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A B S T R A C T

Molecular recognition units incorporated in polymer networks can provide a useful avenue for the introduction 
of dynamic stimuli-responsive properties into bulk materials to permit recovery post-damage. In this study, meta- 
and para-nitro substitution on pendant urea groups of polymethacrylate comb polymers has been investigated to 
establish their effect on the bulk-material properties. The effect of supramolecular interactions on bulk properties 
was assessed through the creation of a series of comb polymers featuring increasing molar ratios of methacrylate 
monomers that possess urea recognition units, namely 2-(3-(4-(3-(3-nitrophenyl)ureido)phenyl)ureido)ethyl 
methacrylate (the meta system) or 2-(3-(4-(3-(4-nitrophenyl)ureido)phenyl)ureido)ethyl methacrylate (the cor
responding para system) with lauryl methacrylate employed as the comonomer. These monomers are capable of 
forming multiple supramolecular interactions through hydrogen bonding involving the urea and nitro sites. 
Varying the ratio of supramolecular monomers yielded materials with increased phase separation, mechanical 
durability, adhesive shear strength, and improved property recovery. The materials that incorporated the para- 
substituted urea recognition unit exhibited enhanced mechanical properties when compared to the meta coun
terparts. The degree of property recovery proved to be comparable across both set of materials: as the supra
molecular monomer content was increased in both series, a higher percent of property recovery post-damage was 
observed.

1. Introduction

The implementation of supramolecular systems in materials can be 
exploited to incorporate or enhance favourable properties [1,2] in a 
wide range of common and specialist applications, such as in 
touchscreens, electrical cables, and bio-medical devices [2,3]. Supra
molecular materials utilise secondary interactions such as π-π stacking 
[4–6], metal-ligand coordination [7,8], host-guest interactions [9,10], 
and hydrogen bonding [10–13] to form materials capable of 
self-assembly. When compared to covalent-bonded networks, supra
molecular systems can dissociate and reassociate readily when exposed 
to appropriate external stimuli, such as pH [14], light [15], heat [16], 
pressure [17,18], magnetic fields [19], or moisture [20]. 

Stimuli-responsive behaviour can be used to recover physical properties 
by reforming interactions, which is particularly interesting when 
achievable under relatively mild or ambient conditions [16,21,22]. 
Supramolecular interactions within polymeric materials have also been 
used to introduce commercially attractive properties, such as tuneable 
adhesion [17,22], and 3D printing [23].

The directional self-assembly [24,25] of non-covalent interactions 
such as hydrogen bonding [26–28] has been exploited in the design of 
supramolecular polymer systems. The quadruple hydrogen bonding 
2-ureido-4[1H]-pyrimidone (UPy) unit reported by Meijer and 
co-workers is an excellent example of an efficient self-associating re
ceptor (dimerization constant (Kdim) > 106 M− 1) that permits access to a 
wide range of stable supramolecular polymers [11,28]. Aromatic π-π 
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stacking was employed in a self-complementary pyrene-aromatic dii
mide tweezer system developed by Colquhoun and co-workers [29] 
which assembled in solution to form a molecular “Roman Handshake” 
with a substantial self-association constant (ca. 105 M− 1).

The architecture of a polymer significantly affects the properties in 
the bulk. Comb-type polymers possess enhanced concentrations of 
interaction sites when compared to conventional telechelic architec
tures, a key advantage when designing supramolecular polymer systems 
[26]. The applications of comb architectures in supramolecular mate
rials include debond-on-demand adhesives [25], polymer coatings [28], 
and self-healing polymers [30,31]. Comb-polymers utilising hydrogen 
bonding have been extensively studied [32–34], especially those 
featuring urea groups [32,34]. The hydrogen-bonding recognition of 
complementary nucleobase pairs was exploited by Long and co-workers 
in supramolecular comb polymer blends [31,33,34], which showed 
enhanced thermomechanical properties, increased shear strength, and 
dramatic increases in viscosity when compared to the parent polymer 
backbone.

