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Abstract

The impact of electron beam irradiation on thermoplastic polyurethane material was studied for both
an aliphatic and an aromatic polyurethane with equal amount of hard and soft segments. Irradiation
doses up to 300 kGy at room temperature and at 100 °C were applied. Changes in chemical structure,
molar mass and size were assessed using infrared spectroscopy, differential scanning calorimetry, size
exclusion chromatography and thermal field flow fractionation. Material alterations were correlated
with trends regarding to degradation, crosslinking or branching changes. Thereby, limits of characteri-
zation by size exclusion chromatography are addressed and amended by thermal field-flow fractionation
studies. In addition, a thermophoretic analysis has been carried out complementary to the portfolio of

analytical methods applied in this work.

1. Introduction

The impact of irradiation on polymer materials is a research field of great interest and has been widely
studied in the past with the aim either to make materials more durable against environmental influ-
ences such as UV light"? or to alter or improve material properties with regard to process engineering.>*
One polymer class being studied is thermoplastic polyurethane (TPU), which represents linear segment-
ed block copolymers containing hard segments (adduct of di-isocyanate and small glycols as chain ex-
tender) and soft segments (polyester, polyether, etc.). These segments are connected by means of ure-
thane linkages, which either mix or segregate depending on chemical composition and produce homo-
geneous or phase separated morphologies.>® A comprehensive introduction into irradiation on polymers

in general and with focus on TPU is given by Adem, et al.”

So far, all studies dealing with irradiation of TPU focus on chemical alteration investigated by spec-
troscopy,>®9 crystallization changes monitored by diffraction techniques and thermal analysis®™ and
property changes by mechanical analysis.”' Only few studies take the changes in molar mass into ac-
count monitored by simple molar mass determination by means of size exclusion chromatography

(SEC) with standard calibration'#"7 or by absolute molar mass measurement by SEC coupling to multi-



angle light scattering (MALS). *® However, using SEC, one has to be aware of some analytical challenges
which may occur, like delayed elution behavior' or mixed elution due to branching or fraction of high
molar masses beyond the separation range of SEC, which are generated by crosslinking.>® In particular,
for SEC with standard calibration used in this context, significant errors must be considered. Thus, our
aim in this study is to apply thermal field flow fractionation (ThFFF), a channel-based separation tech-
nique, as an alternative to SEC to get a comprehensive overview on changes in size and topology of the
polymers causing different bulk, mechanical or thermodynamic properties, which cannot be followed
in-depth by spectroscopic methods or thermal analysis only. This type of separation relies on the reten-
tion of analytes in an empty flat ribbon-like channel due to a response on a separation force field applied
perpendicular to the flow direction. Depending on the nature of the force field, a separation e. g. accord-
ing to hydrodynamic size (AF4), effective mass (SAFFF), electrophoretic mobility (E(FFF) or thermal
diffusion (ThFFF) can be realized.** For this study we have chosen ThFFF since this separation tech-
nique can be highly selective for changes in the polymer’s topology**4 and/or chemical composition.?"
%9 Details on the basic separation principle are given elsewhere*3° and in the supporting information
(SI, section 1). FFF is usually coupled to a series of detectors (MALS, dRI, UV, online dynamic scattering
or offline FTIR),3"3 though, the analysis of the separation itself contains already useful information.
This is because the measurement of the retention ratio R (void time over retention time) at given field
strength allows the determination of the physicochemical parameter describing the response to the
force field. For ThFFF, this response is described by the Soret coefficient Sr, which is the ratio of ther-
mal and translational diffusion.3®37 Thermal diffusion is mainly influenced by the polymer solvent inter-
action3®3° and by the effective length of a linear polymer segment, respectively,*4° whereas the transla-
tional diffusion at equal conditions depends to a great extent on the hydrodynamic size of the analyte.
Consequently, in combination with the associated analytical tool such as thermal analysis and FTIR
spectroscopy, Sr is accounted to be a suitable parameter for structural characterization within this

study.

2. Experimental

The TPU samples used in this study were L;780D10 (aliphatic polyester-TPU, assigned as Aliph-TPU) of
the composition 4,4'-dicyclohexylmethane diisocyanate (H,,MDI) copolymerized with 1,4-butane diol
(BD) and a segment of poly(1,6-hexylene adipate), and C74D50 (aromatic polyester-TPU, assigned as
Ar-TPU) composed of diphenylmethane diisocyanate (MDI), BD and poly(1,4-butylene adipate). Both
TPU are commercial products by BASF Polyurethanes GmbH. The structures and further experimental
details are given in the SI (Fig. Sg, SI and sect. 2).

