH. line were acquired at 7 T (Bruker MSL300) at a spinning rate
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Fig. 2. 3C CP/MAS spectra of the pristine (lower trace, thin line) and the aged (upper trace, bold line) MDI-TPU.
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Fig. 3.3C CP/MAS with non-quaternary suppression: pristine (lower trace, thin line) and aged (upper trace, bold line) TPU.

of 6 kHz, with cross-polarisation (CP) and dipolar decoupling became much broader and spectral resolution are partly
during acquisition B; 50—60 kHz). Spinning side bands lost.
from MAS are marked “SSB”. A rather long CP contact The changes can be explained by an oxidation of the
of 3 ms is used to ensure sufficient signal intensity from central methylene unit in the MDI to a keto unit. This inter-
those carbons belonging to the flexible component. The pretation is supported by several facts and has been
spectra thus generated represent the structures in a quantieonfirmed by other techniques. First of all, 190 ppm is the
tative style as long as we restrict ourselves to the rigid part typical location of a ketone next to $parbons. A>C=0 on
of the sample. A delayed decoupling (40 ms) suppressesan aliphatic chain (in the soft segment) will appear further
signals with strong dipolar coupling, i.e. all carbons located down-field, i.e. at around 209 ppm, and can be excluded.
in the rigid phase with a directly attached hydrogen. This The postulated central keto group in the MDI unit provides a
non-quaternary suppression (NQS) experiment is used tostraightforward explanation for the change in chemical shift
assign non-quaternary carbons in the spectrum. “Counting” observed in the aromatic region of the aged, MDI based
them gives an idea of whether changes, that are observed infPU. The keto group typically shifts the neighbouring
the aromatic region, originate from a variation in the sub- quaternary carbon C(17) upfield by 4-5ppm and the
stitution pattern of the aromatic MDI-rings. StoringC 4,4 -position downfield by the same amount. This should
magnetisation after CP for 2 s parallel/anti-parallel to the result in two signals for the quaternary carbons separated
B, field before detection selects immobile C—H segments. by about 10 ppm. In fact, signals at 143.1 ppm (49,4nd at
Signals from highly mobile soft segment are suppressed and131.2 ppm (1,%) are found (Fig. 3).
spectral density in the frequency range (MHz) for  Whereas the position of the signals changed, the intensity
suppressed signals is indicated. of these aromatic quaternary carbons remains nearly
The CP/MAS spectrum of a MDI based TPU allows to unchanged (using the urethane signal as an internal
identify the various chemical structures (Fig. 2). Thermal reference). This excludes a changed pattern of substitution
treatment in air for 77 days at 18D changed the spectrum at the aromatic ring as an alternative explanation for the
in several aspects. A new signal appears at 194.0 ppm.changes in chemical shift. The intensity of the evolved
Furthermore, the pattern in the aromatic region changesketo signal was about 1/4 of that of the urethane group,
drastically. thus about half of the methylene groups of MDI must
The NQS experiment indicates a shift of part of the have been converted to keto groups upon aging the material
quaternary carbon from 135.6 to 143.1 ppm (Fig. 3). in air for 77 days at 15.
However, the intensity ratio of the signal at around  Compared to the pristine material the signals in ff@
154 (urethane groups) to that of the quaternary aromatic spectrum of the aged sample are broadened. This broadening
carbons did not change upon thermal aging. All signals can either be a consequence of molecular dynamics
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Fig. 4.'H transverse relaxatiom,(H) of the pristine (top) and aged (bottom) TPU.

(homogeneous broadening), or it can be due to changes in theMDI based TPU, but their mobility in the soft phase is
chemical structure causing slight variations in chemical shift reduced.

