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Abstract:

The photooxidative stability of an aromatic segnedrtoly(urethane-urea) (PUU) elastomer,
stabilised with a range of carbon black fillers svessessed after very low UVA doses as a means to
identify components that are highly susceptible/Ybdegradation, and suggest better design of such
materials. Fourier-transform infrared (FTIR) an&yiadicated rapid degradation of the urea bonds
in the hard segments, followed by chain scissiah@roto-Fries reaction of the urethane linkages. In
the soft segments, the oxidation of the originbeegroups resulted in the formation of large
amounts of ester groups, while some crosslinkingpefether groups was also evident. Carbon black
provided moderate protection against degradatiath, tve smallest-sized particles being the most
effective. Protection was evidenced by reducedasertracking as well as an increased resistance to
chemical changes in both the soft segments anddegrients. Even so, significant degradation was
still evident at low UV doses suggesting that fartktabilisation is required to increase the UV

durability of these elastomers and improve theiglberm performance.

Keywords: UV ageing;aromatic poly(urethane-urea); carbon black
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1 Introduction

Poly(urethane-urea) (PUU) is a type of polyureth@ig) block copolymer formed using
diamines as the chain extenders and crosslinkiegtagThis group of polymers is considered to
have a more complicated structure and increaseafgd-bonding properties relative to other PUs
since there are two different type of N-H bondsspre in the urethane and urea linkages [10]. For
the production of PUUs, both aromatic and aliphdi@anines can be used, such as-4,4
methylenebis(2-chloroaniline) (MOCA), [11] diethyltenediamine (DETDA) [12], and 2,4-
diamino-3,5-dimethylsuphylchlorobenzene (DDSCB)|[The addition of these diamine chain
extenders is supposed to improve thermal stalaihity mechanical properties since, compared with
PUs, PUU elastomers have higher cohesive linkdgesigh the urea groups in the hard segments
[13-16]. PUU elastomers are widely used for marameraft and biomedical applications due to
their low glass transition temperaturdg)( high flexibility and outstanding biocompatibylif17, 18].
However, PU-based elastomers are generally comsiderbe extremely susceptible to ultraviolet
(UV) irradiation, resulting in irreversible changegheir structure and chemistry, which largely
affect their physical and mechanical properties T9lus, there has been a rising interest in finding
cost-effective method to improve the UV stabilifyRdJ elastomers to extend their lifetime and

maintain their performance when exposed to aggressivironments.

The mechanism of PUU photodegradation is compliae several photolytic reactions can
occur at the same time, such as the oxidation-mdldcscolouration of aromatic urethane/urea
groups, chain scission and oxidation of the pobggment, and breakage of N—H bonds in the
system. PUUs have been found to exhibit betterqstability than their polyurea counterparts [19].
However, due to limited work in this area, a conplgescription of the PUU photodegradation

process and how the UV irradiation affects the proges of PUU remain unclear.
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For practical applications, there is an urgent rtedthd cost-effective techniques to improve the
UV stability of PUUs. While the use of differentditives/stabilisers in PUs and PUUs to enhance
their photostability has been widely reported, carblack has been found to be the most viable
choice since it can absorb UV over a wide rangeaxelengths and is not consumed during service
[20]. Carbon black is one of the most commonly used effective UV stabilisers in polymer
applications, being the major additive providing gkétection for plastics such as outdoor wire and
cable jacketing, pipes, and geosynthetic membrg@ie2]. For polyethylene (PE), for example, a
loading of 2—3% by weight of carbon black shouldyide effective UV protection [22-24]. By
absorbing and scattering UV, well-dispersed catilank can largely reduce the dosage of UV

irradiation to polymers, thus greatly reducing fintoinduced structural and property changes [21].

It is worth noting that the primary particle sizgucture, surface chemistry, and dispersion state
of carbon black could significantly influence thiéeetiveness of the UV protection provided [25].
Generally, smaller particles and aggregate sizeg better stabilisation because of the increased
surface area for intercepting UV [26]. However, whiee sizes of the carbon black particles and
primary aggregates become too small (less than220r49), light scattering, especially forward
scattering, becomes more important, which may laavegative effect on the UV stability of the
polymer [21]. It is also known that carbon blackiwémall particle sizes usually have a higher
tendency to agglomerate into clusters, which difecdit to disperse in polymers [26]. Thereforegth

structural features of carbon black play a sigaiificrole in the UV stabilisation of polymers.