3. Results and discussion

We have chosen an aliphatic and an aromatic TPU with comparable hard- and soft segment composition
(confirmed by 'H- and C-NMR, see SI, Fig. Sg). In the case of aliphatic TPU a temperature dependency
during electron beam irradiation has been already investigated revealing an almost negligible effect of

the irradiation temperature on the material alterations observed.” However, for aromatic TPU such an



investigation has not been reported yet. Therefore, the irradiation studies of the aromatic TPU were
performed for irradiation temperatures at room temperature (RT) and 100 °C, whereas the aliphatic

TPU study was done solely for room temperature.

3.1. ATR-FTIR analysis

In In the ATR-FTIR spectra of both materials, the typical bands of a regular TPU are found (see Fig. 1).
Both specimen spectra contain the broad bands of N-H stretching vibrations at 3320 cm™ (amide A), of
the asymmetrical and symmetrical C-H stretching vibrations 2925 cm™ and 2850 cm™ of methylene
groups of aliphatic chains, followed by the amide I band (around 1700 cm™), amide II (around 1530 cm’
1), amide III (1220 cm™) and amide IV (780 cm™). Ar-TPU shows additionally remarkable specific bands
of C=C aromatic ring stretching vibrations (at 1595 cm™and 1410 cm™), of aromatic C-N stretching vi-
bration at 1307 cm™,% and at 815 and 7751 cm™ (C-H out of plane bending vibrations).#3"% There are also
additional bands at 2960 and 2873 cm™ assignable to methylene groups (asymmetrical and symmetrical
C-H stretching vibrations) adjacent to butanediol-adipate functionality.4® Both TPUs contain bands of
C-0-C stretching vibrations in the range 1100-1000 cm™ (as a part of urethane group** ®” adjacent to
the linear aliphatic chains of extenders in both hard and soft segment and simultaneously as stretching
C-0O-C vibration of ester group in soft segment).4>> In contrast to Aliph-TPU, the spectrum of Ar-TPU
irradiation exhibits two distinct bands in the region of amide I band, what are assigned to free carbonyl
groups (1725 cm™) and hydrogen-bonded (1701 cm™).4” In the case of Aliph-TPU the band of free C=0
groups is only like a shoulder, what reflects higher amount of hydrogen bonding, i.e. lower amount of
free urethane groups in it initially. For our systems investigated in this study, the applied doses of the
electron beam irradiation had in general only slight impact onto the materials. Nevertheless, the intensi-
ty changes for amide I/II/IIl and other bands of urethane group and bands of methylene group can be

seen, but their dynamics is a bit different.

Already the lowest investigated irradiation dose (25 kGy) yielded significant alterations in Aliph-
TPU on the molecular level as can be seen in the vibrational spectra: the amide I, II and III bands in the
spectrum of Aliph-TPU decrease in intensity. Simultaneously, the bands of C-H and N-H stretching
vibrations (Fig. 1, insets A1, B1 and A2, B2) become more intensive. This may be explained by induced
chain scission/urethane group degradation in the hard segments and formation of primary amines.”
Simultaneously, the broadening of amide I on the left band side at around 1800 cm™ indicates presence
of non-associated carboxylic acid groups.* The probability to form primary amines and carboxylic acid
as a irradiation caused degradation result of TPU was reported previously>”4* and may occur even un-
der vacuum*®, Elevated irradiation dose (50 kGy and higher) initiates an increase of the three aforemen-
tioned amide bands and at the same time and a decrease with broadening of the N-H stretching vibra-
tion band at about 3200 cm™ (Fig. 1, insets A1, A2). The stronger band at about 1700 cm™ is explained on
one hand by a stronger hydrogen bonding as stated above and on the other hand by associated carbox-
ylic acids, which have strong bands around the same frequency regions (ca. 3200, 1700 and 1200 cm™;
stretching vibration of OH, C=0 and C-O groups, respectively).# Surprisingly, the amide II band be-
comes also more intensive, regardless the loss of urethane functionalities. This can be explained by an

adjacent reaction between primary amines and carboxylic acids resulting in formation of secondary



amides as it may occur under harsh conditions without catalysts or coupling agent.**49 This hypothesis
is supported by a subtle broadening of the amide I band on its right lower frequency slope (Fig. 1, inset
C1) including contributions from secondary and primary amines (both absorb around 1650 cm™).%
Furthermore, the finding is explained by a non-linear behavior of N-H and -CH,- (methylene group)

stretching vibration band intensities as a function of irradiation dose (= 50 kGy).

