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Abstract

Bi- and tri-armed polyethylene glycol units endoagpvith nitroaryl urea units have been synthesised.
These endcapped polymers are able to self-asseribleomplementary supramolecular interactions,
specifically urea-urea and nitro-urea hydrogen lrgndto afford materials with dramatically incredse
mechanical and thermal properties when comparedhdése of the uncapped polyethylene glycol
precursors. Thin films of the capped polymeric sygt are able to self-repair following defect ciaati
Control over the mechanical and thermal charatiesigin terms of bulk viscosity) of the self-asd#ed
networks was achieved by varying the proportiotriedirmed to bi-armed self-assembly units included
the polymer. These systems demonstrate water dlmworpnd swelling capabilities that are also
controllable by varying the ratio of the two typEaunit. These physical properties have been opéthio

realise a secondary pathway to puncture-repairasudt of swelling on water contact.

Keywords: Healable Polymer; Supramolecular Network; hydrogending

I ntroduction

A number of high-performance polymers have beemgeised as suitable for use in important but
inaccessible protection systems such as the iisulktyers of transoceanic cabfedlost submarine and
underground cables use materials that are comnimadgd on high density polyethylene in cable sheath

applications (crosslinked polyethylene for eleefimsulation). Damage to the cable sheath pratecti



layers can often result in system failGr¥.Self-repair capability would thus be a very deslieaguality in
such materials, to prevent system failure and smidacostly replacemeRt® Routes to repairable
polymeric systems have been developed through alewdferent approaches including the use of
reversible or irreversible covalent bond formatidit® encapsulation of healing agentand the directed
application of supramolecular self-assenfbly*>*** Of these routes, the supramolecular approach
(involving the positioning of sacrificial but rewaiible supramolecular interactions within a covdient
bound polymeric network) can involve the use dfi@ithydrogen bonds, metal-ligand interactions,coni
interactions, aromatig-n stacking, or a combination of such motifs, and é@abled the development of
many diverse, repairable systefig:*>***These "supramolecular polymers" have a distingtiathge
over healing systems involving irreversible covaleonds in that repeated break-heal cycles can be
realised via stimuli such as heat, time, presdigfet, or ultrasound™*"™*°

For self-healing supramolecular polymer systemnlatively few studies have focused upon the impéct o
water contact as either a positive or negative cspethe repair proce$$8* Water contact can, in
principle, lead to degradation of the supramolecpalymer network, diminished binding to polar,
supramolecular binding sites, or reorientation ofap groups away from the fracture-surface to make
supramolecular healing unachievaffié® By considering the environment in which remotetgction
systems will be embedded (e.g. soil, concrete awater), the probability of contact with water mhbet
incorporated into the system desfgft*?*?°?*Several materials have been described that utilise
dynamic polymer response on contact with watemgbée repair under aqueous conditiGtS.Here we
report a novel approach to defect-sealing that eyspwater-induced swelling of a supramolecular

polymer matrix’

In designing supramolecular polymeric networks tbah self-repair under aqueous conditions it was
decided to exploit the previously reported 3-nitypairea motif Scheme 1).**° This recognition unit
was used as the endcapping group for an oligomégidd linker, namely polyethylene glycol (PEG,.M

~ 600 g/mol) and was found to afford materials véitthanced mechanical and thermal properties relative
to the parent oligoméf:*! It was proposed that when the endcapped PEG jeciub sufficient force to
effect mechanical damage, the weak non-covalerdsbetween the endcapping units will be disrupted,
enabling the liquid PEG to flow and thus refill theid created. Subsequent re-establishment of lggafro
bonds between the endcapping units leads to sstfadsdy of a new network and, ultimately, recovefry o

-1 Eormation of tri-armed oligomeric systems end-eapp

the system's mechanical strengfeheme 1).
with this recognition unit led to increased mechahstrength — relative to the corresponding twoea

system — by enhancing the effective cross-linkirengity® through supramolecular interactiofis.



Furthermore, the water-absorption properties ofRE& linking units are able to induce swellfdignd

so facilitate defect closure after water conta¢hwlie new materialst!?’

C)

Recovery

Break
[ \]

Scheme 1. A) Proposed organisation of the nitroaryl-ureaifdiotked to both bi- and tri-armed polyethylene/gl
units to yield a network in the pristine materig); material after damage resulting in network brapkand C) the
concept of oligomer flow and re-association of &émelcapping recognition units leading to recoveryhef network
in the bulk for swelling induced recovery (Ssaheme 2).