Structural isomerisation of the receptor sites has also been studied in 
order to change the physical and mechanical properties of supramo
lecular systems [15,26,35–38], such as imparting stimuli-responsive 
behaviour through triggering changes in structural isomerisation [39,
40]. This technique was used in a photo-responsive polymeric hydrogel 
system studied by Stoddart and co-workers [41] whereby cis/
trans-isomerism was used to form a highly reversible sol-gel system 
capable of response under mild conditions. Studies reported by 
Rodriguez-Llansola et al. [35] and Wood et al. [14] described 
pH-responsive bisaromatic urea hydrogelators in which the isomers of 
nitro-substituted aromatic rings were shown to decrease the critical 
gelation concentration of their materials dependant on substitution 
(ortho > meta > para). Subsequent studies by O’Donnell et al. [24] 
introduced ortho-methyl groups to the urea framework to promote 
stronger hydrogen bonding interactions.

The present work has investigated the effect meta/para-isomerisation 
has on pendant bisaromatic urea nitro recognition units using novel 
supramolecular monomers. The effect of molar loading of these isomeric 
monomers in a series of supramolecular methacrylate-based comb 
polymers (SCPs) with respect to their physical, mechanical, self-healing, 
and adhesive characteristics was established. The copolymerisation of 
lauryl methacrylate with novel supramolecular monomers enabled the 
formation of thermally stable films at room temperature with self- 
healing and adhesive properties.

2. Results and discussion

2.1. Monomer synthesis

The aim of this study was the synthesis and comparison of two series 
of supramolecular comb polymers (SCPs) with increasing incorporation 

of a monomer capable of non-covalent interactions, namely hydrogen 
bonding. The monomer species were designed with multiple hydrogen 
bonding sites (nitro and urea moieties) which allow for supramolecular 
interactions [42–47]. The synthetic routes for both the meta- and par
a-nitro derivatives followed the general procedure outlined in Scheme 1. 
Di-tert-butyl dicarbonate was used to mono-protect 1,4-phenylenedi
amine to afford (1) in a yield of 94 %. The protected aniline 1 was 
then reacted with either m-nitrophenyl isocyanate or p-nitrophenyl 
isocyanate to give either the meta (2) or para (3) bisaromatic urea, after 
which deprotection using conc. HCl afforded the aniline bisaromatic 
ureas, 4 and 5. The aniline moieties of 4 or 5 were then reacted with 
2-isocyanatoethyl methacrylate to yield the desired meta- or para-
monomers (6) and (7), respectively. The synthetic protocols used to 
generate these compounds and the associated characterisation data for 
the synthesised materials can be found in the supporting information 
(SI) file (see Figs. S1–S14).

Single crystals of the bisaromatic urea monomers 6 and 7 were 
grown via slow evaporation, the solid-state structures reveal hydrogen 
bonding through the urea and carbonyl groups (see SI Figures S15-S18
plus Tables S1–S7 for the solid-state structures and data). The para- 
substituted bisaromatic urea monomer, 7, co-crystallised with DMF and 
reveals hydrogen bonding through the carbonyl of the methacrylate 
group implying that the para monomer may form less ordered assem
blies than the monomer bearing the meta substituent. This hypothesis is 
supported by data from the literature for analogous meta-substituted 
nitroaromatic ureas which exhibit well-defined crystalline structures 
[13,48]. The co-crystallisation of 7 with DMF hinders the direct com
parison between the two monomers, however, there are some note
worthy points that relate to bulk properties of the polymers featuring 
this monomer. The electron withdrawing effect of the meta-nitro group 
in 6 is evident in the shortening of the urethane hydrogen bonds on 
adjacent molecules.