Similar to Aliph-TPU, also in Ar-TPU major noticeable changes in the material can be seen for the
lowest investigated irradiation dose (25 kGy). Remarkable band intensity decreases of the methylene
stretching vibration bands at 2920, 2850 cm™ were found, referring to aliphatic chain scissions. A slight
band intensity drop of C-O-C urethane or ester group at 1065 cm™ was observed as well next to the
aliphatic chains, whereas other methylene group bands (e.g. in the vicinity to adipate carbonyls, soft
segment) remained almost constant. In addition, specific aromatic bands of the hard segment kept their
intensity and profile or alter only marginally in comparison with other bands. This can be interpreted as
a sign of chemical reactions starting at the “interface” hard- soft segments or within chain extender
segments and in soft segments. Hence, contrarily to the aliphatic material, in Ar-TPU the linear aliphatic
chain extenders in the hard segments as well as the aliphatic part of the soft segment seem to degrade
both. However, taking a certain crystallinity (discussed in section 3.2) into account (signs of hydrogen
bonding), means in conclusion that the soft segments are predominantly degraded. The amide bands of
urethane increased in intensity, showing a probable formation of new-found groups (carboxylic acids,
amides). With increasing of the irradiation dose (= 50 kGy) the amide I, II, IIl bands and N-H stretching
vibration band have become either more intensive and slightly broader (around 1640 and 1230 cm™) or
change their intensity only negligibly. The intensity changes of methylene bands (at 2920, 2850 cm™)
has no definite correlation with irradiation dose, which is an indication of multiple chain scission and
recombination involving new functional groups (carboxylic acids, amides). The total non-linear band

dynamics and the changes in the amide bands are similar like in Aliph-TPU as discussed above.

From the findings by ATR-FTIR, we conclude that electron beam irradiation produces a cascade of
similar parallel chemical reactions in the case of both TPUs including chain scission, chain recombina-
tion or branching as well as formation of new functionalities (amines, amides, carboxylic acids). The
main irradiation response distinction between our systems is the location of the reaction/alternation
onset. The hard segment (urethane functionality) undergoes chemical alternations first in the case of
Aliph-TPU and the spectra of Ar-TPU show the chain extender of both soft and hard segment and soft
segment degrade faster than hard segment core (urethane and aromatic groups), but in common in the
case of TPUs it majorly depends on a formulation of a material. Earlier publications on aromatic
TPUs,>%° reported photo Fries rearrangement or oxidation of the central -CH,- unit in the MDI seg-
ment. There is also an example for moderately irradiated aromatic TPU, where significant changes hap-

pened in soft segment.>*
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Figure 1 The vector-normalized ATR-FTIR spectra of the aliphatic (insets with no. 1) and the aromatic
(insets with no. 2) TPU irradiated with different effective doses. The full spectra are presented for the
non-irradiated materials, whereas the insets illustrate superimposed bands with significant changes. A1
and B1 show enlarged plots of the band region for N-H stretching, A2 and B3 show the region of C-H
stretching. The insets C1 to E1 and C2 to E2 display the Amide I, IT and III bands, respectively. F1 and F2
indicate the bands of C-O-C stretching vibrations. Solely for Ar-TPU, the aromatic ring vibration band
in is shown in inset G.

3.2. DSC-Analysis

Both TPU materials remained largely unaffected up to 270 °C as found by thermogravimetry (T =
285 °C at 2 % weight loss; see SI, Fig. S5), in spite a slight mass loss of ca. 0.5 % was detected in the
first full heating scan for both materials starting above 120 °C regardless of the irradiation, which
caused a low and broad endothermic peak in the DSC endotherms (see Fig. S6, SI). This can be account-

ed to the loss of water entrapped in the material.



The DSC analysis of Aliph-TPU showed in the first heating scan without pretreatment of the sam-
ple a relaxation peak superimposes the glass transition region. This phenomenon is well known for
polymer glasses in general and originates from physical aging, e. g. by long storage of the material not
far below the glass transition temperature.>>>3 Therefore the DSC analysis of Aliph-TPU was performed
with a preheating step up to 8o °C prior the first full heating scan in order to drive out relaxation ef-
fects. With preheating, the endothermic peak was not observable anymore in following heating scans.
Overall, no signs of melting or crystallization were found in the DSC thermograms, which indicates that

Aliph-TPU is thoroughly amorphous.
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Figure 2 Glass transition temperatures (T,) of Aliph-TPU measured in the first heating scan (orange),
in the cooling scan (blue) and in the second heating scan (red). Filled symbols display onset Ty and open
symbols show mid-point T at half step height.

Therefore, a clear glass transition was observed at around 45 °C (half step height), which showed a
slightly decreasing trend in its glass transition temperature (7Ty) in correlation to the irradiation dose
from o kGy to 300 kGy (see Fig. 2). Thereby the step height of glass transition Ac, does not show any
significant trend, which indicates that the amorphous part of the material does not chance significantly
under impact of irradiation (see Fig. S8 A, SI) The slight decrease in Ty indicate isomerization or chain
scission.>*>> Crosslinking can also not be excluded here, because degraded molecules of lower molar
mass may also act as plasticizer in the material, which would also induce a decrease Ty, despite for