Results and Discussion

In order to achieve the targeted supramoleculanalsies Scheme 1), linked nitroaryl-urea units were
designed based upon the success of previouslyesistd gelator®. In this study, the selected linkers
were poly(ethylene glycol) bis(carboxymethyl) etkidr, ~ 600) (affordingois-functionalised PEQ) and
glycerol ethoxylatgaffording tri-functionalised PEG®-3, Figure 1) (for the synthetic schemes see
Supplementary Information (Sl), Schemes S1 and B¥se PEG-based materials were chosen for their
water absorbent characteristics at room temperadmek successful application in other repairable
system&10#"313 T he functionalised PEG&6 (Figure 1) were also synthesised as benchmark materials,

to evaluate the specific importance of the nitrbaga motif to self-assembly.
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Figure 1. Bi- and tri-functionalised PEGE6 featuring nitroaryl-urea or aryl-amide units.

Bi-functionalised PEG4 and 4-6 were synthesised in good yields (>66 %). In eaabecthe amine-
functional aromatic end-cap was dissolved in dtsateydrofuran containing triethylamine and the giac
chloride of poly(ethylene glycol) bis(carboxymethgther (M, ~ 6005 was then added. The structures of
the bi-functionalised PEGs were confirmed via egeaaf analytical techniques (for the analyticalda
the polymers report in this paper see S, Figued®. As an exampléH NMR spectroscopic analysis



of 1 demonstrated the absence of the amine resonawbésh (would have been evident at 4.87 ppm)
associated with the starting materfais conjunction with the appearance of amide resoes (observed

at 9.54 ppm, see Sl Figure S1) resulting from fdiomaof the target amide linker. Additional evidenc
for the formation ofl was provided by*C NMR spectroscopy which revealed the presencewof t
carbonyl resonances (at 167.8 and 152.5 ppm) adedcrespectively, with the urea and amide carbony
groups, and the absence of any carboxylic acidnegste (171.6 ppm) associated with the starting
material. These NMR data were complemented by -rddaspectroscopic analysis, which showed two
distinct carbonyl stretching absorptions at 1758 4657 crit. Thermal (DSC) analysis revealed a glass
transition at -10 °C (see Sl Figure S25) which was evident for the uncapped poly(ethylene glycol)
bis(carboxymethyl) ether (M- 600)3*

The tri-functionalised PEG&and3 were synthesised via a three-stage reaction. trienylisocyanate
was added to glycerol ethoxylate (M 1000) in THF and the product thus formed wasiced with
hydrogen (Pd-C catalyst) to yield an amine-cappearined intermediate. To this tri-armed amineheit

3 or 4-nitrophenyl isocyanate was added to affbahd3, respectively. The successful synthesis of the
tri-functionalised PEG® and3 was confirmed byH NMR spectroscopic analysis 8f which showed
the key amidic proton resonances at 8.71 ppm ($deigore S2). Two distinct carbonyl stretching
absorptions were evident in the IR spectrum (at91d1d 1653 cif), assigned to the amide and urea
residues, respectively (see Sl Figure S11). AnalygiDSC revealed a glass transition at -9 °C (et
not evident in the glycerol ethoxylate starting enizt).

Previous gelation studies on low molecular weigidrb- and organogelators have demonstrated the
importance oMmetasubstitution of the nitro group on self-assemblimifs containing nitroaryl ureas (see
compoundl, Figure 1).%*° Computational modelling of previously repori&tiself-assembling gelators
that feature thenetaand para nitro end groups present inand4 was undertaken (see Sl Figure S17).
This revealed the geometrically-specific interatsidetween thenetanitro-urea moieties (present i
that permit one dimensional, extended fibrillarwgiio (rather than the disjointed assembly patterd of
which possesses onpara nitro moieties). In addition, we were able to gaout single crystal X-ray
crystallographic analysis of the end groups usedmalecule 1 (e.g. [1-(4-aminophenyl)-3-(3-
nitrophenyl)urea] {, Figure 2A). Crystals of7 suitable for X-ray crystallographic analysis wegrewn

by slow evaporation from solution in THF and thédsetate data are presented in the Sl (Figureg®itB
Table S1). Three key hydrogen bonds between adjacetecules in the crystal were identified,
involving the urea, nitro and amino groups: N(IW®), 3.068 A, N(2)+e«0(2), 3.212 A and N(3)ss=Q(1
2.875 A, respectively; se®/C in Figure 2. Interestingly, intermolecular hydrogen bondingwesen the

nitro and urea moieties, reported previously imcttrrally related systenis® was not observed in the
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case of the end group unif){ although hydrogen bondsgere observed between the amine moiety (not
present in chain-end structures due to its rolehmin-end modification reactions), and both theordind
urea groups, with the amine acting simultaneouslip@h hydrogen bond donor and accep®yrHigure
2).37