The present work focuses on the photodegradatithhwags of a segmented PUU elastomer
based on an aromatic isocyanate and a polyetharydiine early stage of UV ageing (60 h). The
effects of three types of carbon black with diffaretructural characteristics on the UV stability o
this PUU were also studied. The photodegradationgsses were analysed using Fourier-transform
infrared (FTIR) studies of the PUU surface chengistrer the monitoring period, along with other

techniques such as scanning electron microscopM)SE&ray photoelectron spectroscopy (XPS),



81 and differential scanning calorimetry (DSC), whiglre used to analyse the surface features and
82 property changes before and after UV ageing. Timis work provides further mechanistic

83 understanding of the photodegradation of PUU efasts, which is expected to guide future work
84 on the development of high-performance PUU compasiterials with enhanced weathering

85 stability.

86

87 2 Materials and methods

88 2.1 Materials

89 A two-pack commercial PUU product, “NUWC XP-1 Palgthane Encapsulant”, was purchased
90 from Alfa International Corporation (Woonsocket, RISA). This PUU has been reported in the

91 literature for use in marine applications [27]. tPaof this formulation is a prepolymer resulting

92 from the reaction between polyether polyols andeoé diisocyanate (TDI). The polyether is

93 polypropylene glycol (PPG), with an average molacweight M,,) of 1500 g/mol, achieved by

94  mixing polyether polyols with molecular weightsd#00 and 2000 g/mol together. The TDl is a

95 mixture of 80% toluene 2,4-diisocyanate and 20%eoé 2,6-diisocyanate. Part B is

96 dimethylthiotoluenediamine (DMTDA), which is therowg agent. The recommended mixing ratio

97 of the prepolymer (Part A) to the curing agent (Bris 100 to 11.5 parts by weight.

98 Three types of carbon black were used, including@RCabot Malaysia), N660 (Cabot
99 Malaysia), and H30253 Supef Eonductive 99+% (metals basis) (Alfa Aesar, UK)eSe types of

100 carbon black were coded as C1, C2, and C3, resp8cti

101
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2.2 Poly(urethane-urea) preparation

PUU films were prepared using a casting methodtligjrcarbon black was added into Part A
and dispersed using a tip-probe sonicator (VC-508,watts, 20 kHz, Sonics & Materials, Inc.,
Newtown, CT, USA). For the sonication, 12 pulsiygles of 10 min with an amplitude of 20%
were used. Between each cycle, there was a 30 mak bo prevent the mixture from overheating.
After sonication, the mixture was degassed in aimacchamber to —100 kPa for at least 200 min at
room temperature until no air remained in the mixt{as identified by the absence of air bubbles
escaping). Part B was then added into Part A amdnilkture was stirred at 2000 rpm for 2 min using
a stand drill mixer equipped with a propeller befandergoing a second degassing cycle in the
vacuum chamber for 30 min. The weight ratio of PartPart B : carbon black was 100 : 11.5: 0.56
(carbon black shared 0.5% of the total weight). dégassed PUU mixture was then carefully
poured into flat moulds for curing. The moulds heegn sprayed with silicone as a mould release
agent and heated for 1 h at 80°C before use. &feematerials had setZ0 h), the solid PUU
samples were removed from the moulds and cure®Of@ oven for about 24 h as an accelerated
curing step, and further stabilised for over 7 datyoom temperature before any characterisation
work. A blank PUU sample (without carbon black) veéso made following the same procedure for

comparison purposes.

2.3 Accelerated UV ageing

Samples were cut from 2.5-3.5 mm thick flat shaatsloaded into custom-built extensometers
according to ASTM D1149-16 using Method B, ProcedBit — Straight Specimens (Static
Elongation). The accelerated ageing method wastaddmm UV Resistance MIL-STD-810G,
Method 505.5, Procedure Il (A2). Briefly, samplesrevloaded into a QUV accelerated weathering

tester (Q-Lab, Ohio, USA) that was equipped withAJ®%40 lamps. The samples were held at 50°C
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and were exposed to a UV intensity of 0.73 \W4n340 nm on the sample surfaces (The UVA dose
was calibrated by a CR10 calibration radiometereweek). After 60 h of UVA ageing, samples

received a total UVA dose of 157.68 k3/at 340 nm.

