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Abstract 

Bi- and tri-armed polyethylene glycol units endcapped with nitroaryl urea units have been synthesised. 

These endcapped polymers are able to self-assemble via complementary supramolecular interactions, 

specifically urea-urea and nitro-urea hydrogen bonding, to afford materials with dramatically increased 

mechanical and thermal properties when compared to those of the uncapped polyethylene glycol precursors. 

Thin films of the capped polymeric systems are able to self-repair following defect creation. Control over 

the mechanical and thermal characteristics (in terms of bulk viscosity) of the self-assembled networks was 

achieved by varying the proportion of tri-armed to bi-armed self-assembly units included in the polymer. 

These systems demonstrate water absorption and swelling capabilities that are also controllable by varying 

the ratio of the two types of unit. These physical properties have been optimised to realise a secondary 

pathway to puncture-repair as a result of swelling on water contact. 

 

Keywords: Healable Polymer; Supramolecular Network; hydrogen bonding 

 

Introduction 

A number of high-performance polymers have been recognised as suitable for use in important but 

inaccessible protection systems such as the insulation layers of transoceanic cables.1 Most submarine and 

underground cables use materials that are commonly based on high density polyethylene in cable sheath 

applications (crosslinked polyethylene for electrical insulation). Damage to the cable sheath protection 
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layers can often result in system failure.2–14 Self-repair capability would thus be a very desirable quality in 

such materials, to prevent system failure and so avoid costly replacement.2-10 Routes to repairable polymeric 

systems have been developed through several different approaches including the use of reversible or 

irreversible covalent bond formation,4–6,15 encapsulation of healing agents7  and the directed application of 

supramolecular self-assembly.8–10,12–14,16 Of these routes, the supramolecular approach (involving the 

positioning of sacrificial but reversible supramolecular interactions within a covalently bound polymeric 

network) can involve the use of either hydrogen bonds, metal-ligand interactions, ionic interactions, 

aromatic π-π stacking, or a combination of such motifs, and has enabled the development of many diverse, 

repairable systems.8–10,12–14,16 These "supramolecular polymers" have a distinct advantage over healing 

systems involving irreversible covalent bonds in that repeated break-heal cycles can be realised via stimuli 

such as heat, time, pressure, light or ultrasound.11,17-19  

For self-healing supramolecular polymer systems, relatively few studies have focused upon the impact of 

water contact as either a positive or negative aspect of the repair process.20,21 Water contact can, in principle, 

lead to degradation of the supramolecular polymer network, diminished binding to polar, supramolecular 

binding sites, or reorientation of polar groups away from the fracture-surface to make supramolecular 

healing unachievable.22–25  By considering the environment in which remote protection systems will be 

embedded (e.g. soil, concrete or seawater), the probability of contact with water must be incorporated into 

the system design.8-10,12–14,20–25 Several materials have been described that utilise a dynamic polymer 

response on contact with water to enable repair under aqueous conditions.20,26 Here we report a novel 

approach to defect-sealing that employs water-induced swelling of a supramolecular polymer matrix.27 

In designing supramolecular polymeric networks that can self-repair under aqueous conditions it was 

decided to exploit the previously reported 3-nitroaryl-urea motif (Scheme 1).28–30 This recognition unit was 

used as the endcapping group for an oligomeric, liquid linker, namely polyethylene glycol (PEG, Mn ≈ 600 

g/mol) and was found to afford materials with enhanced mechanical and thermal properties relative to the 

parent oligomer.30,31 It was proposed that when the endcapped PEG is subject to sufficient force to effect 

mechanical damage, the weak non-covalent bonds between the endcapping units will be disrupted, enabling 

the liquid PEG to flow and thus refill the void created. Subsequent re-establishment of hydrogen bonds 

between the endcapping units leads to self-assembly of a new network and, ultimately, recovery of the 

system's mechanical strength (Scheme 1).11–14 Formation of tri-armed oligomeric systems end-capped with 

this recognition unit led to increased mechanical strength – relative to the corresponding two-armed system 

– by enhancing the effective cross-linking density32 through supramolecular interactions.30 Furthermore, 

the water-absorption properties of the PEG linking units are able to induce swelling,27 and so facilitate 

defect closure after water contact with the new materials.7,11,27    
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Scheme 1. A) Proposed organisation of the nitroaryl-urea motif linked to both bi- and tri-armed polyethylene glycol 

units to yield a network in the pristine material; B) material after damage resulting in network break up, and C) the 

concept of oligomer flow and re-association of the endcapping recognition units leading to recovery of the network in 

the bulk for swelling induced recovery (see Scheme 2).  