Figure 2. A) Nitroaryl urea end group [1-(4-aminophenyl)-3-(8rophenyl)urea] 7). B) Corresponding crystal
structure, showing hydrogen bonds between atomsaidtlN2, and N3 and O1, in adjacent molecules. Digts
N1eeeN2 and N3es+O1 are 3.068 and 2.875 A, respebtj C) view along thé axis showing distances between N1
and N2, and N2 and O1, in adjacent molecules. BigtsN2++O1 are 3.068 and 3.212 A, respectively.

In order to quantify the degree of self-assembliyJRNdilution studies of functionalised PEGwere
undertaken in CDGIl(see S| Figures S19-20). Shifts in the proton masoe associated with the urea
group of moleculél, as a function of concentration, were used tordetee association constants,).
Data were analysed using the least squares regmeasialysis software Dynafit, from Biokin, and
yielded aK, value of 130 + 20 M, significantly lower than those values reportedHgdrogen-bonded,
repairable systems from the research groups ofeeand Leh though it is noted that the number of

hydrogen bonds per unit are fewer in the caseebth aryl urea present 4.

To assess the mechanical and adhesive characeo$tiunctionalised PEGE6 and their blends, films

of the oligomers (averaging 5 x 9 x 1 mm) were oasb glass slides backed with grid paper. Tlaesli
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were then mounted vertically in order to monitorlypeer flow under gravity over time (20 °C,
atmospheric conditions) (See Sl Figures S21-24ind-of the bi-functionalised PEG showed distinct
enhancement of mechanical properties when compaoedinfunctionalised polyethylene glycol
bis(carboxymethyl)ether. Thus the functionalisedsBHElid not flow visibly over a period of four mosth
whereas the latter film flowed immediately at 20W@en the slide was fixed in the vertical posit{see
A andB in Figure 3). At higher temperatures (35 °C) the mechanicabibty of films of 1 decreased
sharply. In an attempt to overcome this fall-offikechanical properties with temperature, filmslehds
of 1 with the tri-functionalised PEG2 and3 (1:1 wt ratio) were cast and their physical chagastics
assesset:* The latter films exhibited improved mechanical bitey in comparison to the bi-

functionalised PEQ, with temperatures 65 °C required to initiate flow (sé€&in Figure 3).
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Figure 3. Films cast ontoglass slides and then held in the vertical positiéy) polyethylene glycol
bis(carboxymethyl) ether (M~ 600) 10 minutes after casting; B)at 4 months after casting and 72 hours after
being held at 35 °C; C) cast bfand3 blend (1:1 wt ratio) 4 months after casting, aftdras2 hours at 65 °C. Each

film was formed via melt casting, being held at mpgmately 20 minutes at 70 °C and compressed\e gverage
film dimensions 5 x 9 x 1 mm. Grid paper behindghiées has a 1 x 1 mm square-size.

None of the benchmark bi-armed functionalised PE®@s4-6, seeFigure 1) exhibited the mechanical
stability shown in casts of-3 (polymer flow in 4-6 was often realised in < 1 weekge SI).
Functionalised PEGs without the nitro functionalify and without the secondary aromatic moiedy (
flowed at 20 °C (in < 7 days) (see Sl Figure 2Witerestingly the bi-armed functionalised PEG whhb
nitro moiety in thepara position @, Figure 1) formed a film rather than a granular solid asested from
three dimensional growth (see previous studiesnatagous low weight molecular gelatdr¥, SI Figure
S17). However this film also proved to be unstalsiee Sl Figure S24) highlighting the need for the

specific hydrogen bonding interactions betwaeeta nitro and urea groups to produce effective self-
assemblyFigures 2 and3 and Sl Figure S17).