2.2. Synthesis of comb-polymers

To generate the supramolecular comb-polymers, bisaromatic urea 
monomers 6 (meta) and 7 (para) were copolymerised with lauryl 
methacrylate via free-radical polymerisation using azobisisobutyroni
trile (AIBN) as the initiator, see Scheme 2. The molar feed ratios of 6 and 
7 were varied between 2.5 % and 12.5 % to afford five SCPs for each 
series, together with poly(lauryl methacrylate) (PLMA) homopolymer as 
a baseline for comparison. The compositions of the SCPs are detailed in 
Table 1. The synthetic procedures used to generate SCP1-SCP10 and 
PLMA and associated characterisation data can be found in the SI file 
(see Figs. S19–51).

The synthesis of SCP1-SCP10, as well as polylauryl methacrylate 
(PLMA) was confirmed via NMR and IR spectroscopy, and GPC analysis 
(see Table 1 and Figs. S19–51). 1H NMR spectroscopic analysis 
confirmed that the polymer compositions matched their corresponding 

Scheme 1. Synthesis of the methacrylate supramolecular monomers 6 and 7.
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feed ratios of monomers. The molecular weights of the SCPs were 
assessed via GPC analysis and the polymers showed significant increases 
in the Mn, Mw, and dispersity (Ɖ) as the mol% of the supramolecular 
monomers 6 and 7 was increased, see Table 1. This trend likely occurred 
as a result of the self-association of the polymer chains yielding aggre
gates under the analytical conditions employed [49]. 
Variable-temperature infrared (VT-IR) spectroscopic analysis was per
formed on SCP4 (meta) and SCP9 (para) via heating-cooling cycles 
ranging from 25 ◦C to 150 ◦C and then back to 25 ◦C. The deconvolution 
of the urea carbonyl groups were monitored as a function of tempera
ture, see Fig. S52. All polymers observed shifting of the urea carbonyl 
and N–H bending vibration with increasing temperature, indicating 
dissociated hydrogen bonding network [48,50].

2.3. Thermal analysis

Thermogravimetric analysis (TGA) was conducted from 20 to 550 ◦C 
under nitrogen at a heating rate of 10 ◦C min− 1 to determine the 
maximum processing temperature of the polymers. All of the SCPs 
exhibited greater thermal stability and higher onsets of degradation 
when compared to PLMA, with complete degradation of all polymers 
evident at 450 ◦C (Table 2, Figures S53-S63).

To determine thermal transitions of the SCPs, differential scanning 
calorimetry (DSC) was utilised from − 80 to 150 ◦C at a heating and 
cooling rate of 5 ◦C min− 1 (Table 2, Figures S64-S74). The amorphous 

nature of all the SCPs was revealed by the singular observation of a glass 
transition (Tg) for each polymer, the lack of other features implying that 
no long-range ordering was present within the systems. PLMA exhibited 
a Tg at − 54.06 ◦C, consistent with literature values [46]. The polymers 
containing monomers 6 (meta) or 7 (para) exhibit a rise in Tg as the 
loading of the supramolecular monomers increased: from − 50.33 to 
− 47.26 ◦C in the meta-substituted series; from − 51.19 to − 48.03 ◦C in 
the para-substituted series. These shifts were attributed to hydrogen 
bonding within the SCP networks. This phenomenon has also been 
observed by Long and co-workers [51] and Shi et al. [46], but the shift in 
the Tg values of the SCPs in this study was smaller than observed for UPy 
and amide functionalised comb polymer systems. The scale of the shift in 
Tg values was attributed to the broad polydispersity of these SCPs. The 
series (SCP1-SCP5) bearing the meta-receptors exhibited a higher Tg at 
every mol% loading than the corresponding para-SCP, indicating 
increased ordering within the amorphous matrix.