crosslinking alone rather an increase in Ty would be expected.5®
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Figure 3 Melting and crystallization analysis of Ar-TPU by peak deconvolution (exemplarily shown in A)
of DSC-thermograms shown here for the series irradiated at 100 °C in B with the melting peaks of the
first heating, in C the crystallization peaks of the cooling scan and in D melting peaks of the second
heating scan. The corresponding full thermograms for both series irradiated a RT and 100 °C are given
in the Fig. S6, SI. The dashed lines in C and D are for guiding the eyes. The thermograms were shifted in
y-axis for better visibility. E indicates melting temperatures (all peak apexes) of the first heating and G
of the second heating scan. F shows crystallization temperatures of the cooling scan. Hollow symbols in
E to G represent the series irradiated at room temperature and filled symbols the series irradiated at
100 °C. The relative amount of the melting and crystallization enthalpy is displayed from the deconvolu-
tion of the series irradiated at room temperature (H, J) and at 100 °C (I, K) of the cooling (H, I) and the
second heating scan (J, K).



In contrast to Aliph-TPU, the DSC thermograms of the aromatic TPU showed in the first heating no
and in the cooling as well as in the second heating only a weak and much broadened glass transition
coming from the soft segments (see Fig. S7, SI). A slight increase in Ty for both investigated irradiation
temperatures was found, which is accounted to crosslinking. In contrast to Aliph-TPU, Ar-TPU showed
distinct melting and crystallization peaks, respectively, identifying it as material with higher crystallini-
ty. As illustrated in Figure 3 B to D, melting and crystallization show both an intrinsically complex mul-
tiple phase transition behavior with superimposed effects that are enhanced by irradiation. The first
heating scan showed in general only one higher melting peak at about 226 °C accompanied by one low-
er shoulder-like melting peak at about 207 °C. This corresponds somewhat to the bimodal crystalliza-
tion peaks found in the cooling scans. However, the second heating scan indicated a multimodal melting
behavior. The DSC heating scans were performed intentionally with a higher heating rate (40 K min™).
In previous studies reorganization and superheating effects during melting could be sufficiently sup-
pressed.5”5® However, recent studies confirmed, that reorganization effects may still occur also at higher
heating rates.>® Hence, we account this multimodal melting behavior in first instance as reorganization
effects. The melting peak assigned with S at 130 - 135 °C in Fig. 3 D possibly refers to a soft segment
rich phase, whereas the following melting peak 1 at around 185 °C may represent instead the melting of
a mixed phase with higher hard segment content near the interface of the hard domains. The mixing of
hard and soft segments at the interface of crystallites is reported to be originated in the dispersity of
hard segments, which causes a fraction-wise crystallization according to segment length.®>® Peak 2 is to
be discussed as non-perfectly crystallized domains and peak 3 in consequence refers then to well-
ordered crystallites. Microphase mixing, also superimposed to the observed melting behavior, can be
discussed as an origin of the observed reorganization effects. This was also reported in previous studies
for TPU with high hard segment content.5%* With increasing irradiation dose the amount of imperfect
crystallites as well as assumedly mixed-phase crystallites increases tremendously. Meanwhile, the
amount of well-ordered crystallites (Peak 3) with high hard segment content decreases (irradiation at
RT) or almost disappears (irradiation at 100 °C), respectively, as indicated in Figure 3 D and confirmed
by the enthalpy fractions from peak deconvolution (principle exemplarily shown in Fig. 3 A) of the mul-
tiple melting peaks (Fig. 3 J and K). The trend to crystallites or domains of lower order was consistently
found in in the thermograms of the cooling scan with an increasing amount of material crystallizing at
lower temperature (Peak 1, see Fig. 3 H and J). However, the reverse image of the multimodal phase
transition (Fig. 3 D) was not observed in the cooling scans. Meanwhile, no significant differences in
overall enthalpy was found between melting and cooling scans as well as with regard to irradiation dose
(see Fig. S8 B, SI). This confirms on the one hand that no significant chemical transformations occurred
in the DSC scans and on the other hand, that the multimodality found in the second heating is merged
in the sharp crystallization peak, which can be explained by delayed crystallization far below the melting

point(s) equilibrium due to absence of nuclei.

Next to the variation in fractions of melting and crystallization enthalpy stated above, all peaks, ex-
cept in the first heating and peak 1 in the second heating showed decreasing trends in the (peak apex)
melting temperatures (Ty;) and crystallization temperatures (T.m), respectively, correlating with the
irradiation dose (see Fig. 3 E, F, G). With the constancy in Tp, peak 1 can be discussed to represent a

fraction in the outer part of domains interspersed with a significant content of soft segments. In that,



the phase mixing and resulting crystallization seems not to be altered significantly by irradiation. Alter-
natively, changes could be hidden by other effects such as melting of different polymorphs in between
lamellar and spherulite®®%4 appearance and/or different discrete domain sizes, which possibly superim-
pose the observed overall melting behavior already intrinsically or induced by irradiation. However, the
clarification of this matter exceeds the scope of this work and needs to be addressed in a future study.