 

Results and Discussion 

In order to achieve the targeted supramolecular assemblies (Scheme 1), linked nitroaryl-urea units were 

designed based upon the success of previously-synthesised gelators.30 In this study, the selected linkers 

were poly(ethylene glycol) bis(carboxymethyl) ether (Mn ~ 600) (affording bis-functionalised PEG 1) and 

glycerol ethoxylate (affording tri-functionalised PEGs 2-3, Figure 1) (for the synthetic schemes see 

Supplementary Information (SI), Schemes S1 and S2). These PEG-based materials were chosen for their 

water absorbent characteristics at room temperature and successful application in other repairable 

systems.8–10,27,31-33 The functionalised PEGs 4-6 (Figure 1) were also synthesised as benchmark materials, 

to evaluate the specific importance of the nitroarylurea motif to self-assembly. 

 

 

 

 

A)                       B)                        C)      
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Figure 1. Bi- and tri-functionalised PEGs 1-6 featuring nitroaryl-urea or aryl-amide units. 

 

Bi-functionalised PEGs 1 and 4-6 were synthesised in good yields (>66 %). In each case the amine-

functional aromatic end-cap was dissolved in dry tetrahydrofuran containing triethylamine and the diacyl 

chloride of poly(ethylene glycol) bis(carboxymethyl) ether (Mn ~ 600)32 was then added. The structures of 

the bi-functionalised PEGs were confirmed via a range of analytical techniques (for the analytical data on 

the polymers report in this paper see SI, Figures S1-16).  As an example, 1H NMR spectroscopic analysis 

of 1 demonstrated the absence of the amine resonances (which would have been evident at 4.87 ppm) 

associated with the starting materials30 in conjunction with the appearance of amide resonances (observed 

at 9.54 ppm, see SI Figure S1) resulting from formation of the target amide linker. Additional evidence for 
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the formation of 1 was provided by 13C NMR spectroscopy which revealed the presence of two carbonyl 

resonances (at 167.8 and 152.5 ppm) associated, respectively, with the urea and amide carbonyl groups, 

and the absence of any carboxylic acid resonance (171.6 ppm) associated with the starting material. These 

NMR data were complemented by infra-red spectroscopic analysis, which showed two distinct carbonyl 

stretching absorptions at 1753 and 1657 cm-1. Thermal (DSC) analysis revealed a glass transition at -10 °C 

(see SI Figure S25) which was not evident for the uncapped poly(ethylene glycol) bis(carboxymethyl) ether 

(Mn ~ 600).34  

The tri-functionalised PEGs 2 and 3 were synthesised via a three-stage reaction.  4-Nitrophenylisocyanate 

was added to glycerol ethoxylate (Mn ~ 1000) in THF and the product thus formed was reduced with 

hydrogen (Pd-C catalyst) to yield an amine-capped tri-armed intermediate. To this tri-armed amine, either 

3 or 4-nitrophenyl isocyanate was added to afford 2 and 3, respectively. The successful synthesis of the tri-

functionalised PEGs 2 and 3 was confirmed by 1H NMR spectroscopic analysis of 3, which showed the key 

amidic proton resonances at 8.71 ppm (see SI Figure S2). Two distinct carbonyl stretching absorptions were 

evident in the IR spectrum (at 1719 and 1653 cm-1), assigned to the amide and urea residues, respectively 

(see SI Figure S11). Analysis by DSC revealed a glass transition at -9 °C (that was not evident in the 

glycerol ethoxylate starting material).  

Previous gelation studies on low molecular weight hydro- and organogelators have demonstrated the 

importance of meta-substitution of the nitro group on self-assembling units containing nitroaryl ureas (see 

compound 1, Figure 1).29,30 Computational modelling of previously reported29,30 self-assembling gelators 

that feature the meta and para nitro end groups present in 1 and 4 was undertaken (see SI Figure S17).  This 

revealed the geometrically-specific interactions between the meta nitro-urea moieties (present in 1) that 

permit one dimensional, extended fibrillar growth (rather than the disjointed assembly pattern of 4 which 

possesses only para nitro moieties). In addition, we were able to carry out single crystal X-ray 

crystallographic analysis of the end groups used in molecule 1 (e.g. [1-(4-aminophenyl)-3-(3-

nitrophenyl)urea] (7, Figure 2A). Crystals of 7 suitable for X-ray crystallographic analysis were grown by 

slow evaporation from solution in THF and the solid state data are presented in the SI (Figure S18 and 