2.4 Characterisation

24.1 Scanning electron microscopy (SEM)

The morphological features of the carbon black pereéind PUU samples were examined using
a JEOL JSM-7001F scanning electron microscope (Skilh)an accelerating voltage of 5 kV, a
working distance of 10 mm and a spot size of 1salples were coated with platinum in an argon

atmosphere to prevent charging during image adnsi

2.4.2 N adsorption

Carbon black porosity analysis was performed bypgén sorption using a Tristar || 3020
(Micromeritics). The samples were degassed und=rura for 24 h at 200°C before measurement.
The specific surface area and pore volume wereailedérd using the Brunauer—Emmett-Teller (BET)
equation. The pore size distribution curves weterdaned using non-local density functional

theory (NLDFT) from the desorption branch of thetierms.

2.4.3 X-ray photoeectron spectroscopy (XPS)

Surface analysis was performed on a Kratos Axis RIATX-ray photoelectron spectrometer
(XPS) using monochromatic Al&(hv = 1486.6 eV) radiation. Curve fitting was undedalusing a

Gaussian—Lorentzian peak shape and Shirley backdraunction. The binding energy was



148 calibrated against the carbon signal at 284.6 ed¢a®PS software was used to process the acquired

149 data.

150

151 2.4.4 Attenuated total reflectance-Fourier-transform infrared (ATR-FTIR) spectroscopy

152 ATR-FTIR spectra of PUU samples were collected dicalet 5700 Spectrometer (Thermo

153  Electron Corporation) at a spectral resolution of*, over the range 4000—400 chfior a total of

154 32 scans. To check the consistency of the resylesstra were acquired at three separate spoteon th
155 surface of each sample. For the UV-aged sampleasumements were performed on the side that
156 was towards the light during ageing. A self-curedtA sample was also tested using the same

157 method to help to identify the characteristic peiakihe FTIR spectra. Baseline correction was

158 undertaken using OMNIC software (version 7.4.1Ader baseline adjustment, the spectra were

159 band-fitted using PeakFit software (version 4.1R) the fitted peak positions and areas calculated.

160

161 245 Differential scanning calorimetry (DSC)

162 A TA Q2000 DSC (TA Instruments, Inc., New Castl&; D9720, USA) was used to investigate
163 the thermal transitions of different PUU sample5-3 mg of each sample was weighed intui0
164 Tzero aluminium pans (TA Instruments). An empty pas used as a reference. The pans

165 underwent a three-stage run (from 30°C to 190°@nf90°C to —90°C; and then from —90°C to
166 300°C) at 20°C/min. The instrument was calibrateidgiindium as a standard. At least three runs
167 were undertaken for each sample to ensure thestensy of the results. Universal Analysis 2000

168 (TA Instruments—Waters LLC) software was used t@lyse the thermal transitions from DSC traces.

169
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3 Results and discussion

3.1 Carbon black characteristics

As discussed above, a smaller carbon black pasizéegenerally delivers better protection for
polymers against UV irradiation. In this study,g@rdifferent types of carbon black, namely, BP460
(C1), N660 (C2) and Supef’onductive (C3), were used. As seen from Fig.1lisGormed from
large chunks (tm) composed of smaller particulates 40—80 nm ia simbedded in a glue-like
material, while C2 and C3 show individual particleswhich the sizes were about 80—-120 nm and
30-50 nm, respectively. For UV stabilisation apgticns, C2 and C3 are usually considered to be
“high structure” carbon blacks, while C1 is a “l@tvucture” carbon black with large agglomerates.
The porosity of the three types of carbon blacketermined by higas adsorption is shown in
Fig. S1 in Supplementary Data and the calculated surface areas are shown ire Tafslote that
these measurements usually have 10% experimentakioa). The data demonstrate that all of the
carbon black types shared a similar pore size @frér. C1 and C3 also have similar surface areas as
determined by BET analysis. Meanwhile, the C2 samppésented a lower surface area. The
observation correlates with the particulate siZeens the smaller size of particles for C1 and C3
provide higher porosity compared to C2, which iposed of larger particles. In addition, as the
sample C1 has the highest porosity, it seems lleagltie-like material present in this sample is als
highly porous. Further, the pore volume in the senfglows the rule that the larger pores provide
greater pore volume; however, the surface araanisrl This tendency was observed between

samples C1 and C3.
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Fig. 1. SEM images of different carbon blacks.

Table 1. Surface area and porosity of different carbon blacks.