Meanwhile, the temperature shifts and the shifts from well-ordered to increasingly disordered
crystallites and domains indicate that irradiation induces isomerization, branching or topology changes,
degradation of chains due to chain scission or, oppositely, crosslinking. Indications for chain scissions
and possible recombination results in assumedly altered microstructure in agreement to the findings by
ATR-FTIR.

With regard to the irradiation temperature, we found that the irradiation at elevated temperature
leads to a greater shift from well-ordered crystallites to disorderly crystallizing domains than at room
temperature, where a certain high melting fraction remains (Fig. 3 J and K). Interestingly, the decrease
in Peak 3 differing between the series at RT and 100 °C correlates only to the different increase of peak
2, whereas the increase of peak 1 induced by irradiation is not significantly dependent on the tempera-
ture during irradiation. This supports the assumption, that peak 1 refers to a crystallite phase near the
interface of the hard domain interfused with soft segments, which is not significantly affected by irradi-
ation. In contrast to the enthalpy fractions, the melting and crystallization temperatures do not show
significant differences in dependency to the irradiation temperature. The observed differences allow the
conclusion, that the elevation of the irradiation temperature mainly increases the reaction rate of
formed radicals leading to an increase in branching or crosslinking, but does not induce further changes
e. g. in the chemical composition of the hard segments. In a recent study to electron beam irradiation of
aromatic TPU chain scission or branching is reported to assumedly prevail over possible crosslinking
reaction.® However, for thorough understanding of the observed effects in the material investigated in
this work with regard to irradiation dose and temperature a comprehensive, separation-based molar

mass, size and conformation characterization is needed.

3.3. Size exclusion chromatography

Generally. when irradiation is applied to polymer material a vast number of different processes such as

% crosslinking,®” branching,3* degradation,“®®® decomposition” or chemical transfor-

chain scission,®
mations® e .g. oxidation 7 must be taken into account. For TPU materials irradiated under inert condi-
tions mainly chain scission, increase of branching and crosslinking need to be considered.*> Up to now,
molar mass characterization of irradiated TPU is frequently carried out by SEC but mainly on the basis
of relative calibration by polymer standards of narrow dispersity.'*°7>73 However, particular fractions
of branched polymers tend to elute not just according to their size, as it is expected for entropy mode
elution. Fractions containing long chain branches may elute delayed as a consequence of anchoring ef-
fects of branches with the column packing material.” Co-elution with less branched fractions of lower
molar mass but of equal hydrodynamic size can result too.”#7> Therefore, the comparability of the ana-
lyzed polymer species to the used calibration standards and consequently the accuracy of the reported

molar masses may be affected. An absolute molar mass determination by means of SEC coupled with



MALS and dRI (differential refractive index) detection is therefore recommended and was already used
in previous irradiation studies of PU material.”® In this study, we performed a comparison of different
calculation methods. Molar mass calculation based on a calibration with polystyrene standards led clear-
ly to erroneous molar mass moments in terms of number (M,) and weight average (M) and an overes-

timation of the molar mass dispersity # = M,, M,* (see Fig. S19, SI).
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Figure 4 SEC-MALS-dRI chromatogram of the aliphatic TPU measured in N,N-dimethylacetamide
(+ LiCl, 3 g L'"). The solid line indicates the MALS signal and the dashed line is the dRI response. The
molar mass from calibration with narrow polystyrene standards is illustrated here for comparison.

SEC-MALS-dRI analyses of both TPU series showed a broad range in molar mass and size and with
regard to the impacted irradiation dose a decrease of the main fraction accompanied by an increase of
both, fractions of lower and higher molar masses (see Fig. 4 and Fig. S11, SI). Thereby a good resolution
was achieved in the lower and medium molar mass range up to 10° g¢ mol”, whereas in molar mass be-
yond that a separation performance is significantly reduced. The SEC-analysis revealed that already the
untreated version (0 kGy) of Aliph-TPU contains a certain fraction of higher molar mass, whereas for
Ar-TPU this fraction shows very weak MALS response in an insignificantly low concentration. However,
for both TPU series an abnormal elution behavior for both, the lower molar mass fraction as well as the
ultra-high molar mass region (irradiated samples only) was observed, which also negatively affect the
analysis of the polymer’s conformation (see Fig S11 and S12, SI). Non-ideal elution behavior in SEC for
hyperbranched PU material was also reported previously.”® This is one more reason that molar mass
determination based on relative calibration for a non-purely entropy-based separation leads to false
interpretation and therefore methods for an absolute molar mass and size determination are definitely
required. Furthermore, ultra-high molar mass fraction exceeding significantly the separation range of
SEC may also co-elute with smaller species of different topology due to an inversion of the separation