Table S1). Three key hydrogen bonds between adjacent molecules in the crystal were identified, involving 

the urea, nitro and amino groups: N(1)•••N(2), 3.068 Å,  N(2)•••O(2), 3.212 Å and N(3)•••O(1), 2.875 Å, 

respectively; see B/C in Figure 2. Interestingly, intermolecular hydrogen bonding between the nitro and 

urea moieties, reported previously in structurally related systems,35,36 was not observed in the case of the 

end group unit (7), although hydrogen bonds were observed between the amine moiety (not present in 

chain-end structures due to its role in chain-end modification reactions), and both the nitro and urea groups, 

with the amine acting simultaneously as both hydrogen bond donor and acceptor (C, Figure 2).37  
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Figure 2. A) Nitroaryl urea end group [1-(4-aminophenyl)-3-(3'-nitrophenyl)urea] (7). B) Corresponding crystal 

structure, showing hydrogen bonds between atoms N1 and N2, and N3 and O1, in adjacent molecules. Distances 

N1•••N2 and N3•••O1 are 3.068 and 2.875 Å, respectively, C) view along the b axis showing distances between N1 

and N2, and N2 and O1, in adjacent molecules. Distances N2•••O1 are 3.068 and 3.212 Å, respectively. 

 

In order to quantify the degree of self-assembly, NMR dilution studies of functionalised PEG 1 were 

undertaken in CDCl3 (see SI Figures S19-20).  Shifts in the proton resonance associated with the urea group 

of molecule 1, as a function of concentration, were used to determine association constants (Ka). Data were 

analysed using the least squares regression analysis software Dynafit,38 from Biokin, and yielded a Ka value 

of 130 ± 20 M-1, significantly lower than those values reported for hydrogen-bonded, repairable systems 

from the research groups of Meijer39 and Lehn40 though it is noted that the number of hydrogen bonds per 

unit are fewer in the case of the bis aryl urea present in 1-4.  

To assess the mechanical and adhesive characteristics of functionalised PEGs 1-6 and their blends, films of 

the oligomers (averaging 5 × 9 × 1 mm) were cast onto glass slides backed with grid paper.  The slides were 

then mounted vertically in order to monitor polymer flow under gravity over time (20 °C, atmospheric 

conditions) (See SI Figures S21-24). Films of the bi-functionalised PEG 1 showed distinct enhancement of 

mechanical properties when compared to unfunctionalised polyethylene glycol bis(carboxymethyl)ether. 

Thus the functionalised PEGs did not flow visibly over a period of four months, whereas the latter film 

A) 

C) B) 

7 
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flowed immediately at 20 °C when the slide was fixed in the vertical position (see A and B in Figure 3). 

At higher temperatures (35 °C) the mechanical stability of films of 1 decreased sharply. In an attempt to 

overcome this fall-off in mechanical properties with temperature, films of blends of 1 with the tri-

functionalised PEGs 2 and 3 (1:1 wt ratio) were cast and their physical characteristics assessed.31-32 The 

latter films exhibited improved mechanical stability in comparison to the bi-functionalised PEG 1, with 

temperatures ≥ 65 °C required to initiate flow (see C in Figure 3).  

 

 

 

 

 

 

 

 

 

Figure 3. Films cast onto glass slides and then held in the vertical position: A) polyethylene glycol bis(carboxymethyl) 

ether (Mn ~ 600) 10 minutes after casting; B) 1 at 4 months after casting and 72 hours after being held at 35 °C; C) 

cast of 1 and 3 blend (1:1 wt ratio) 4 months after casting, and after 72 hours at 65 °C. Each film was formed via melt 

casting, being held at approximately 20 minutes at 70 °C and compressed to give average film dimensions 5 × 9 × 1 

mm. Grid paper behind the slides has a 1 × 1 mm square-size. 

 

None of the benchmark bi-armed functionalised PEGs (i.e. 4-6, see Figure 1) exhibited the mechanical 

stability shown in casts of 1-3 (polymer flow in 4-6 was often realised in < 1 week, see SI).  Functionalised 

PEGs without the nitro functionality (5) and without the secondary aromatic moiety (6) flowed at 20 °C (in 

< 7 days) (see SI Figure 24).  Interestingly the bi-armed functionalised PEG with the nitro moiety in the 

para position (4, Figure 1) formed a film rather than a granular solid as expected from three dimensional 

growth (see previous studies on analagous low weight molecular gelators29,30, SI Figure S17). However this 

film also proved to be unstable (see SI Figure S24) highlighting the need for the specific hydrogen bonding 

interactions between meta nitro and urea groups to produce effective self-assembly (Figures 2 and 3 and 

SI Figure S17). 