Carbon black BET surface area Pore volume Pore size

(m’lg) (cn/g) (nm)
C1-BP460 65.8 0.100 6.08
C2 - N660 33.6 0.052 6.16
C3 — Super P 62.5 0.113 7.26

3.2 Morphology of PUU samples

Fig. 2 shows the SEM images of cross-sections anaal surfaces of the blank PUU (carbon
black-free), PUU-C1, PUU-C2 and PUU-C3 before diter &V ageing for 60 h. There was a slight
difference in morphology between the unaged blddkl Rnd the PUU samples that contained
carbon black. The cross-sectional images of PUW@ILPUU-C2 show a higher degree of
roughness, while all the samples showed a smoathalsurface. For all the UV-irradiated samples,

roughening and surface cracking were observed, diftbrent levels of cracking being evident for

10
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the different samples. The blank PUU showed thatgset extent of cracking, with a crack depth up
to 30um. Carbon black-containing samples showed lowerkcdepths, but significant surface
cracking. PUU-C3 was found to be least affecteth wiacking isolated to its surface. A possible
reason for its higher stability was better dispmrsf the smaller carbon black particles (C3) m th
polymer matrix, compared with that of C1, which hade agglomerates. Although PUU-C2 seems
to have a smooth surface after UV irradiation,diess section was rough, which suggests
degradation extended into the bulk of the sampi@mRhe data collected here, carbon black particle

size and structure appear to be the main factatatfiluence the UV stability of this PUU elastomer

11
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Fig. 2. SEM images of different PUU samples before and after 60 h of UV ageing. The

scale bar in the insets is 1.00 pum.

3.3 XPS

X-ray photoelectron spectroscopy (XPS) was usexth&dyse the changes in the surface
chemistry of PUU samples under UV irradiation ine@amined area of 700 um x 300 um. Fig. 3
shows the changes in thed@;s and NJC;; ratios for different samples before and after agei
(errors are expected to be around 2-5%). The ratios calculated from the related peaks in the
wide-scan XPS spectra (sEigy. S2 in Supplementary Data). It is shown that the JCysand

N;4/Cys ratios of all the samples were similar before Wéiag, suggesting that there was

12
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239

consistency in the preparation of the materialselADV irradiation, the @/Cysratio of the blank
PUU increased from 0.32 to 0.41, indicating thatlation had occurred on the surface of the
polymer [28, 29], which might be due to photooxidatof the aliphatic ether groups [30]
Meanwhile, the N/Cssratio increased from 0.05 to 0.11. After addingboca black into the system,
all the samples showed less UV-induced surface fiwation. Compared with the other samples,
PUU-C3 (containing carbon black of the smallestipiarsize) seemed to have the least increase in
both the Q4Cisand NJC;sratios, which rose from 0.32 to 0.33 and from G®8.07, respectively.
In contrast, for the PUU-C1 surface, thg/Oss ratio increased from 0.31 to 0.37 and thg®is

ratio from 0.04 to 0.08. For the surface of PUU-@2, Q4/C;sratio changed from 0.30 to 0.39 and
the NiJ/Cysratio from 0.04 to 0.09. The increases in both@@ and N/C ratios on the surfaces of
samples was possibly due to oxidation and lossuddfon during UV ageing (potentially through the
formation of gaseous byproducts such as)J81-33]. These data show that PUU-C3 had the $dwe
degree of surface photooxidation after UV exposwiech, again, shows that C3 gave the most
efficient protection against UV damage. In contr&iU-C2 showed a much higher degree of
oxidation compared to PUU-C1 and PUU-C3, whichgatks that a low surface area carbon black

will largely reduce the UV stabilisation effecttbis additive.

13
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Fig. 3. O/C (a) and N/C (b) ratios for different PUU samples before and after UV ageing.

To further understand the surface changes dureghiotodegradation, high-resolution XPS
spectra of the gregion were collected. All the spectra were calibd using the reference C-C/C-H
peak at 284.8 eV. Due to the complexity of the dalkected, high-resolution,¢spectra were band-
fitted into a series of peaks corresponding tcedéht functional groups. For the band fitting, e
width at half maximum (FWHM) was set between 1.B3-€V. Fig. 4 shows the high-resolutionsC
spectra and one possible envelope curve fitting@blank PUU, PUU-C1, PUU-C2 and PUU-C3

before and after UV ageing. The{&pectra of the unaged blank PUU revealed the pcesaf four

14
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peaks, corresponding to C-C/C-H groups (284.8 €W)) groups (286.3 eV), C-N groups (287.9 eV),
and C=0 groups (287.6 eV) [29, 34-36]. After UV iage two new peaks were found at 285.5 eV
and 288.6 eV. These peaks are likely to be linkgoktester or anhydride groups, respectively. After
adding carbon black, the generated perester/ardeygaaks were considerably lower in intensity,

suggesting that the carbon black provided someption against UV degradation for PUU.
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3.4 FTIR

FTIR spectroscopy was used to further monitor tienacal changes on the surfaces of PUU

samples after UV irradiation.