mechanism from size exclusion to hydrodynamic chromatography mode.”7®



3.4. ThFFF analysis
3.4.1.  Molar mass, size and weight fraction analysis

To overcome the challenges in SEC a change of the separation mechanism to FFF with a much broader
separation range may be a helpful alternative as it has been reported previously.'®”” Among the various
FFF sub techniques, ThFFF may provide further information about intrinsic material properties such as
differences in chemical composition’®*>* (with changed solvent interaction) or differences in
topology**>4+*9 by the means of thermophoresis. ThFFF is a valuable complementary technique despite

its separation range does not completely cover the range of SEC for low molar masses (see, Fig S19, SI).
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Figure 5 Fractogram after ThFFF separation of the aliphatic TPU (A). Weight fraction (B) and mean
molar mass with dispersity (C) evaluation per region of interest of the aliphatic TPU (grey) irradiated at
RT and the aromatic TPU irradiated at RT (blue) and at 100 °C (red). The stout colors in A refer to ROI 1

and the pale colors correspond to ROI 2.



In fact, the fractograms of the ThFFF (see Fig. 5 A) indicate, that molar masses below 10* g mol™
cannot be sufficiently resolved and elute together with the void peak at ¢y = 12.36 minutes. Included in
this time is the stop flow time of 5 min being applied to reach an equilibrium relaxation of the analytes
(further details see section 2.5, SI). Additionally, this fraction of unseparated analytes including also
higher molar masses components may refer to densely compact objects with very low Sr. After the void
peak, a good separation with high selectivity was observed. In order to keep the analysis time in a rea-
sonable limit, a ThFFF method with a programmed temperature field had been optimized (see Fig. S4,
SI) and two regions of interest (ROI) were defined: ROI 1 refers to poor and medium retained molecules
in the retention region of about constant separation force field AT ~ 80 K and ROI 2 contains all further
retained species where the separation was performed with a AT of programmed decay approaching
AT > oK.

The evaluation of the fractograms per ROI in Fig 5 B and C shows for both TPU materials in ROI2
first a slight decrease in weight fraction for low irradiation doses and thereafter an increase of the
weight fraction containing ultra-high molar masses (UHMW) and possibly crosslinked species at high
irradiation doses up to 300 kGy. For Aliph-TPU the increase of the weight fraction in ROI2 ranged from
originally less than 1 % up to 9 % and is much higher than for Ar-TPU 100 °C, for which ROI2 in-
creased by only 1 %. In contrast, for Ar-TPU irradiated at RT the weight fraction in ROI 2 remained
constantly low after first decrease at 50 kGy. Thus, the aliphatic TPU changes to a much greater extend
under irradiation and forms a higher amount of crosslinked species. It can be concluded that for Aliph-
TPU both, crosslinking and chain scission as competing mechanisms are reflected in M, and P. In ROI 1
D almost doubles, whereas M, fluctuated around a constant average. At the same time in ROI 2 M, rises
for all samples, but P decreases here under intense irradiation. The reason for this is found in the molar
mass differential distribution for the entire fractogram (see Fig. S15 A, SI). There, an increase of the
UHMW fraction and a shift of the weight distribution towards lower molar masses is depicted, indicat-
ing an increasing probability for chain scission of UHMW species once a certain (very high) molar mass
is reached by crosslinking. In contrast to Aliph-TPU, the aromatic TPU Ar-TPU does not show significant
changes in P in ROI 1 when irradiated at RT, but an increase in M,. Contrary, the irradiation at 100 °C
leads to a slight increase in D, but only to fluctuation in M,. In ROI 2, both series (RT and 100 °C) show
a constant M, but for RT an increasing P and for 100 °C a decreasing D is observed. This can be also
explained by the overall molar mass distribution (see Fig. S15 B and C, SI): During irradiation at room
temperature crosslinked products with comparably lower molar masses are formed than at 100 °C,
where crosslinked products of higher molar masses are formed. The decreasing D in ROI 2 for the

100 °C hints for increasing chain scission during irradiation by the raised irradiation temperature.

As found by DSC, the irradiation influences in both TPU materials to some extend the phase transi-
tions, indicating next to molar mass de- or increase also topological changes such as increased branch-
ing. A suitable indicator for polymer topology is the scaling exponent Vg, obtained as the slope from
linear fitting of the gyration radius (RMS) and molar mass from MALS, if the radii are larger than about
12 nm (depending on the signal to noise ratio), enabling interpretation of the angular dependency of
the scattered light.8®' This limits the applicability for this interpretation, since the main fraction for

both TPU is below that limit. However, for the UHMW fraction conclusions about particle conformation



may be drawn. In fact, the scaling exponents found by SEC-MALS-dRI for the first eluting fraction de-
crease from 0.62 (0 kGy) to about 0.48 (see Table S1, SI). Typical scaling exponents are 0.59 for a ran-
dom coil in a good solvent decreasing to 0.33 for a dense sphere. The scaling exponents found by
ThFFF-MALS-dRI show the same trend from 0.5 (Ar-TPU, o kGy) or slightly lower for Aliph-TPU down
to about 0.3 indicating the formation of highly compact objects under irradiation (see Fig S16, SI) due to
crosslinking and branching. The systematic difference of the scaling exponents between SEC and ThFFF
is explained by differences in the solubility: For SEC the eluent N,N-dimethylacetamide was used with
LiCl to enhance the solubility, disrupt possible intramolecular interactions like H-bonds and to decrease
enthalpic interactions with the column material. In the ThFFF separations instead, the eluent had to be

used without LiCl to avoid corrosion damage in the separation channel.