(inhomogeneous broadening). The latter explanation applies

to the aromatic region of the spectrum as the methylene units, 1 2 Molecular mobility and rigid phase content

in part of the MDI units are oxidised. However, the line width (*H relaxation, WISE)

of the signals from the soft segment is predominantly = A 14 relaxation measurement of both MDI samples,
influenced by molecular mobility. The glass transition pefore and after aging, is shown in Fig. 4. The sample is
temperature of the soft phase rises with increasing oxidations,o,en in at low temperatures. A mobile compongntiong

of the MDI units (see also in Section 2.1.2). Line widths of T,) only appears as the temperature exceeds the glass trans-
the soft segments of the two samples have to be compared afjon, of the flexible componeht We observe an increase of
temperatures equidistant to their respective glass transitionsiye NMR glass transition temperature upon aging. The glass

not at equal absolute temperatures. Comparing the spectruMyansition is shifted from about-10°C initially to about
of the pristine sample, measured at 298 K, and the aged_ 3¢ after 77 days (Fig. 4).

sample, recorded at 343 K, we notice that the line widths  The content of immobile material,p, = 1 — ps,

of the soft segments are indeed identical. We take this as

an indication that the chemical StrUCtL_'re of .the_ pOIYeSt?r ! The temperature of glass transition is about 30 K higher in NMR than in
soft segments is largely preserved during oxidation of this psc due to the higher frequency of measurement.
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Fig. 5. Two-dimensional WISE spectrum of the aged MDI-TPU.

decreases rather continuously above the glass transitiondiffusion will take place. Spin diffusion is very fast in the

This behaviour is typical for urethane based materials in
contrast to urea containing PU-materials, gradually
reaches a final value of 15%H) in the pristine sample as
the temperature is raiseg; of the aged sample drops down

to 5%. This indicates, that the rigid phase content is drasti-

aged sample due to the minute size of the rigid phase (see
Section 2.1.3). In order to avoid the effects of spin diffusion
a short contact time (0.5 ms) has to be used to reveal the
rigid phase. As the amount of rigid phase is small in this
sample, and with a short contact time used, the signal to

cally reduced by thermal aging. It may be argued, that the noise ratio is rather low for the rigid segment: We do not

dependence gb; on temperature is influenced by thermal
history. There is a drop ip; of the pristine sample around
160°C as a consequence of its storage at’Csior 20 h, for
example. For a comparison of the rigid phase confent
before and after thermal treatment, we wish to eliminate
the influence of thermal history. This is accomplished by
not comparingpl(ﬂ diregtly, but the extrapolated rigid
phase contenp, instead.py, is obtained from the intercept
of the tangent to the glass transition with a straight line
following p, aboveT, (seep;, in Fig. 4). In fact,p, drops
from 28 to 6% in a MDI-TPU due to thermal treatment.

It should finally be mentioned that the mobility of the
rigid phase T»1) increases upon agingy; is 15 ms in the
untreated sample but 22 ms in the aged samplel,A
greater than 20 ms is more than what is usually found for
a really rigid phase. Thug,; indicates the presence of some
mobility in the “rigid” phase.

The WISE experiment [14,15] is a 2D NMR experiment,
run under MAS conditions. WISE directly correlates’a
high-resolution spectrum (Section 2.1.1) witfiy(H)
relaxation of the surroundingH nuclei and thus links the
information on chemical structure to molecular mobility. A
shortT,(H) of a rigid structure results in €C signal which
is broad along théH axis in the WISE experiment. We
detect an immobile component (broad line alditaxis)
in the 2D correlation experiment at the location of the

see a change in line shape as we step through the WISE
spectrum parallel to the carbon-13 axis and there is no
change in the contribution of the signal at 143.1 ppm
(4,4 -position of the oxidised MDI) visible either. There-
fore, it cannot be decided from the WISE data, whether
the oxidised MDI units belong to the rigid or to the soft
phase. The WISE experiment however confirms, that there
is some residual amount of rigid phase in the aged sample.
We suggest that the benzophenone units produced by ther-
mal aging (see Section 2.1.1) impair the segregation of rigid
and soft phase. Glass transition temperature of the soft phase
is heavily raised presumably due to partial mixing of soft
and “oxidised rigid” segments. The limiting amount of
segregated rigid segments forming the rigid phase at high
temperature is lowered from 15 to 5% only. The existence of
immobilised structures is confirmed by a 2D correlation
experiment (WISE), showing that aromatic rings, butane-
diol and urethane groups constitute the rigid phase after
thermal treatment. However, segregation is not as neat as
it was in the pristine sample.