3.4.1 PUU band assignments

An FTIR-ATR spectrum from the blank PUU is showrfig. 5. Critical FTIR band assignments
are listed in Table 2, which contains bands chergstic of both urethane and urea functional
groups. This includes bands at: 330Z t(hN-H stretching vibration, Amide A), 1727 ¢in(C=0
stretching vibration, Amide 1), 1535 ¢in(N-H deformation and C-N and C-C stretching vitmay
Amide I1), 1224 cm’ (C-N stretching vibration, Amide Il1), 1634 ¢in(stretching vibration of the
C=0 bond in the carbonyl group (-NH-CO-NH-) in dgpiylurea [6, 37-40]), a shoulder at
1691 cm* (hydrogen-bonded carbonyls of the urethane grauphoulder at 3250 cfh(stretching
vibration of the N-H bond in the urea group or biyelrogen-bonded N-H bond in the urethane

group), and a shoulder at 1261 ¢rC-N stretching vibration in the urea bond).
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Fig. 5. FTIR spectrum from the blank PUU sample (unaged), shown below its chemical

structure.

Table 2. FTIR band assignments for PUU materials.

Peak centre (cmh)

Relative intensify Assignmertt

3302
3270

2970
2929
2902
2867
1728
1700
1634
1597

vw, sh v (N-H) in urethane group (Amide A)

vw, sh v (N-H) in urethane & urea group (free and hydrogended)
combined

m v* (-CHg)

w v° (-CHa)

w v* (-CHy)

m v° (-CHy)

S v (C=0) in urethane (Amide I)

w, sh v (C=0) H-bonded

S v (C=0) in diphenylurea group

m v (C=C) in aromatic ring

19



1535 S & (N-H) +v (C-N) +v (C-C) Amide Il in urethane & urea group

combined
1449 m 3 (-CHy)
1372 s v (C-N)
1261 w, sh v (C-N) in urea
1224 S v (C-N) in urethane (Amide I11)
1089 S v* (C-0-C)
1013 s v° (C-N) in amine [41]
927 s v° (C-O-C) [41]
867 m v (C-O-C)p (-CH,) from ether [42]
815 w doop (C-H) in aromatic ring

283  2vw = very weak; w = weak; m = medium; s = strovg= very strong; sh = shoulder.

284 "y, Stretching vibration3, in plane deformation vibratio®,.p, out of plane deformation vibration

285

286 3.4.2 Effect of UV ageing on PUU

287 Fig. 6a, b and ¢ show different regions of the F$fiectra from the blank PUU after UV ageing
288 for different times, with the major changes in FHpectra of different PUU samples after UV

289 ageing shown in Table 3. In the region from 370®&@em* (Fig. 6a), UV irradiation led to the

290 emergence of several new peaks at 3467,c3204 cm’, and 3055 crit, which are considered to
291 represent the stretching vibration of N-H bondprnimary and secondary amine and imine groups
292 [43]. Meanwhile, the peak intensities in the regimm 3000—2800 cit greatly decreased

293 especially after 24 h, indicating oxidation of mgéme and methyl groups in both aliphatic and
294 aromatic structures. These changes are in agreemitérthe broadened peak in the whole region
295 (3700—2200 ci) resulting from the formation of different typesN-H and O-H groups [19, 43,

206 44].

297
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PUUOh 1087 PUU 60 h

1041

Relative absorbance
Relative absorbance

T T T T T T T T 1 T T T T T T T 1
1300 1200 1100 1000 900 1300 1200 1100 1000 900

306 Wavenumbers (cm™) wavenumbers (cm™)

307 (f) 9

308 Fig. 6. FTIR spectra of the blank PUU sample after O h, 7 h, 12 h, 16 h, 24 h, 28 h, 40 h and
309 60 h of UV ageing in the regions: 3700-2200 cm™ (a), 1850—1450 cm™* (b), and 1400—
310 750 cm™* (c); Band-fitted FTIR spectra of the blank PUU samples in the region of 3800—
311 2200 cm™ before (d) and after (e) 60 h of UV ageing; and band-fitted FTIR spectra from the

312 blank PUU samples in the region from 1350-900 cm™ before (f) and after (g) 60 h of UV

313 ageing.
314
315 Table 3. Changes in FTIR spectra of PUU materials after 60 h of UV ageing.