3.4.2. Thermophoretic analysis

Another indication for changes in topology, branching or changes in chemical composition is provided
by the Soret coefficient S7.*>*4 In this study changes in S are mainly ascribed to changes in the polymer
topology, because in ATR-FTIR no significant changes accounting for transformations in chemical com-

position were found, even though they are supposed to be more likely seen by ATR as stated in sect. 3.1.

A Aliph-TPU

B
X
c
.8
5
o
o
R
]
=
=
o

c

SplKT]

Figure 6 Differential weight distributions of St calculated from the full ThFFF fractograms for Aliph-
TPU (A), Ar-TPU irradiated at room temperature (B) and at 100 °C (C).

St calculations per slice (per retention time) were performed with correction of the flow profile distor-
tion®? and with an adapted approach to correct secondary relaxation.®? Details are given in section 3.5.2

in the SI. The differential distributions of St (see Fig 6) show a trend towards lower St with irradiation



for the aliphatic TPU indicating a shortening of linear segments in the polymer chains.* At a first
glance, both series of Ar-TPU do not show significant alterations neither due to irradiation dose nor due
to the irradiation temperature. The difference to Aliph-TPU in St as well as in the weight fraction analy-
sis (see Fig. 5 B and C) allows concluding, that Ar-TPU is more resistant to irradiation, i.e. a higher en-
ergy is required to induce radical formation. This irradiation protection could originate from its crystal-

line nature.

A closer look at the cumulative St distributions shows the influence of the irradiation temperature
for Ar-TPU, allowing visualization of small differences over a broad distribution width, in contrast to
differential distributions representation. On the other hand, differences in cumulative distributions in
their steep region are not as easy to differentiate, which are better visible in the differential distribution
plots. The number and weight average values commonly used for reporting polymer molar masses are
similarly insensitive to display deviations in the distribution. Therefore, alternative characteristic mean
values with higher sensitivity for in particular narrow distributions have been introduced. For our study
we have adapted the concept of the cumulative distribution angle®* originally proposed for molar mass
distributions to be used for the comparison of Sy distributions. The distribution angle is expected to
display changes in the steep region of the cumulative St distribution. However, changes at the fronts
and tails of the distribution may not be displayed by the distribution angle. Therefore additionally the
width of the St distribution AS7p taken from a comparable confidence interval is used in this study. The

corresponding cumulative distributions are given in Fig. S18, SI.

A
S FY W
o
T
o = 85- =l #
=2 * .
8O . 4 Aliph-TPU
S G 84- f
e 1
3
83- *
B 41 i
= — 22
By
T == 4
s ¢ 0.20 J
-— b i T
ST EP I
O 4
3 s 4
33 0.101i ot ¢ “ .
0.05 T T T T T I T T T T T
0 50 100 200 250 300

Irradiation dose [kGy]

Figure 7 The cumulative distribution angle from linear fit of the cumulative distributions given in Fig.
S18, SI in between the distribution interval (y-axis, relative scale) 0.15 until 0.6 (A) and the distribution
width ASrp (B) in between 0.05 until 0.95 of both TPU materials: Aliph-TPU irradiated at RT and Ar-
TPU irradiated at RT and at 100 °C.



The analysis of the cumulative Sr distributions shows, as illustrated in Fig. 18, for Aliph-TPU a
slight increase in the distribution angle at low irradiation dose, followed by a decrease at higher irradia-
tion doses. Meanwhile, AStp shows only a steadily increasing width. This means, the main part of the St
distribution shifts to lower St, but does not significantly broaden, whereas significant broadening occurs
at the front and the tail of the distribution, which indicates that under influence of the irradiation small
fractions (mainly at the tail) with a comparably high Sr are formed. Since crosslinking and branching
have been found to be generated from irradiation, as discussed above, and causing a reduction in ther-
mal diffusion, the increase in St can be explained with formation of large particles up to the microscale,
which possess M,, in the UHMW range formed by crosslinking of already existing large macromolecular

species.