2.4. Atomic force microscopic analysis

Microphase separation of the SCPs was revealed by atomic force 
microscopy (AFM). The topographical AFM images are shown in Fig. 1
and Figures S75-S77 for SCP3-SCP5 and SCP8-SCP10, respectively. 
AFM analysis of each polymer revealed two distinct aspects: the hard 
domains, evident as dark areas, are present on account of the low phase- 
angle shift; the bright regions were attributed to the soft domains, 
because of the high phase-angle shift [46,53–57]. AFM analysis of 
PLMA, SCP1, SCP2, SCP6, and SCP7 was not conducted based on the 
viscous nature of the polymers at ambient conditions.

Uneven surface morphologies were observed in both phase- and 
height-tapping analysis modes corresponding to phase separation in 
SCP3-SCP5. The changes in hard domains across both SCP series were 
attributed to increasing hydrogen bonding interactions of the pendant 
bisaromatic urea units, whereas the soft domains were attributed to van 
der Waals’ forces, primarily from the lauryl methacrylate sections of the 
polymers. The hard domains were observed as isolated spherical and 
cylindrical features with dimensions of ca. 128–133 nm (SCP3) and ca. 
129–135 nm (SCP4), consistent with AFM data of structurally-related 
materials [51–57]. The observed features in AFM images the AFM im
ages can be attributed to supramolecular association of the hydrogen 
bonding monomers during the polymerisation that lead to formation of 
clusters of blocks in the polymer backbone in the solid state. These 
features merged and formed well-defined assemblies, evident as highly 
branched (>3 branches) ‘wormlike’ aggregates. These dense nano
domains imply a high level of mechanical contrast between the hard and 
soft domains [48]. Bouteiller and co-workers [58] also observed this 
dramatic development in phase separation phenomena; they suggested 
that significant differences in the morphology of the polymers were 
observed as a result to the self-assembling between the polymer chains 
via hydrogen bonding units (functionality of the polymer), which might 
enhance the phase separation. These findings reveal the possibility to 

Scheme 2. Synthesis of SCP1-SCP10 using lauryl methacrylate and bisar
omatic urea monomers 6 and 7.

Table 1 
Composition and GPC data for PLMA and SCP1-SCP10.

Polymer meta (6)/para 
(7)

mol% of 6/ 
7

Mn (g 
mol− 1)

Mw (g 
mol− 1)

Ɖ

PLMA – 0.0 43000 137000 3.19
SCP1 6 2.5 71000 451000 6.35
SCP2 6 5.0 179000 1480000 8.27
SCP3 6 7.5 82000 978000 11.93
SCP4 6 10.0 140000 1416000 10.11
SCP5 6 12.5 130000 1257000 9.67
SCP6 7 2.5 117000 791000 6.76
SCP7 7 5.0 281000 1550000 5.52
SCP8 7 7.5 390000 1890000 4.85
SCP9 7 10.0 441000 3576000 8.11
SCP10 7 12.5 981000 3329000 3.39

Table 2 
Thermal analysis of PLMA and SCP1-SCP10.

Polymer meta (6)/para 
(7)

mol% of 6/ 
7

Onset of degradation 
(◦C)

Tg (◦C)a

PLMA – 0.0 255.46 − 54.06
SCP1 6 2.5 267.95 − 50.33
SCP2 6 5.0 278.45 − 49.68
SCP3 6 7.5 271.59 − 49.19
SCP4 6 10.0 269.17 − 48.61
SCP5 6 12.5 276.83 − 47.26
SCP6 7 2.5 268.76 − 51.19
SCP7 7 5.0 274.10 − 50.39
SCP8 7 7.5 274.10 − 49.85
SCP9 7 10.0 268.77 − 49.32
SCP10 7 12.5 257.15 − 48.03

a Second heating run at 5 ◦C min− 1.
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tune polymer-decorated supramolecular morphology with increasing of 
the monomer loading. In the case of SCP5, the dimensions of the 
phase-separated regions were found to be ca. 60–80 nm wide but 

extended in length (800–900 nm), as a result of the high density of 
hydrogen-bonding interactions provided by the increased monomer 
loading (12.5 mol%). Evenly distributed hard domains with dimensions 

Fig. 1. AFM tapping mode phase images of SCP3 (A and B), SCP4 (C and D), and SCP5 (E and F); the scale bars = 2 μm and 500 nm. All the SCP polymer samples 
were prepared by drop casting from THF (0.5 mg mL− 1) on freshly cleaved mica discs.