To assess the impact of supramolecular crosslinkimghe thermal stability of networks formed from
blends of the bi-functionalised PEGand tri-functionalised PEG#3, DSC analysis was undertaken to
determine the change in the glass transition teatper (T) as a function of the percentage weight of the
individual tri-armed component adddeidure 4). This analysis revealed that increasing the epeege
weight of themetanitro tri-armed functionalised PE&(with respect td) resulted in a direct increase in
the Ty (from -10 to 0 °C). This trend correlates with iaoreased degree of covalent crosslinking (via
addition of the triarmed units) within the supraemllar network? Interestingly, thermal analysis of
blends of bi-functionalised PEGwith tri-functionalised PEG revealed a parabolic relationship between
the blend composition and, Twith a maximum observed at 3 °C). The differenc¢hermal property
impact is attributed to the location of the nitroiety, i.e.metaor parato the urea unit. This structural
effect was also apparent in healing studies (sé@mpeand in agreement with previous self-assembly

gelation studied’

1and 2

Teg midpoint
IS
1

1and 3

=10 4

'12 T T T T T 1
0 20 40 60 80 100

Weight percentage of 2 or 3 blended with 1

Figure 4. Plot of Ty (DSC midpoints)ersusthe percentage weight of tri-functionalised PEXSs 3 blended with
bi-functionalised PEQ.

To investigate the possibility of healing films hfrheological studies were undertaken for whichtihe
functionalised PEGl was cast directly onto rheometer plates and tmepeéeature was increased
progressively from 0 to 60 °C during rheometric m@aments (parallel plate geometry, 1% strain,
heating rate 2 °C/min). It was found that the e&astic transition occurred at 26 Fdure 5), and the
rheological data suggest that this material coeldh@aled at temperatures close to amBfeint.contrast,
the films cast from combinations of the bi-functitised PEGL and the tri-functionalised PE&sor 3
proved to be too viscous at all temperatures stuiel00 °C) for comparative rheological analysebe

obtained.
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Figure 5. Temperature dependent storage (G’) and loss med@U) of bi-functionalised PEQG, obtained using a
rotating plate rheometer, with the crossover ofaBd G” evident at 26 °C. Note that films containihg PEG
oligomers2 and3 proved to be too viscous for comparative rheolalggmalysis.

Of significant interest was the visual observatioihthe healing process in thin films of the bi-
functionalised PEQ (averaging 5 x 9 x 1 mm). Films were cast ontegklides and defects (cuts) were
introduced using a scalpel. Rapid closure and mgalf the cuts (< 30 minutes) was observed, even at

room temperature (20 °C).
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Figure 6. Optical micrographs showing spontaneous healing time of a film of the blend of functionalised PEG
1 and3 (1:1 wt ratio) (average film dimensions 5 x 9 min) at 20 °C after damage (4 cuts created withrgical
scalpel).

Furthermore, films of the blends of functionalig&Gsl and3 (1:1 wt ratio) demonstrated equally good
self-repair properties at 20 °Eigure 6) as well as increased thermal and mechanicallisyapiith
respect to an increased resistance and a highenahéarrier to flow,Figures 3 and4). These results
suggest that supramolecular associations, andisioligw, lead to defect repair and healing inphesent
systems. It is noted these results were repeatabieversion of the samples, without apparent feoowd

disruption of the covering.

Interestingly, the blends of functionalised PEGsnd 2 (1:1 wt ratio) did not demonstrate healing
properties at 20 °C, and closure of cuts was neeonled even when heated to 200 °C (above the
viscoelastic transition df, Figure 5). Analysis of films of the tri-armed functional®EG2 showed no
evidence of self-repair over a range of times anapieratures, but defect closulid occur at 45-50 °C in
films of the tri-armed functionalised PEZabove the viscoelastic transitiofsgur e 3).

Further healing studies were conducted to measueeimpact of the presence of water on the
functionalised PEGs. Thermogravimetric analysis wsed to monitor the water absorption capabilities
of the functionalised PEG4, and 3, which had also demonstrated healing abilitiebng-iof 1, 3 and
blends ofl and3 (1:1 wt. ratio blend) were equilibrated simultanglguvith atmospheric moisture for a
period of 21 days thus ensuring exposure to ideh8avironmental conditions, including atmospheric
humidity (the temperature of the laboratory was’@). Samples were removed at regular intervals and
analysed by TGA to determine the percentage of matisorbed. This was measured as the percentage
weight loss over the range 25-100 °C, at a heatiatg of 2 °C/min. The bi-functionalised PEG
absorbed a substantially greater quantity of water this period, and at a faster rate, than the tr
functionalised PEG. This result is consistent with increase in thgrde of covalent crosslinking, within
the supramolecular networks on progressing frontdbtri-armed oligomers as well as an increaséén t
fraction of hydrophobic material by weight (redugithe overall content of the PEG backbone).
Interestingly, films formed of blends dfand3 (1:1 wt. ratio) exhibited a faster rate of watérkpup
compared to films 08, yet far less overall water absorption than film4 afver the same time period (21
days) Figure7, see Sl Figure S34).
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Figure 7. Percentage weight-loss monitored via thermogratrimanalysis(heating rate 2 °C/min, 25-100 °C) of
functionalised PEG%, 3 and the blend of and3 (1:1 wt. ratio) at 100 °C, as a function of timeyd) of exposure
to air before the measurement. Error bars showttdmalard error from three separate analyses.