The analysis for Ar-TPU shows different behavior for both irradiation temperature series: a con-
stant decrease of the Sr distribution angle combined with a slightly increasing AStp at lower irradiation
doses is observed. However, at higher irradiation a significant difference with regard to the irradiation
temperature is found. Irradiation at elevated temperature leads to further increase of AStp similar to
Aliph-TPU. In contrast to this, AS7p stays almost constant when the irradiation is carried out at room
temperature. This observation is in accordance to the differences found in the molar mass distributions
(see Fig. S15, SI) and the different weight fractions found in ROI1, as stated in sect. 3.4.1., and supports
the findings that crosslinking products of lower size and molar masses are formed at lower irradiation
temperature, whereas additional architectures are formed at elevated temperatures in combination with
higher irradiation dose. At these conditions an increase of chain scission combined with crosslinking is
competing leading to broader molar mass range of the UHMW fraction for Ar-TPU 100 °C series. Con-
sequently, the irradiation temperature changes the ratio between crosslinking and chain scission or

degradation, while irradiation at lower temperature could suppress chain scission to some extent.

4. Conclusions

The influence of electron beam irradiation on commercially available aliphatic and aromatic thermo-
plastic polyurethane (TPU) material was thoroughly investigated on the molecular level by means of
ATR-FTIR, DSC, SEC and complementary ThFFF separation, both separations coupled to absolute molar
mass and size detection. Both materials are comparable in their hard and soft segment composition.
ATR-FTIR investigations showed for both materials, that electron beam irradiation produces a cascade
of parallel chemical reactions including chain scission and chain recombination leading to formation of
branching, crosslinking as well as yield of new functionalities (amines, amides, carboxylic acids), which
are recognizable already in significant amount at low irradiation doses. Thereby, in the aliphatic TPU
signs of urethane group degradation and secondary amine formation revealed a predominant degrada-
tion of hard segments, whereas in the aromatic TPU the soft segments were found to degrade earlier as

indicated by signs of isomerization in the polyol segments.

Accompanied studies by DSC unraveled the aliphatic TPU as thoroughly amorphous material with a
distinct glass transition, in which the slight decrease of the glass transition temperature supports the
findings from the ATR-FTIR study indicating isomerization or branching. The aromatic TPU showed

instead a highly crystalline character with only a barely recognizable glass transition of its soft segments



but a complex phase transition behavior with multiple melting and crystallization peaks. The multiple
melting behavior caused by reorganization effects typical for TPU with high hard segment contents
indicates an irradiation-induced transformation of the hard domains from well-ordered to increasingly
disordered crystallites. The simultaneously found decreases in melting and crystallization temperatures
furthermore support the conclusion of irradiation induced isomerization, branching or topology chang-
es found by ATR-FT-IR and DSC. The irradiation influence on the aromatic TPU was studied at room
temperature and at 100 °C. The elevation of the irradiation temperature amplified the shift from well-
ordered crystallites to disorderly crystallizing domains, but showed no effects on the phase transition

temperatures.

The molar mass and size characterizations revealed for both materials the formation of a highly
crosslinked fraction with ultra-high molar masses, compact conformation and an increased dispersity as
a result of the irradiation. This study addresses the challenges by the limits of SEC and possible devia-
tions between SEC with absolute molar mass determination and calculations using relative calibration
are demonstrated. Reliable determination of molar mass, size, and scaling with focus on the UHMW
fraction was performed by ThFFF separation coupled to light scattering and dRI detection. Changes in
topology were addressed by a thermophoretic analysis based on the ThFFF separation mechanism as a
second independent investigation. These studies have revealed stronger tendency of the aliphatic TPU
for crosslinking than the aromatic TPU, indicating a general high resistance of the aromatic TPU to ir-
radiation. However, for the aliphatic TPU and for the aromatic TPU irradiated at 100 °C constant molar
mass average in combination with a broadening in dispersity indicates that crosslinking is the main
process competing with chain scission and degradation. For the aromatic TPU, lower irradiation tem-
perature was found to significantly suppress chain scission and support crosslinking, although the
crosslinking probability is also significantly reduced. Overall, this study unraveled, that crosslinking is
the dominating effect under irradiation influence prevailing chain scission and degradation, which is in

agreement to the literature for aliphatic’ and aromatic TPU.>

Future studies in this field may address inhomogeneous alterations in the material due to irradia-
tion (surface to bulk) by diffuse deflection spectroscopy (IR, Raman) of the material in powdered state.
Furthermore, the existence of different polymorphs or discrete domain sizes superimposing the ob-
served reorganization effects in the overall melting behavior found by DSC was not elucidated further
and will be examined in detail with regard to irradiation in a future study. ThFFF investigations using
light scattering are accounted to give further insights into the scaling behavior with irradiated TPU ma-
terial of higher molar mass or fractionation combined with online viscometry for an indirect access to
radius information of the polymers below the detection limit of MALS. Modulated DSC may further
resolve reorganization effects seen in the multiple melting and crystallization behavior of the aromatic
TPU.
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