Fig. 2. Storage modulus vs. temperature plot (A) and phase angle vs. temperature plot (B) of SCP1-SCP5, and analogous plots (C) and (D) for SCP6-SCP10.
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ca. 50–70 nm were observed for SCP8 (see Figures S76 A, B and S77 A, 
B), attributed to aggregation via hydrogen bonding between polymer 
chains [51,53]. The phase images of SCP8 and SCP9 revealed the ag
gregation of hard segments, from small well-percolated microphase 
separated areas in SCP8, to larger aggregated regions in SCP9 [53]. 
SCP10 exhibited different features when compared to SCP8 and SCP9, 
as well as those displayed by SCP5, i.e. less branched in nature with 
dimensions ca. 1–2 μm. The phase-separated morphology of SCP10 
derived from the highly ordered hard domains aggregating with strong 
hydrogen-bonding associations between the polymer chains from the 
para-nitro bis aromatic urea unit, see Figures S76 (E, F) and S77 (E, F).

2.5. Rheological analysis

Investigation of the viscoelastic properties of the SCPs was conducted 
through dynamic rheological testing over a temperature range of 
0–150 ◦C, see Fig. 2, Table 3. Figures S78 and S79 also show the cor
responding G” (viscous behaviour) of the polymers – the viscoelastic 
transition for these materials is evident at 45◦ in Fig. 2B and D. 
Increasing storage modulus (G’) values over the series reveals stronger 
interactions in the materials, as more energy is absorbed and flow is 
resisted. There is some discrepancy in the trend over the meta series, as 
SCP2 (5.0 mol%) exhibits more elastic behaviour than expected at 
higher temperatures, whereas SCP3 (7.5 mol%) showed lower than 
expected elastic behaviour. This was reflected in both the crossover 
temperatures and the storage moduli. Across the series, the meta series 
generally exhibited lower storage moduli than their para-series. This 
trend is in agreement with the variations in the phase separation be
tween the meta and para series as evident from the AFM analysis.

Rheological analysis in Table 3 shows that increasing the mol% of 
the bisaromatic urea monomers 7/8 in the comb polymers causes the 
resulting polymer material to exhibit more elastic behaviour, a trend in 
agreement with previous studies [34,46].

2.6. Tensile analysis

The effects of the regio-isomerisation and loading of the supramo
lecular monomers have on the mechanical properties of the SCPs was 
investigated through the use of stress-strain tensile tests at a rate of 10 
mm min− 1 (see Fig. 3). The viscous nature of the SCPs with lower con
tent of the bisaromatic urea pendant units (5.0 % and under, i.e. SCP1, 
SCP2, SCP6, and SCP7) excluded them from assessment of the tensile 
properties as self-supporting films could not be formed.

The ultimate tensile strength (UTS) and the Young’s modulus (YM) of 
the materials reveal a steady increase with molar ratios for both the meta 
and para series, with the exception of SCP5 (see Table 4). The results of 
SCP5 could be attributed to high degrees of interchain association and 
subsequent nanoparticulate formation, because of the high mol% load
ings of the strongly supramolecular associating monomer 6. Exact break 
points were difficult to attain as a consequence of the viscoelastic nature 
of the materials, leading them to slowly tear rather than producing clean 

breaks. However, it was possible to observe that, as the mol% of the 
supramolecular monomer was increased, the strain at break decreased. 
This trend is consistent with the data reported for analogous supramo
lecular comb polymers [46], i.e. increasing the loading of supramolec
ular bonding sites affords enhancements in material properties. There is 
a clear distinction between the mechanical properties of the meta and 
para series, where the para-SCPs outperform their meta counterparts for 
all mol% loadings. An analogous trend has been observed for 
end-capped telechelic polyurethanes, whereby the 4-nitroaniline 
end-capped SPU exhibited higher UTS and YM values when compared 
to its meta-substituted counterpart [49].