To assess the impact of supramolecular crosslinking on the thermal stability of networks formed from 

blends of the bi-functionalised PEG 1 and tri-functionalised PEGs 2/3, DSC analysis was undertaken to 

determine the change in the glass transition temperature (Tg) as a function of the percentage weight of the 
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individual tri-armed component added (Figure 4).  This analysis revealed that increasing the percentage 

weight of the meta nitro tri-armed functionalised PEG 2 (with respect to 1) resulted in a direct increase in 

the Tg (from -10 to 0 °C).  This trend correlates with an increased degree of covalent crosslinking (via 

addition of the triarmed units) within the supramolecular network.32 Interestingly, thermal analysis of 

blends of bi-functionalised PEG 1 with tri-functionalised PEG 3 revealed a parabolic relationship between 

the blend composition and Tg (with a maximum observed at 3 °C).  The difference in thermal property 

impact is attributed to the location of the nitro moiety, i.e. meta or para to the urea unit. This structural 

effect was also apparent in healing studies (see below) and in agreement with previous self-assembly 

gelation studies.30 

 

Figure 4. Plot of Tg (DSC midpoints) versus the percentage weight of tri-functionalised PEGs 2 or 3 blended with bi-

functionalised PEG 1. 

 

To investigate the possibility of healing films of 1, rheological studies were undertaken for which the bi-

functionalised PEG 1 was cast directly onto rheometer plates and the temperature was increased 

progressively from 0 to 60 °C during rheometric measurements (parallel plate geometry, 1% strain, heating 

rate 2 °C/min).  It was found that the viscoelastic transition occurred at 26 ºC (Figure 5), and the rheological 

data suggest that this material could be healed at temperatures close to ambient.16 In contrast, the films cast 

from combinations of the bi-functionalised PEG 1 and the tri-functionalised PEGs 2 or 3 proved to be too 

viscous at all temperatures studied (0-100 °C) for comparative rheological analyses to be obtained. 

 

 



9 

 

 

 

Figure 5. Temperature dependent storage (G’) and loss modulus (G”) of bi-functionalised PEG 1, obtained using a 

rotating plate rheometer, with the crossover of G’ and G” evident at 26 °C. Note that films containing the PEG 

oligomers 2 and 3 proved to be too viscous for comparative rheological analysis.  

 
Of significant interest was the visual observation of the healing process in thin films of the bi- functionalised 

PEG 1 (averaging 5 × 9 × 1 mm).  Films were cast onto glass slides and defects (cuts) were introduced 

using a scalpel. Rapid closure and healing of the cuts (< 30 minutes) was observed, even at room 

temperature (20 ºC).   

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Optical micrographs showing spontaneous healing over time of a film of the blend of functionalised PEGs 

1 and 3 (1:1 wt ratio) (average film dimensions 5 × 9 × 1 mm) at 20 ºC after damage (4 cuts created with a surgical 

scalpel). 
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Furthermore, films of the blends of functionalised PEGs 1 and 3 (1:1 wt ratio) demonstrated equally good 

self-repair properties at 20 ºC (Figure 6) as well as increased thermal and mechanical stability (with respect 

to an increased resistance and a higher thermal barrier to flow, Figures 3 and 4). These results suggest that 

supramolecular associations, and not just flow, lead to defect repair and healing in the present systems. It 

is noted these results were repeatable on inversion of the samples, without apparent flow and disruption of 

the covering.  

Interestingly, the blends of functionalised PEGs 1 and 2 (1:1 wt ratio) did not demonstrate healing properties 

at 20 °C, and closure of cuts was not observed even when heated to 200 °C (above the viscoelastic transition 

of 1, Figure 5). Analysis of films of the tri-armed functionalised PEG 2 showed no evidence of self-repair 

over a range of times and temperatures, but defect closure did occur at 45-50 °C in films of the tri-armed 

functionalised PEG 3 (above the viscoelastic transitions, Figure 3). 

Further healing studies were conducted to measure the impact of the presence of water on the functionalised 

PEGs. Thermogravimetric analysis was used to monitor the water absorption capabilities of the 

functionalised PEGs, 1 and 3, which had also demonstrated healing abilities. Films of 1, 3 and blends of 1 

and 3 (1:1 wt. ratio blend) were equilibrated simultaneously with atmospheric moisture for a period of 

21 days thus ensuring exposure to identical environmental conditions, including atmospheric humidity (the 

temperature of the laboratory was 20 °C). Samples were removed at regular intervals and analysed by TGA 

to determine the percentage of water absorbed. This was measured as the percentage weight loss over the 

range 25-100 °C, at a heating rate of 2 °C/min. The bi-functionalised PEG 1 absorbed a substantially greater 

quantity of water over this period, and at a faster rate, than the tri-functionalised PEG 3. This result is 

consistent with increase in the degree of covalent crosslinking, within the supramolecular networks on 

progressing from bi- to tri-armed oligomers as well as an increase in the fraction of hydrophobic material 

by weight (reducing the overall content of the PEG backbone). Interestingly, films formed of blends of 1 

and 3 (1:1 wt. ratio) exhibited a faster rate of water pick-up compared to films of 3, yet far less overall 

water absorption than films of 1 over the same time period (21 days) (Figure 7, see SI Figure S34).   
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Figure 7.  Percentage weight-loss monitored via thermogravimetric analysis (heating rate 2 °C/min, 25-100 °C) of 

functionalised PEGs 1, 3 and the blend of 1 and 3 (1:1 wt. ratio) at 100 °C, as a function of time (days) of exposure to 

air before the measurement. Error bars show the standard error from three separate analyses. 