Peak area (cff) Peak centre (cf) Chang® Assignmertt

3700-2200 3510 a v (N-H) in free primary amines
3390 a v (N-H) in free secondary amines
3302 de v (N-H) in urethane group
3250 de v (N-H) in urea group
3190 a v (N-H) in hydrogen-bonded primary/ secondary

amines
3033 a v (N-H) in imines
2970 de v* (-CHg)
2929 de v° (-CHy)
2902 de v* (-CHy)
2867 de v° (-CHy)
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1850-1450 1780 a v (C=0) in peresters/anhydrides

1754 in v (C=0) free
1727 (move to 1720) in v (C=0) free and hydrogen-bonded
1691 in v (C=0) hydrogen-bonded
1690-1640 a v (C=N) in imines
1654 a & (N-H) shoulder in primary amines
1634 de v (C=0) in diphenylurea group
1597 de v (C=C) in aromatic ring
1536 d 8 (N-H) +v (C-N) +v (C-C) Amide Il in urethane &
urea groups combined

1400-750 1373 de v (C-N)
1261 de v (C-N) in urea
1222 de v (C-N) in urethane (Amide III)
1176 a ™ (C-0) in esters
1086 de ™ (C-O-C) in ethers
1043 a v° (C-0) in esters
927 de v° (C-0-C) in ethers
867 de v (C-0O-C)p (-CH,) from ethers
814 de doop (C-H) in aromatic ring

316 *a=appear; d = disappear; in = increase of iitiertde = decrease of intensity.

317 Py, Stretching vibrationg, in plane deformation vibratioBe., out of plane deformation vibration

318

319 An additional analysis of the FTIR region from 362800 cm® was performed through band

320 fitting using the Gaussian method. The band-fifiedks before and after 60 h of UV ageing are

321 shown in Fig. 6d and e, respectively. It can ba&dkat both the peaks representing the N-H bonds in
322 the urethane (at 3302 chhand in the urea (at 3250 cthdecreased in intensity after 60 h of UV

323 ageing. The peaks at 3510 ¢n8390 cm, 3190 cm® and 3033 ciit are speculated to represent the
324 N-H stretching vibration of free primary aminegdrsecondary amines, hydrogen-bonded

325 primary/secondary amines, and imines.

326 In the region from 1850—1450 ¢i(Fig. 6b), urea bonds (-NH-CO-NH-) at 1634 ¢mapidly

327 decreased during the first 7 h, indicating a sigaiit initial loss of urea bonds in the early stafje
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342

343

344

345

346

347

348

349

350

351

352

UV ageing for the blank PUU. This peak had almdsappeared after 12 h. The peak at 1261'cm
(Fig. 6¢), which represents the C-N stretchingation in the urea bond, also decreased quickly, and
almost disappeared within the first 7 h. The Amlideeak at 1536 ciit (Fig. 6b) decreased slightly
within the first 24 h then decreased rapidly ug8lh, suggesting a substantial decomposition of the
urethane bonds in the blank PUU. Meanwhile, theatttaristic peaks of the benzene ring (the C=C
stretching vibration at 1597 ¢fhand the C-H out-of-plane deformation vibratio8a4 cm™) (Fig.

6c) were also reduced after exposure to UV for 28dicating a loss of aromatic groups on the
sample surface. As a result, the loss of the aicraetthane structure as indicated by both the
urethane and aromatic groups suggests possible stigsion and photo-Fries rearrangement of the
urethane group during photodegradation [43, 45, Mi@gnwhile, a new shoulder appearing at

1654 cm® could be recognised as the deformation of N-H bangbrimary amine groups formed
during UV ageing [47]. In the carbonyl region, thain C=0 stretching vibration peaks slightly
increased and shifted from 1727 ¢rto 1720 crit', while the peaks at 1754 chand 1691 cit
increased steadily during ageing, indicating tltahldree and hydrogen-bonded C=0 groups were
formed. The increase in intensity in the speceglan between 1690 c¢fhand 1640 cnt is

proposed to be due to the formation of imine gragp®tching vibration of C=N). In addition, a new
peak at 1780 cil appeared after 24 h of UV ageing. This new peaitdcbe due to the C=0
stretching vibration in perester or anhydride gppduced during the photooxidation, which is
consistent with the XPS results. These changealHdrkely to be related to the oxidation of ether
groups in soft segments well as the urethane/umgg in hard segments of the PUU elastomer [19,

48-50].