After establishing the water absorption capabditif these supramolecular polymer networks, discs
(diameter 25 mm, thickness ~ 1 mm) of material weast froml, 3 and the blend of and3 (1:1 wt.
ratio) to investigate their potential for defecbsuire via swelling. The freshly-cast discs weregia
between two sheets of porous AWAO non-woven polyester paper prior to analysisteBts were
introduced via three needle punctures (0.8 mm diemnthrough each cast (calculated to be equivatent
0.3 % removal of the surface area of each discg Sdmples (still between sheets of polyester paper)
were then placed in a stirred cell assembly in iwlsconstant volume (10 mL) of water was maintained
(Scheme 2 and SI Figure 33). Water passing through the puastwas then collected at timed intervals
(every 2 minutes) and weighed to calculate the flate through the filmRigure 8).
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Scheme 2. lllustration of water flow under gravity throughst discs ofl, 3 and of blends ot and3 (1:1 wt ratio),
after introducing defects via puncturing, and resg\of discs' protective properties via swelling.
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Figure 8. Flow rate of water under gravity as a functiortiofe through cast discs &f 3 and of blends ol and3
(1:1 wt. ratio), after introducing defects via pturing (equivalent to removing 0.3 % of the aredhef disc).
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Films of the bi-functionalised PEGwere able to reduce the flow rate significantly ébfactor of about 7
over 60 minutes) but the flow then remained steady a further 90 minutesigure 8). In contrast, the
films formed from the tri-functionalised PEBwere able to halt the water flow completely aftgresiod

of 135 minutesKigure 8). Most promisingly, films cast from blends bfand3 (1:1 wt. ratio) showed
highly efficient inhibition of water flow (to zerafterca. 42 minutesFigure 8). Correspondingly, water
absorption was monitored by disc volume expansimanitored via average increase in thickness). Disc
volume expansion after 180 minutes of liquid watamtact showed that the discs cast fidexperienced
the largest increase (172%), in contrast to resattsvater absorption from the atmosphere meashyed
TGA (Figure 7). Discs ofl and of blends of and3 (1:1 wt, ratio) showed a 131% and 163% increase,
respectively. Initial flow measurements were tak®o minutes after defect formation to allow
comparative water collection for each sample. ddéhces in initial flow are attributed to, and are

agreement with, the different response rates optihmer blendsKigure 7).

Additionally, the water solubilities of the functialised PEG4, 3 and of blends of and3 (1:1 wt. ratio)
were monitored to ascertain if their ultimate fedluo seal could be attributed to dissolution. Heeast
film was placed in BO and held at 40 °C for 1 month, but no dissolutias observed b§H NMR
spectroscopy for any of the functionalised PEGS.is ltherefore suggested that the results shown in
Figure 8 results from the poor mechanical stability of flrof the bi-functionalised PEG rather than
poor healability (se&igure 6 and Sl) when compared to that of the tri-functimeal PEG3 and the
blend ofl and3, respectively.

Conclusions

A series of bi- and tri-armed functionalised PE@d-eapped with self-assembling nitroarylurea unis
been synthesised. It is demonstrated that films$ ftam blends of these polymers possess self-repair
capabilities at 20 °C. It is also shown that thH-epair properties of these films, as well asithe
mechanical and thermal stabilities, are dependpah the amount and type of tri-armed functionalised
PEG in the blend. Tri-armed functionalised PEGsulite nitro hydrogen-bond accepting moiety in the
para position (relative to the urea group) form morabs films yet still possess self-repair properties
Those tri-armed units with the nitro groups in theta-position increase mechanical stability but do not
allow self-repair. Those films that demonstratd-sghair capabilities also display water absorptéom

swelling capabilities capable of defect/punctusate.