2.1.3. Spatial information from NMR
(T1mo(H), spin diffusion)

Proton relaxation measurements (Section 2.1.2) indicate a
change inTy and in phase structure due to thermal aging.
Therefore, the question arises if a segregated rigid “phase”

aromatic signals (120—145 ppm) as well as at the positionsremains at all after oxidation. Experiments indicate that this
of the urethane (154 ppm) and butanediol (65 and 26 ppm)is true indeed. First of all, the sample evidently still contains

in the aged sample (Fig. 5).
The WISE experiment involves CP, during which spin

an “immobile” componenp,, although only about 1/3 of the
initial amount remains (see Section 2.1.2). Secondly, a
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Fig. 6. Spin diffusion of magnetisation into the rigid phaS&(CP/MAS, 323 K).

TundH) detected via®C may be used to prove that the setting in the pristine sample. This confirms dynamic
immobile component forms a separate phase.TAg(H) heterogeneity in the aged sample. Part of the MDI behaves
is averaged over a distance of approximately 1 nm by spin “mobile”, and this amount is about the same as the amount
diffusion, i.e. an exchange of spin energy among tHe of the oxidised MDI. Another striking observation is how
spins during spin-locking, a distindl,,(H) of a separate  polarisation spreads in the pristine and oxidised samples: a
“phase” will only be found, if this phase has a diameter of at characteristic mixing tim&, is obtained from the intercept
least 1 nm. At 343 K, aln(H) of (2.3 + 0.3) ms for the of the initial slope of magnetisation with the 100% level
signals of the soft segments and anofhgg(H) of (1.1 + [18]. A t5, of only 4 ms in the oxidised sample has to be
0.2) ms for the rigid segments can clearly be distinguished compared tat;, around 40 ms before heat treatment. The
in the aged MDI-TPU. Therefore, a residual amount of rigid shortty, in the oxidised sample indeed indicates that the
segments must be present, forming aggregates. Unfortu-domains are very small. The size of the rigid phadeg,
nately, the difference irl,,(H) is too small to decide  may be estimated from the initial slope using the relation
whether only a central core of non-oxidised rigid phase is dy = €/fg(4Dt3/m°°. If we assume a reasonable model
preserved as “rigid phase”, or whether the oxidised material (dimensione = 2 for a lamellar structure, average diffusion
remains part of the rigid phase as well. Thgn(H) coefficient D = 0.4 (nn?/ms)), dy can be calculated as
behaviour of the signal at 143.1 ppm did not allow a clear d, (nm) = 1.4/f5 (t5, (m9)®°. The amount of soft phase,
assignment of the newly formed ketone to the rigid or soft fz, was determined by a spin diffusion experiment with
phase for sensitivity reasons as well. direct detection of the soft phase b¥H acquisition
The dimension of the rigid phase can be estimated from a(fg = 0.75 after heat treatment anf; = 0.80 before
spin diffusion experiment after dipolar filtering [15,18] (1 treatment). The thickness of the rigid lamellae is calculated
filter cycle, spacing 12s, 323 K). Only about 50% of the  with these numbers to be well below 5 ni = 3.7 nm)
aromatic carbons are filtered out in the aged sample (Fig. 6,for the aged sample, but around 10 gy = 112 nm)
see — at mixing time zero), whereas nearly the whole MDI before treatment. We not only observed a decrease to
signal (approximately 90%) can be suppressed by this filter about 1/3 in rigid phase content by aging (see Section
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Fig. 7. IR-ATR spectra of original (top) and annealed material (bottom).

2.1.2), but also a strong decrease in the size of rigid segmentconcluded from the intensity loss of the absorption at 1703
domains. and its shift to 1711 cn.

Thus, we have two results regarding the phase structure of A closer look at the spectral region around 1650 wave
the oxidised sample: kH), To(H) and the WISE indicate  numbers reveals an additional, new absorption in Ahe
residual rigid domains in the aged sample with a blurred spectrum at 1645 cit. This absorption is assigned to the
phase structure, as compared to the pristine sample whereC=0 stretching vibration of a two-fold phenyl substituted
a clear-cut segregation of “rigid” and “soft” phase was ketone—namely the oxidised methylene bridge of MDI.
found. The size of rigid domains is reduced from around This assignment was verified by comparison with the IR

10 nm to well below 5 nm by aging. spectrum of benzophenone, which may serve as the simplest
model. There, the carbonyl stretching absorption is found at
2.2. ATR-IR spectroscopy 1652 cm ' when measured as a potassium bromide pellet.