 

After establishing the water absorption capabilities of these supramolecular polymer networks, discs 

(diameter 25 mm, thickness ~ 1 mm) of material were cast from 1, 3 and the blend of 1 and 3 (1:1 wt. ratio) 

to investigate their potential for defect closure via swelling. The freshly-cast discs were placed between two 

sheets of porous AWA® 10 non-woven polyester paper prior to analysis. Defects were introduced via three 

needle punctures (0.8 mm diameter) through each cast (calculated to be equivalent to 0.3 % removal of the 

surface area of each disc). The samples (still between sheets of polyester paper) were then placed in a stirred 

cell assembly in which a constant volume (10 mL) of water was maintained (Scheme 2 and SI Figure 33). 

Water passing through the punctures was then collected at timed intervals (every 2 minutes) and weighed 

to calculate the flow rate through the film (Figure 8).   
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Scheme 2.  Illustration of water flow under gravity through cast discs of 1, 3 and of blends of 1 and 3 (1:1 wt ratio), 

after introducing defects via puncturing, and recovery of discs' protective properties via swelling. 

 

 

Figure 8.  Flow rate of water under gravity as a function of time through cast discs of 1, 3 and of blends of 1 and 3 

(1:1 wt. ratio), after introducing defects via puncturing (equivalent to removing 0.3 % of the area of the disc). 
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Films of the bi-functionalised PEG 1 were able to reduce the flow rate significantly (by a factor of about 7 

over 60 minutes) but the flow then remained steady over a further 90 minutes (Figure 8). In contrast, the 

films formed from the tri-functionalised PEG 3 were able to halt the water flow completely after a period 

of 135 minutes (Figure 8).  Most promisingly, films cast from blends of 1 and 3 (1:1 wt. ratio) showed 

highly efficient inhibition of water flow (to zero after ca. 42 minutes, Figure 8).  Correspondingly, water 

absorption was monitored by disc volume expansion (monitored via average increase in thickness). Disc 

volume expansion after 180 minutes of liquid water contact showed that the discs cast from 3 experienced 

the largest increase (172%), in contrast to results for water absorption from the atmosphere measured by 

TGA (Figure 7).  Discs of 1 and of blends of 1 and 3 (1:1 wt, ratio) showed a 131% and 163% increase, 

respectively. Initial flow measurements were taken two minutes after defect formation to allow comparative 

water collection for each sample.  Differences in initial flow are attributed to, and are in agreement with, 

the different response rates of the polymer blends (Figure 7).   

Additionally, the water solubilities of the functionalised PEGs 1, 3 and of blends of 1 and 3 (1:1 wt. ratio) 

were monitored to ascertain if their ultimate failure to seal could be attributed to dissolution.  Each cast film 

was placed in D2O and held at 40 ºC for 1 month, but no dissolution was observed by 1H NMR spectroscopy 

for any of the functionalised PEGs.  It is therefore suggested that the results shown in Figure 8 results from 

the poor mechanical stability of films of the bi-functionalised PEG 1, rather than poor healability (see 

Figure 6 and SI) when compared to that of the tri-functionalised PEG 3 and the blend of 1 and 3, 

respectively.   

 

Conclusions 

A series of bi- and tri-armed functionalised PEGs end-capped with self-assembling nitroarylurea units has 

been synthesised. It is demonstrated that films cast from blends of these polymers possess self-repair 

capabilities at 20 ̊ C. It is also shown that the self-repair properties of these films, as well as their mechanical 

and thermal stabilities, are dependent upon the amount and type of tri-armed functionalised PEG in the 

blend. Tri-armed functionalised PEGs with the nitro hydrogen-bond accepting moiety in the para position 

(relative to the urea group) form more stable films yet still possess self-repair properties.  Those tri-armed 

units with the nitro groups in the meta- position increase mechanical stability but do not allow self-repair. 