13



Experimental

Crystallographic Analysis. A crystal of 1-(4-aminophenyl)-3-(3"-nitrophenyl@a ) was mounted
under Paratone-N oil and flash-cooled to 150 K umiteogen using an Oxford Cryosystems Cryostream.
Single-crystal X-ray data were collected using agileént Gemini S-Ultra diffractometer with CueK
radiation § = 1.54180 A). The data were reduced using Crgéhkb software. The structure was solved
using the program Superffipand all non-hydrogen atoms were located. Leastrsgurefinements of
were carried out using thERYSTALSsuite of program&. The non-hydrogen atoms were refined
anisotropically. All the hydrogen atoms were lodaite difference Fourier maps, and those attached to
were then placed geometrically with a C-H distaot6.95 A and assignedl, of 1.2 times the value
of Uq of the parent C atom. The fractional coordinatethe H atoms attached to C were then refined
with riding constraints. The coordinates of theogin atoms attached to the N atoms were refindd wi
a distance restraint of N-H = 0.86(1) A and witblg of 1.2 times the value df., of the parent N atom.

The Flack parameter refined to 0.1(3), and so ixasi fat 0.0 for later cycles of refinement.

Equipment. All chemicals and solvents were purchased fronm8id\ldrich and used as supplied unless
otherwise specified. THF was distilled from sodiand benzophenone under an inert atmosphere prior to
use. All other solvents were used as supplied. N8@Bctra were obtained using Bruker Nanobay 400
and Bruker DPX 400 spectrometers (operating atMéfz and 100 MHz forH NMR and*C NMR,
respectively). All samples were prepared in eithelF-ds or DMSOds and dissolution was achieved
with slight heating and sonication (5-10 minute#).Perkin Elmer 100 FT-IR (diamond ATR sampling
attachment) was used for IR spectroscopic analysiissolid film samples used for characterisatioere
cast from THF solution. Thermogravimetric Analysisiployed a TA Instruments TGA Q50 system
attached to TGA heat exchanger, a platinum crucillé an aluminium TA-Tzero pan (ramp rate 15
°C/min to 400 °C). Differential scanning calorimetwvas carried out using a TA DSC Q2000 with TA
Refrigerated Cooling System 90 (aluminium TA-Tzpems and lids) (ramp rate 15 °C/min). Rheological
analysis employed a TA Instruments AR 2000 rheomeperating in parallel plate geometry (20 mm
steel plates). Gel permeation chromatography (GiS)carried out using an Agilent Technologies 1260
Infinity instrument, and the data were processaadguagilent GPC/SEC software; polystyrene standards

was used as calibrants. Samples for GPC analysis dissolved in analytical grade THF (2 mg/mL).

Synthesis; (1) Bis[1-(4-aminophenyl)-3-(3'-nitrophenyl)urea] podghylene glycol) 6Q0 1-(4-
Aminophenyl)-3-(3-nitrophenyl)urea was synthesissdpreviously reportefl. Polyethylene glycol 600
diacyl chloride was generated according to the guloge described by WaitéPolyethylene glycol 600
diacyl chloride (1.0 g, 1.6 mmol) was dissolvedaimhydrous THF (30 mL) under inert conditions. To

14



this, a solution of 1-(4-aminophenyl)-34@itrophenyl)urea (0.85 g, 3.1 mmol) and triethylaen(0.5
mL) in anhydrous THF (30 mL) was added dropwiseanmidtrogen and the mixture was stirred for 24
hours at room temperature. The bulk of the solvead removedn vacuoand the resulting brown liquid
was washed with water (50 mL), dried over magnessautfate, filtered and then evaporated under
vacuum to yield the title compound as a brown so(id41lg, 76%); T -10 °C, Teg 210 °C; IR
(ATR)/cm*; 3353, 3061, 2871, 1702, 1693, 1676, 1596, 1534611320, 1306, 1246, 1210, 1172, 1086,
1025, 1007, 991, 949, 9191, 891, 868, 828, 797, 7T34;"H NMR (400 MHz, DMSOds) = 9.53 (s, 2H),
9.05 (s, 2H), 8.93 (s, 2H), 8.57 (s, 2H), 7.83 2i), 7.70 (m, 2H), 7.56 (m, 6H), 7.42 (m, 4H), 4(17,
4H, H), 3.50 (m, integration obscured via water peak,) lgpm; °C NMR (100 MHz, DMSQOdg) =
167.8, 152.5, 146.9, 140.8, 140.6, 127.8, 125.0,9,219.2, 117.7, 117.2, 116.9, 69.7 ppm; GPC (THF
M, = 3200 DaM,, = 14900 Dap = 4.66.