Because of the enormous delocalisation of thelectron
Attenuated total reflection infrared (ATR-IR) spectro- pair due to the conjugation with two aromatic rings, the
scopy is a suitable method in order to characterise solid C=O bond loses some of its double bond character and
materials without the need to prepare the specimen in ahence, its IR absorption is shifted to lower wave numbers.
special and sophisticated way. Additionally, the diethyl carbamate of 4;diaminobenzo-
Spectra presented here were recorded on a BioRad FTShenone, which may also serve as a model for oxidised MDI
175C spectrometer with a spectral resolution of 2&m  urethane, has its ketone absorption at 1638 cj20].
and a conventional DTGS detector. As measuring device Another very striking change is observed for the@
we used a micro ATR unit from Harrick, the so-called stretching vibrations at about 1600 ¢ Before the
split-ped’. annealing process, the signal shape is an asymmetric double
Fig. 7 shows a part of the ATR spectra of the original (O) peak and changes to a broadened single line with increased
and the annealed (A) material. There are several characterintensity after thermal treatment. Unfortunately, we have no
istic changes after thermal treatment, namely in the carbonyl satisfying explanation for this finding yet. However, it at
(1640-1740 cm') and the aromatic €C stretching least suggests that not only the bridging methylene carbon
(1560—1620 cm?) region. Both carbonyl peaks (1730 and is affected but the aromatic rings are so as well.
1703 cm %, respectively) decrease after thermal treatment.
Due to the polyester soft segment, there are at least twop 3. Hydrolysis and subsequent GC—MS
overlapping absorptions at 1730 chn originating from
the ester carbonyl and the “free” (or very loosely H-bonded) A further proof for the conversion of the MDI units to
urethane carbonyls. Therefore, an intensity loss of this benzophenone units is provided by GC-MS. For this
signal due to urethane degradation is partly compensatedpurpose the same polyester-TPU, aged for 77 days at
by the non-changing ester absorption. However, associatedl5C°C in air, as used for NMR and IR investigations was
urethane rigid segments are not only reduced in number buthydrolysed in alkaline solution as described below. Thereby
also there capability to form H-bonds is weakened as can bethe ester and urethane bonds are cleaved. The aromatic
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by GC-MS, we assume, that at least 35% of the MDI units

0
were oxidised.
O O Also small amounts of 4-amino benzaldehyde {C} and
HN A NH, H,N B NH,

4-amino n-butlybenzoatg {D} were found, which can be
explained, according to Wilhelm et al. as products resulting
from a direct decompositon of the MDI hydroperoxide.

£ 0
/©)LO/\/\
/(j {c 3. Discussion
HN H,N {

) D}
2
The major question investigated in the previous chapters
is, whether the oxidation of the soft phase alone is respon-
o ] sible for the aging of TPU or whether there also is, contri-
urethanes are converted to aromatic diamines and diols. The, tion from the rigid phase. In order to simplify the