Those films that demonstrate self-repair capabilities also display water absorption and swelling capabilities 

capable of defect/puncture closure.   
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Experimental 

Crystallographic Analysis. A crystal of 1-(4-aminophenyl)-3-(3'-nitrophenyl)urea (7) was mounted under 

Paratone-N oil and flash-cooled to 150 K under nitrogen using an Oxford Cryosystems Cryostream. Single-

crystal X-ray data were collected using an Agilent Gemini S-Ultra diffractometer with Cu-Kα radiation (λ 

= 1.54180 Å).  The data were reduced using CrysAlisPro software. The structure was solved using the 

program Superflip41 and all non-hydrogen atoms were located. Least-squares refinements on F were carried 

out using the CRYSTALS suite of programs.42 The non-hydrogen atoms were refined anisotropically. All 

the hydrogen atoms were located in difference Fourier maps, and those attached to C were then placed 

geometrically with a C-H distance of 0.95 Å and assigned a Uiso of 1.2 times the value of Ueq of the parent 

C atom. The fractional coordinates of the H atoms attached to C were then refined with riding constraints. 

The coordinates of the hydrogen atoms attached to the N atoms were refined with a distance restraint of N-

H = 0.86(1) Å and with a Uiso of 1.2 times the value of Ueq of the parent N atom. The Flack parameter 

refined to 0.1(3), and so was fixed at 0.0 for later cycles of refinement. 

Equipment. All chemicals and solvents were purchased from Sigma Aldrich and used as supplied unless 

otherwise specified. THF was distilled from sodium and benzophenone under an inert atmosphere prior to 

use.  All other solvents were used as supplied. NMR spectra were obtained using Bruker Nanobay 400 and 

Bruker DPX 400 spectrometers (operating at 400 MHz and 100 MHz for 1H NMR and 13C NMR, 

respectively).  All samples were prepared in either THF-d8 or DMSO-d6 and dissolution was achieved with 

slight heating and sonication (5-10 minutes).  A Perkin Elmer 100 FT-IR (diamond ATR sampling 

attachment) was used for IR spectroscopic analysis.  All solid film samples used for characterisation were 

cast from THF solution. Thermogravimetric Analysis employed a TA Instruments TGA Q50 system 

attached to TGA heat exchanger, a platinum crucible and an aluminium TA-Tzero pan (ramp rate 15 °C/min 

to 400 °C). Differential scanning calorimetry was carried out using a TA DSC Q2000 with TA Refrigerated 

Cooling System 90 (aluminium TA-Tzero pans and lids) (ramp rate 15 ˚C/min).  Rheological analysis 

employed a TA Instruments AR 2000 rheometer operating in parallel plate geometry (20 mm steel plates).  

Gel permeation chromatography (GPC) was carried out using an Agilent Technologies 1260 Infinity 

instrument, and the data were processed using Agilent GPC/SEC software; polystyrene standards was used 

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

Synthesis; (1) Bis[1-(4-aminophenyl)-3-(3'-nitrophenyl)urea] poly(ethylene glycol) 600; 1-(4-

Aminophenyl)-3-(3-nitrophenyl)urea was synthesised as previously reported.30  Polyethylene glycol 600 

diacyl chloride was generated according to the procedure described by Waite.21 Polyethylene glycol 600 

diacyl chloride (1.0 g, 1.6 mmol) was dissolved in anhydrous THF (30 mL) under inert conditions.  To this, 
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a solution of 1-(4-aminophenyl)-3-(3'-nitrophenyl)urea (0.85 g, 3.1 mmol) and triethylamine (0.5 mL) in 

anhydrous THF (30 mL) was added dropwise under nitrogen and the mixture was stirred for 24 hours at 

room temperature. The bulk of the solvent was removed in vacuo and the resulting brown liquid was washed 

with water (50 mL), dried over magnesium sulfate, filtered and then evaporated under vacuum to yield the 

title compound as a brown solid; (1.41g, 76%); Tg -10 °C, Tdeg 210 °C; IR (ATR)/cm-1; 3353, 3061, 2871, 

1702, 1693, 1676, 1596, 1514, 1346, 1320, 1306, 1246, 1210, 1172, 1086, 1025, 1007, 991, 949, 9191, 

891, 868, 828, 797, 734, 704; 1H NMR (400 MHz, DMSO-d6) = 9.53 (s, 2H), 9.05 (s, 2H), 8.93 (s, 2H), 

8.57 (s, 2H), 7.83 (m, 2H), 7.70 (m, 2H), 7.56 (m, 6H), 7.42 (m, 4H), 4.17 (m, 4H, Hi), 3.50 (m, integration 

obscured via water peak, Hk,l) ppm; 13C NMR (100 MHz, DMSO-d6) = 167.8, 152.5, 146.9, 140.8, 140.6, 

127.8, 125.1, 120.9, 119.2, 117.7, 117.2, 116.9, 69.7 ppm; GPC (THF) Mn = 3200 Da, Mw = 14900 Da, Ð 

= 4.66. 