For the synthesis of tri-functionalised PE®Band3, glycerol ethoxylate (2 g, 2 mmol) was dissolved i
THF (150 mL) under anhydrous conditions. To thikison, 4-nitrophenyl isocyanate (0.98 g, 6 mmol)
was added and the mixture stirred for 24 hour®atrtemperature. The solvent was removed and the
residue was washed with toluene (2 x 25 mL) to ¢ieg4-nitrophenylcarbamato)glycerol ethoxylate as
a yellow oil (2.9 g, 99%); IR (ATR) /ch3351, 3061, 3030. 2971, 2978, 2869, 1732, 17026,16676,
1596, 1554, 1508. 1444, 1367, 1346, 1322, 12612,12172, 1055, 1026, 919, 858, 828, 753, 7RI;
NMR (400 MHz, DMSOdg) = 10.52 (s, 2H), 8.21 (m, 6H), 7.71 (m, 6H), 4(®4 6H), 3.53 (m, 77H)
ppm; °*C NMR (100 MHz, DMSOdg) = 153.2, 154.6, 141.6, 152.0, 117.6, 70.4, 76917, 68.4, 64.2
ppm; GPC (THFM, = 1700 DaM,, = 1900 Dap = 1.12. The tris(4-nitrophenylcarbamato) glycerol
ethoxylate (2.9 g, 2 mmol) was then dissolved ir-Idthanol (50:50, 100 mL), Pd-C added (0.05 g) and
the mixture stirred underHor 24 hours at room temperature. The solutios fileered through Celife

(10 g) and the solvent removadvacuoto afford tris(4-aminophenylcarbamato) glycerdioxtylate as a
brown oil (2.8 g, 99%); IR (ATR) /cih3355, 2872, 1713, 1640, 1594, 1515, 1433, 13485,12148,
1096, 1058, 938, 830, 757, 728t NMR (400 MHz, DMSOd,) = 9.19 (s, 3H), 7.05 (m, 6H), 6.48 (m,
6H), 4.75 (s, 6H), 4.19 (m, 6H), 3.55 (m, 83H) ppA¢ NMR (100 MHz, DMSQOds) =153.6, 144.2,
128.1, 120.4, 144.1, 77.6, 72.3, 70.4, 70.1, 6887, 63.1, 60.2 ppm; GPC (THK), = 1800 DaM,, =
2600 Dap = 1.44.

(2) Tris[1-(4-aminophenyl)-3-(3'-nitrophenyl)urea] gl ethoxylate Tris(4-aminophenyl-carbamato)
glycerol ethoxylate 1405 g/mol (1.0 g, 0.7 mmol)swdissolved in anhydrous THF (50 mL) and 3-
nitrophenyl isocyanate (0.35 g, 2.1 mmol) was addée resulting solution was then stirred for 24iiso

at room temperature. The solvent was remadmegicuoand the resultant oil washed with toluene to give
the title compound as a red oil (0.85 g, 64%)0T°C, Tieq 228 °C; IR (ATR) /crit 3352, 3042, 2926,
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2840, 1650, 1593, 1500, 1444, 1411, 1387, 1328),1P836, 1149, 1010, 975, 936, 920, 829, 757, 721;
'H NMR (400 MHz, DMSOds) = 9.64 (s, 3H), 9.16 (s, 3H), 8.72 (s, 3H), 8(BY, 3H), 7.82 (m, 3H),
7.81 (m, 3H), 7.57 (m, 3H), 7.39 (m, 12H), 4.19 @K, 3.62 (m, 90H) ppm**C NMR (100 MHz,
DMSO-dg) = 153.5, 152.4, 148.1, 133.9, 130.0, 124.2, 12118.5, 119.3, 118.8, 118.7, 116.1, 77.6,
72.3, 70.4, 70.1, 69.7, 68.8, 68.7, 63.4, 60.24 3pm; GPC (THFM, = 1400 DaM,, = 2500 Dap =
1.79.