polyester (Capa 2?3_'5 hydrolysed to the-hydroxy car-  gpectrum of oxidation products, polyester based TPU was
bonic acid salt. The diamines and diols can be extracted with examined, since polyesters are less prone to oxidation than
an organic solvent and subsequently be analysed by GCpgjyethers. The oxidation products formed upon aging of
coupled with MS. In order to quantify the products a defined polyester based TPU for 77 days at 180in air, were
amount ofN,N’-tetramethyl-MDA was added to the aged investigated by solid state NMR, IR and GC—MS.
TPU after hydrolysis but before extraction as an internal  The results of all three methods support our hypothesis
standard. (see Fig. 9), that the MDI unit is oxidised at its central
methylene group. Proof for the formation of this benzo-
) phenone derivative are a resonance at 194 ppm detected
2.3.1. Experimental by CP/MAS NMR, a carbonyl stretching vibration at
A 100 ml flask equipped with a stirrer and a condenser 1645 cmi* detected by IR and the benzophenone diamine
was charged with 50 ml af-butanol and 1.27 g of granu-  (molecular mass: 212) found by GC—MS after hydrolysis of
lated aged TPU. The mixture was stirred for 2h at@0  the aged TPU. The amount of the benzophenone derivative
under a nitrogen blanket. Then 1.5 g of KOH were added formed after aging for 77 days can be estimated to be more
and the mixture was heated under reflux for another 2 h. than 35% by GC and approximately 50% by NMR.
Subsequently, the reaction mixture was cooled to room additionally, it was found by'H relaxation experiments,
temperature and about 15 ml of water were added. Again,that upon aging the content of r|g|d phase decreases to
the mixture was stirred under reflux for another 3 h. After- on|y 5% Corresponding to one-third of the initial amount
wards it was allowed to cool down to room temperature, of rigid phase. Besides, also the size of the rigid domains
neutralised with diluted HCI to pi+ 7 and the solvent was  drops to about one-third of its initial value. Simultaneously,
distilled off (50-70C). Now, 0.1719 g oN,N"-tetramethyl  the NMR-glass temperature of the polyester-TPU rises by
MDA were added as an internal standard. The residue Wasnearly 50C and spin diffusion experiments reveal that a
extracted with ethyl acetate and washed with water. Finally, plurred phase structure results. Our interpretation is that
the solvent was removed from the organic extract and the the polyurethane segments containing oxidised MDI units
residue (0.349 g) was submitted to GC-MS. mix better with the soft phase than the non-oxidised deriva-
GC-MS analysis showed the presence of the substancesjyes. Interestingly enough, the signal intensity of urethane
depicted in Fig. 8: besides a small amount of non-oxidised groups is found to be the same before and after aging. This
MDA (molecular mas$/ = 198) {A}, we found a consider-  jndicates that the urethane bonds are hardly destroyed by
able amount of 4,4benzophenone diamiri = 212) {B}. aging. The urethane groups as well as the polyester blocks
The quantification reveals, that the extract contained anremain more or less unaffected, confirming—as initially
amount of 4,4diamino benzophenone corresponding to stated—that the failure is caused by the rigid phase.
about 35wt% of the amount of MDI used to synthesise  The results show, that the methylene group in MDI based

the original TPU. TPU is oxidised upon aging in air at 18D After 77 days
Assuming that all internal standard was transferred to the quite a large amount (35-50%) of the MDI units are

extract, only a smaller amount of amines than expected wasqxidised.
obtained by extraction. The amount of MDA detected was  Benzophenone formation upon oxidation of the diethyl
smaller than an amount corresponding to 1wt% of the yrethane of MDI was already observed by Schultze [19]

Original MDI used for the SynthESiS of the TPU. Since not and Skorich et al. [20] Furthermore, Allen et al. [2_’]_]
all of the material was recovered by extraction and detected found benzophenone impurities in phosphorescence

Fig. 8. Molecules detected by GC-MS after hydrolysis of the aged TPU.

2 sensitivity factors ofN,N'-tetramethyl MDA and 4,4diamino benzo- % Then-butanol derivative results from the hydrolysis usimbutanol as
phenone for MS were neglected. additional solvent.
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Fig. 9. Supposed path of oxidation of the MDI unit.

spectra of TPU. They supposed that this impurity was oxidation of MDI units leads to the disintegration of the
a result of oxidation of the methylene group of MDI rigid phase. The rigid phase serves as a physical crosslink,
and may have been formed at some stage of polymerwhich is necessary to achieve elastic recovery of the
manufacturing. material. Therefore, with the loss of the rigid phase the
In this work it could be proved, that even in thermoplastic elastic properties worsen.
polyurethanes, the MDI unit is oxidised to a benzophenone These investigations on thermal aging of TPU show that
derivative upon thermal aging in air. This affects the phase besides the polyether segments also the MDI-structure in
structure and rigid phase content of the TPU, explaining the TPU is another weak point in the polymer structure in
commonly observed decrease in hardness and worsening othermal aging of thermoplastic polyurethane. Therefore,
mechanical properties. Obviously, the oxidation of the MDI the aging of TPU can be retarded by the right choice of
unit causes a decrease in rigid phase content and a blurringaw materials.
of the phases, which might be due to enhanced solubility of

oxidised “rigid” blocks in the soft phase.
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4. Conclusions

Our investigations by solid state NMR, IR-ATR and
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