For the synthesis of tri-functionalised PEGs 2 and 3, glycerol ethoxylate (2 g, 2 mmol) was dissolved in 

THF (150 mL) under anhydrous conditions. To this solution, 4-nitrophenyl isocyanate (0.98 g, 6 mmol) 

was added and the mixture stirred for 24 hours at room temperature.  The solvent was removed and the 

residue was washed with toluene (2 × 25 mL) to give tris(4-nitrophenylcarbamato)glycerol ethoxylate as a 

yellow oil (2.9 g, 99%); IR (ATR) /cm-1 3351, 3061, 3030. 2971, 2978, 2869, 1732, 1702, 1686, 1676, 

1596, 1554, 1508. 1444, 1367, 1346, 1322, 1261, 1212, 1172, 1055, 1026, 919, 858, 828, 753, 727; 1H 

NMR (400 MHz, DMSO-d6) = 10.52 (s, 2H), 8.21 (m, 6H), 7.71 (m, 6H), 4.24 (m, 6H), 3.53 (m, 77H) 

ppm; 13C NMR (100 MHz, DMSO-d6) = 153.2, 154.6, 141.6, 152.0, 117.6, 70.4, 70.1, 69.7, 68.4, 64.2 ppm; 

GPC (THF) Mn = 1700 Da, Mw = 1900 Da, Ð = 1.12.  The tris(4-nitrophenylcarbamato) glycerol ethoxylate 

(2.9 g, 2 mmol) was then dissolved in THF:ethanol (50:50, 100 mL), Pd-C added (0.05 g) and the mixture 

stirred under H2 for 24 hours at room temperature.  The solution was filtered through Celite® (10 g) and the 

solvent removed in vacuo to afford tris(4-aminophenylcarbamato) glycerol ethoxylate as a brown oil (2.8 

g, 99%); IR (ATR) /cm-1 3355, 2872, 1713, 1640, 1594, 1515, 1433, 1348, 1225, 1148, 1096, 1058, 938, 

830, 757, 723; 1H NMR (400 MHz, DMSO-d6) = 9.19 (s, 3H), 7.05 (m, 6H), 6.48 (m, 6H), 4.75 (s, 6H), 

4.19 (m, 6H), 3.55 (m, 83H) ppm; 13C NMR (100 MHz, DMSO-d6) =153.6, 144.2, 128.1, 120.4, 144.1, 

77.6, 72.3, 70.4, 70.1, 69.7, 68.8, 63.1, 60.2 ppm; GPC (THF) Mn = 1800 Da, Mw = 2600 Da, Ð = 1.44. 

(2) Tris[1-(4-aminophenyl)-3-(3'-nitrophenyl)urea] glycerol ethoxylate; Tris(4-aminophenyl-carbamato) 

glycerol ethoxylate 1405 g/mol (1.0 g, 0.7 mmol) was dissolved in anhydrous THF (50 mL) and 3-

nitrophenyl isocyanate (0.35 g, 2.1 mmol) was added. The resulting solution was then stirred for 24 hours 

at room temperature. The solvent was removed in vacuo and the resultant oil washed with toluene to give 

the title compound as a red oil (0.85 g, 64%); Tg 0 °C, Tdeg 228 °C; IR (ATR) /cm-1 3352, 3042, 2926, 2840, 

1650, 1593, 1500, 1444, 1411, 1387, 1328, 1260, 1236, 1149, 1010, 975, 936, 920, 829, 757, 721; 1H NMR 
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(400 MHz, DMSO-d6) = 9.64 (s, 3H), 9.16 (s, 3H), 8.72 (s, 3H), 8.57 (m, 3H), 7.82 (m, 3H), 7.81 (m, 3H), 

7.57 (m, 3H), 7.39 (m, 12H), 4.19 (m, 6H), 3.62 (m, 90H) ppm; 13C NMR (100 MHz, DMSO-d6) = 153.5, 

152.4, 148.1, 133.9, 130.0, 124.2, 121.1, 119.5, 119.3, 118.8, 118.7, 116.1, 77.6, 72.3, 70.4, 70.1, 69.7, 

68.8, 68.7, 63.4, 60.2, 30.4 ppm; GPC (THF) Mn = 1400 Da, Mw = 2500 Da, Ð = 1.79. 