(3) Tris[1-(4-aminophenyl)-3-(4-nitrophenyl)urea] gol ethoxylatethe triarmed functionalised PE&
was synthesised using same procedure as descob2dbfut using 4-nitrophenyl isocyanate, to give the
titte compound as a brown highly viscous oil (0g/&7%); T, -9 °C, Tue 236 °C; IR (ATR) /crit 3351,
3048, 2872, 1713, 1638, 1595, 1500, 1409, 13281,18P60, 1224, 1177, 1099, 1060, 1028, 936, 830,
720;'H NMR (400 MHz, DMSO¢s) = 9.67 (s, 3H), 9.41 (s, 3H), 8.82 (s, 3H), 8(i§ 6H), 7.67 (m,
6H), 7.39 (m, 12H), 4.14 (m, 6H), 3.54 (m, 90H) ppAT NMR (100 MHz, DMSQOds) = 140.7, 126.4,
125.1, 121.4, 119.1, 118.3, 117.8, 117.2, 115.2,31177.6, 72.3, 70.4, 70.1, 69.7, 68.7, 63.4, ppi2;
GPC (THF)M, = 1500 DaM,, = 2700 Dap = 1.80.

Compoundsgl}-6 were synthesised by an analogous route to thalt fese&eompoundl, where either 1-(4-
aminophenyl)-3-(4-nitrophenyl)urea (0.86 g, 3.2 nina-(4-aminophenyl)-3-phenylurea (0.73 g, 3.2
mmol) or 3-nitroaniline (0.44 g, 3.2 mmol) were addo polyethylene glycol 600 diacyl chloride (8,0
1.6 mmol) and triethylamine (0.5 mL) in anhydroudFT (30 mL) under an inert atmosphere, to give

compoundg-6, respectively:

(4) Bis[1-(4-aminophenyl)-3-(4-nitrophenyl)urea] politiglene glycol) 600;This was obtained as a
brown, highly viscous oil; (1.55 g, 84%)4e} 231 °C; IR (ATR) /crit; 3323, 3000, 2872, 1704, 1674,
1600, 1549, 1515, 1459, 1407, 1349, 1303, 12328,11999, 945, 898, 838, 754, 658 NMR (400
MHz, DMSO-dg) = 9.54 (m, 4H), 8.99 (s, 2H), 8.20 (m, 4H), 7(fL, 4H), 7.59 (m, 4H), 7.44 (m, 4H),
4.06 (M, 4H, H), 3.55 (m, 66 H) ppm**C NMR (100 MHz, DMSOd,) = 167.9, 152.0, 146.5, 140.9,
134.6, 133.2, 125.1, 120.3, 119.0, 117.4, 70.3,689.5 ppm; GPC (THAY,, = 8200 DaM,, = 22000
Da,b = 2.68.

(5) Bis[1-(4-aminophenyl)-3-phenylurea] poly(ethylenigcgl) 600; This was obtained as a yellow oil
(1.20 g, 66%); Feg 222 °C; IR (ATR) /crit; 3311, 3055, 2880, 1712, 1680, 1602, 1597, 155011
1410, 1327, 1305, 1212, 1203, 1174, 1111, 1035, 833, 753, 692'H NMR (400 MHz, DMSOd,) =
9.50 (s, 2H, B, 8.79 (s, 2H, ), 8.77 (s, 2H, |, 7.53 (m, 4H), 7.44 (m, 4H), 7.38 (m, 4H), 7.2, (
4H), 6.96 (m, 2H), 4.06 (s, 4H), 3.50 (m, integratbbscured via water peak) ppH€ NMR (100 MHz,
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DMSO-dg) = 167.8, 152.6, 139.8, 135.6, 132.5, 128.7, 12126.3, 118.4, 118.0, 70.3, 70.1, 69.7, 69.5
ppm; GPC (THFM, = 800 DaM,, = 1100 Dap = 1.34.

(6) Bis[3-nitrophenylurea] poly(ethylene glycol) 60This was obtained as a brown oil; (1.41 g, 73%);
Taeg 201 °C; IR (ATR) [crit; 3451, 2874, 2692, 2512, 1739, 1705, 1607, 1548311408, 1349, 1310,
1235, 1090, 1036, 951, 838, 741, 6H:NMR (400 MHz, DMSOs,) = 10.14 (s, 2H), 8.67 (s, 2H), 7.99
(m, 2H), 7.93 (m, 2H), 7.61 (m, 2H), 4.13 (m, 4B)62 (m, 31 H) ppn>C NMR (100 MHz, DMSQOdy)
=169.2, 147.8, 139.3, 130.1, 125.7, 118.1, 1188&, 70.1, 69.7, 69.5 ppm; GPC (TH#) = 2900 Da,
M,, = 5200 Dap = 1.79.
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Highlights

* Blends of polyethylene glycols with self-assemblimigoarylurea endgroups possess
self-repair capabilities at 20 °C

* Films of these blends demonstrate swelling in wiatgrermit puncture closure

* The mechanical properties are dependent upon theasition of the blend