In the region from 1400—750 ¢M(Fig. 6¢), the relative decrease in absorban¢keot-N
stretching vibration at 1373 ¢fhand Amide Ill peak at 1222 cthare similar to that of the Amide II
peak in Fig. 6b. Characteristic peaks from etheupgs are due to the C-O-C asymmetrical stretching

vibration, which occur at 1086 ¢infor these materials. During UV ageing of the bl&@tkU, this
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353 peak, along with the peaks at 927 ¢mnd 867 crit representing the C-O-C symmetrical stretching
354 vibration and the coupled C-O stretching vibratiothe ether group, kept decreasing [41, 42]. As
355 the characteristic peaks for ether groups decreasechew peaks emerged, one being a shoulder at
356 1171 cm?, with the other at 1043 cth These two newly-formed peaks could be the dope#ks of
357 asymmetrical and symmetrical C-O peaks from aliphegters, which are formed as oxidation

358 products of the ether groups in soft segments HOBV ageing also caused the consistent

359 movement of the peak for the C-O-C asymmetricaitsiing vibration from 1086 crhto 1076 cri’,
360 suggesting possible chain scission and crosslinigagtions between the ether chains in soft

361 segments [37, 53, 54].

362 To better understand the modification of the C+4Qdtire in soft segments of the PUU, band
363 fitting was performed on the FTIR spectra in thgisa from 1350—-900 cim before and after 60 h of
364 UV ageing, with the results shown in Fig. 6f andegpectively. The blank PUU without UV ageing
365 showed a peak at 1087 thnwhich is proposed to be due to the asymmetricaiching vibration of
366 the C-O-C bond in the polyether groups of PUU. Altend fitting, there were two peaks at

367 1041 cm®and 1176 cit, which likely represent the asymmetrical and syrnive stretching

368 vibration of C-O-C bonds in ester groups formedmytJV ageing by oxidation of the ether groups.
369 After 60 h of UV ageing, these peaks at 104I'cand 1176 cit had a dramatic increase, while the
370 peaks at 1068 crhreduced significantly. These changes indicatedtuaificant amounts of ester
371 groups formed from ether groups. Meanwhile, a neakpemerged at 1068 cmsuggesting that a
372 new type of ether group had formed in the aged Baidple. The new ether groups might have
373 resulted from crosslinking generated by radical$henC-O-C chain under UV irradiation. In

374 addition, UV ageing led to the appearance of séwvena peaks between 900 chto 1000 cri',

375 namely, peaks at 993 cm970 cm™ and 932 cnt, indicating the formation of some -OH group-

376 containing products, such as carboxylic acids dowhals.
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3.4.3 Effect of carbon black addition on the UV stability of PUU

Fig. 7 shows representative results for carbonkbtantaining samples. Fig. 7a compares the

spectra of the blank PUU and PUU-C3 in the regiomf1800—700 cit. It can be seen that the
peaks due to C=0 and C-N stretching vibrationsre&groups at 1637 crhand
1261 cm'disappeared in the blank PUU. However, these peskained to some extent in the PUU-
C3 sample after 12 h of UV irradiation, indicatithgit carbon black provided some protection to the
polymer in the early stages of UV ageing. Fig. [Mbves the spectra in the region from 3700—
750 cm* comparing PUU and PUU-C3 after 40 h ageing. Tk pepresenting urea bonds could
not be seen for both the blank PUU and PUU-C3. Hewd?UU-C3 appeared to suffer less from
UV damage than the blank PUU as shown by the langgunts of the original structure remaining
(aromatic ring at 1597 crhand 811 cn; and aliphatic ether at 1079 cthhand the low content of

oxidation products detected (carbonyl group at 16168 and amine group at 3502 cth
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Fig. 7. FTIR spectra of (a) PUU and PUU-C3, aged for 12 h; (b) PUU and PUU-C3, aged

for 40 h; and (c) PUU, PUU-C1, PUU-C2 and PUU-C3, aged for 60 h.

To compare the degree of photoinduced changedferatit samples, the FTIR spectra of the
blank PUU, PUU-C1, PUU-C2 and PUU-C3 aged for &@ehne collected and are shown in Fig. 7c.
The aged PUU sample had increased peaks at 3476w-H)), 1710 crmi* (v (C=0)) and
1042 cm® (v® (C-O) in esters) and decreased peaks at 1420(6rCH,)) and 1078 cit (v*°
(C-0O-C) in ethers). The carbon black-containing glas present less significant changes than the
sample without carbon black, indicating lower degref oxidation in the soft segments and less
degradation in the hard segments when carbon damesent. The relative degrees of photoinduced
changes in the hard segments and soft segmentdbbaneassessed using two indices that were
calculated using peak areas from band-fitted sae¢tre hard segment irradiation index (HSII) (Fig.