(3) Tris[1-(4-aminophenyl)-3-(4-nitrophenyl)urea] glycerol ethoxylate; the triarmed functionalised PEG 3 

was synthesised using same procedure as described for 2, but using 4-nitrophenyl isocyanate, to give the 

title compound as a brown highly viscous oil (0.76 g, 57%); Tg -9 °C, Tdeg 236 °C; IR (ATR) /cm-1 3351, 

3048, 2872, 1713, 1638, 1595, 1500, 1409, 1328, 1301, 1260, 1224, 1177, 1099, 1060, 1028, 936, 830, 

720; 1H NMR (400 MHz, DMSO-d6) = 9.67 (s, 3H), 9.41 (s, 3H), 8.82 (s, 3H), 8.18 (m, 6H), 7.67 (m, 6H), 

7.39 (m, 12H), 4.14 (m, 6H), 3.54 (m, 90H) ppm; 13C NMR (100 MHz, DMSO-d6) = 140.7, 126.4, 125.1, 

121.4, 119.1, 118.3, 117.8, 117.2, 115.2, 112.3, 77.6, 72.3, 70.4, 70.1, 69.7, 68.7, 63.4, 60.2 ppm; GPC 

(THF) Mn = 1500 Da, Mw = 2700 Da, Ð = 1.80. 

Compounds 4-6 were synthesised by an analogous route to that used for compound 1, where either  1-(4-

aminophenyl)-3-(4-nitrophenyl)urea (0.86 g, 3.2 mmol), 1-(4-aminophenyl)-3-phenylurea (0.73 g, 3.2 

mmol) or 3-nitroaniline (0.44 g, 3.2 mmol) were added to polyethylene glycol 600 diacyl chloride (1.0 g, 

1.6 mmol) and triethylamine (0.5 mL) in anhydrous THF (30 mL) under an inert atmosphere, to give 

compounds 4-6, respectively:  

(4) Bis[1-(4-aminophenyl)-3-(4-nitrophenyl)urea] poly(ethylene glycol) 600; This was obtained as a 

brown, highly viscous oil; (1.55 g, 84%); Tdeg 231 °C; IR (ATR) /cm-1; 3323, 3000, 2872, 1704, 1674, 1600, 

1549, 1515, 1459, 1407, 1349, 1303, 1232, 1198, 1099, 945, 898, 838, 754, 654; 1H NMR (400 MHz, 

DMSO-d6) = 9.54 (m, 4H), 8.99 (s, 2H), 8.20 (m, 4H), 7.71 (m, 4H), 7.59 (m, 4H), 7.44 (m, 4H), 4.06 (m, 

4H, Hg), 3.55 (m, 66 H) ppm; 13C NMR (100 MHz, DMSO-d6) = 167.9, 152.0, 146.5, 140.9, 134.6, 133.2, 

125.1, 120.3, 119.0, 117.4, 70.3, 69.7, 69.5 ppm; GPC (THF) Mn = 8200 Da, Mw = 22000 Da, Ð = 2.68.  

(5) Bis[1-(4-aminophenyl)-3-phenylurea] poly(ethylene glycol) 600; This was obtained as a yellow oil (1.20 

g, 66%); Tdeg 222 °C; IR (ATR) /cm-1; 3311, 3055, 2880, 1712, 1680, 1602, 1597, 1559, 1501, 1410, 1327, 

1305, 1212, 1203, 1174, 1111, 1035, 931, 838, 753, 692; 1H NMR (400 MHz, DMSO-d6) = 9.50 (s, 2H, 

Ha), 8.79 (s, 2H, Hb), 8.77 (s, 2H, Hb), 7.53 (m, 4H), 7.44 (m, 4H), 7.38 (m, 4H), 7.27 (m, 4H), 6.96 (m, 

2H), 4.06 (s, 4H), 3.50 (m, integration obscured via water peak) ppm; 13C NMR (100 MHz, DMSO-d6) = 

167.8, 152.6, 139.8, 135.6, 132.5, 128.7, 121.6, 120.3, 118.4, 118.0, 70.3, 70.1, 69.7, 69.5 ppm; GPC (THF) 

Mn = 800 Da, Mw = 1100 Da, Ð = 1.34. 
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(6) Bis[3-nitrophenylurea] poly(ethylene glycol) 600; This was obtained as a brown oil; (1.41 g, 73%); Tdeg 

201 °C; IR (ATR) /cm-1; 3451, 2874, 2692, 2512, 1739, 1705, 1607, 1517, 1483, 1408, 1349, 1310, 1235, 

1090, 1036, 951, 838, 741, 677; 1H NMR (400 MHz, DMSO-d6) = 10.14 (s, 2H), 8.67 (s, 2H), 7.99 (m, 

2H), 7.93 (m, 2H), 7.61 (m, 2H), 4.13 (m, 4H), 3.62 (m, 31 H) ppm; 13C NMR (100 MHz, DMSO-d6) = 

169.2, 147.8, 139.3, 130.1, 125.7, 118.1, 113.8, 70.3, 70.1, 69.7, 69.5 ppm; GPC (THF) Mn = 2900 Da, Mw 

= 5200 Da, Ð = 1.79. 
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