8) was calculated using the ratio of the area ®fUN-generated peaks for the N-H bonds of primary
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410

411

412

413

414

415

416

417

amines (3508 ci, 3371 cm* and 3184 ci) to the area of the peak for the original N-H beimd
the urethane/urea linkages (3302 tand 3250 cit). The soft segment irradiation index (SSII)
(Fig. 8b) was calculated using the ratio of theaarkester peaks (1179 chand 1041 cit) and
branched ether bond peaks (1119tand 1068 cit) formed during UV ageing, to the area of the
original ether peaks (1086 chand 1076 cit). Changes in the hard segments and soft segments
after 60 h of UV ageing with carbon black as a Wabsgiser were 44% and 32% of the respective
values without carbon black, with the PUU sampletaining carbon black C3 again showing the

least degradation.
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3.5 DSC

Fig. 9 shows the DSC results for the different Pddithples before and after UV irradiation for
60 h. For all the samples, there was a glass trang[ly) for the soft segments at -48°C and a
melting transition Tr,) of the soft segments at about 9°CT fat a higher temperature of about 44°C
was shown, which could be ascribed to the hard satg1j56]. The absence of a melting transition at
higher temperature suggests that the hard segiasesl on TDI in this work were not flexible
enough for chain alignment and the formation oktalites. It is possible that crosslinking during

cure restricted chain movement and the formatiom afystalline structure [57].
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Fig. 9. DSC results for different PUU samples, unaged and aged.

The PUU samples showed almost identical DSC cuivigs 9), suggesting that neither the
carbon black type nor UV exposure had any appamguact on the thermal properties of the samples.
Previous studies [58, 59] have reported that plystiog could reduce the ability of elastomers to

crystallise due to crosslinking. Here, our resimticate that although UV irradiation did cause
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variation in the surface molecular structure, thesnges were not significant enough to affect the
bulk thermal properties of the polymer. Higher esyop@ times would likely reduce the enthalpy and

temperature of the crystalline melting peak oryst&ilisation exothermic peak.

4 Conclusions

The photodegradation of aromatic PUUs is a comf@dactarocess that requires further study to
completely elucidate the mechanism of degradatimhdetermine the best approach to stabilisation.
In this study, crosslinked segmented PUU samplas weepared with and without different types of
carbon black as the UV stabiliser, and the reqgisamples were then exposed to low doses of UVA
at 50°C up to a total dose of 157.68 I&J&AN340 nm. SEM, XPS, FTIR and DSC analyses were

applied to investigate the changes in the UV-agedpes.

From the XPS and FTIR analyses, urea groups wergdfto be the most UV-sensitive, showing
early degradation during the ageing of the PUU, trhikaly due to chain scission and photo-Fries
rearrangement via direct UV absorption of the arsrgroups. Aliphatic ether groups were also
found to be very sensitive to UV irradiation, leaglto the formation of anhydride or perester groups

via photooxidation.

Carbon black provided moderate UV protection fotPélastomers, especially in preventing
oxidation of aliphatic ether groups, with resutsth XPS and SEM analyses suggesting that the
carbon black with a smaller particle size and dérgurface area may provide better UV protection.
It was shown by FTIR analyses that the degreesotiginduced changes in the hard segments and
soft segments after 60 h where carbon black wad asa UV stabiliser were 44% and 32% of the

respective values without carbon black.
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Results from DSC analysis suggested that changég isamples due to UV degradation were

restricted to the surface, with bulk thermal proiesrunaffected.

Based on the data collected here, recommendabangtrove the UV weathering performance
of PUUs include: reducing the urea content; usmglkparticle size, high surface area carbon black
additives; increasing carbon black content to mtodgainst direct UV absorption of aromatic
groups; and, the introduction of hindered aminbibsgrs to protect against photooxidation,

particularly of aliphatic ether groups.
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Highlights:
v Initial (60 h) photodegradation pathways of poly(urethane-urea) (PUU) was studied
v Ureagroups were the most UV-sensitive, followed by aliphatic ether groups
v Carbon black provided moderate UV protection especially for aliphatic ether groups
v' The smallest-sized carbon black protected PUU against degradation more effectively

v" UV degradation-induced changes predominantly occurred at the surface