2.7. Adhesion studies

The SCPs capable of forming stable films at ambient temperatures 
(SCP3-SCP5 and SCP8-SCP10) were investigated for their use as hot- 
melt adhesives and ability to undergo multiple re-adhesion cycles on 
glass and aluminium substrates (Fig. 4 and Tables S8 and S9). Materials 
featuring urea hydrogen bonding systems have had their adhesive 
properties studied extensively by Bouteiller et al., as well as how su
pramolecular structuring changes these properties [59,60]. The meta-
nitro functionalised SCPs (SCP3-SCP5) exhibited shear strengths ca. 
0.5–0.6 MPa, with only marginal increases in shear strength as the 
content of the supramolecular monomer was increased. In contrast, the 
para-nitro functionalised SCPs (SCP8-SCP10) revealed significant in
creases in shear strength when increasing the mol% incorporation of the 
bisaromatic urea monomer 7. An increase of 5.0 mol% loading (i.e. 7.5 
mol% in SCP8 to 12.5 mol% in SCP10) resulted in an increase of over 
450 % in shear-strength on both glass and aluminium. These increases 
were attributed to the dissociation of the weaker and less ordered 
hydrogen-bonding networks within the para-nitro polymers, allowing 
the formation of hydrogen-bonding interactions with, and increased 
wetting of, the surface of the glass and substrates [61]. This result is in 
agreement with a previous study investigating end-group and steric ef
fects, which demonstrated that when para-nitro substitution was pre
sent, adhesion to both glass and aluminium increased 1.34 MPa and 
1.36 MPa, respectively, when compared to the meta-nitro system [45].

This trend was attributed to an interruption of the ordering caused by 
the substitution pattern of the hydrogen-bond receptor. However, when 
increasing the mol% content of 7 in the para-nitro series, reduction in 
shear-strength of up to 58 % upon the first re-adhesion was observed, 
and this value was maintained over subsequent re-adhesion cycles. This 
decrease was attributed to the thermal processing that the SCPs were 
subject to, potentially causing destabilisation of the ordered supramo
lecular networks.

2.8. Self-healing studies

Visualisation of the self-healing process in real-time was achieved 
using variable-temperature optical microscopy (Figures S81-S84). The 
SCPs were cut into two pieces, then placed in contact on the hot-stage 
microscope stage, where the sample was heated from 20 ◦C at a rate 
of 10 ◦C min− 1. Adjusting the non-covalent crosslinking density of the 
SCPs through increases in the supramolecular monomer (6/7) loadings 
led to shifts in the temperature required for onset and completion of 
healing to higher temperatures. The influence of the substitution pattern 
of the nitroaromatic unit on the observed healing is consistent with the 
rheological data shown in section 2.5, with the para-SCPs (SCP9 and 
SCP10) showing complete healing at 120 ◦C, indicative of their cross
over temperatures. Of the meta-SCPs (SCP4 and SCP5), however, only 
SCP4 was found to have a crossover temperature within 0–150 ◦C, SCP5 
did not exhibit a transition into viscous behaviour, supported by the 
incomplete healing of the sample because of the lack of material flow.

Healing efficiency was investigated through tensile testing post- 
damage. Once suitable healing temperatures were found via thermal 
testing, the materials were healed at ca. 10 ◦C below their viscoelastic 

Table 3 
Rheological analysis of PLMA and SCP1-SCP10.

Polymer meta (6)/para 
(7)

mol% of 
6/7

G’ at 25 ◦C 
(Pa)

Crossover temperature 
(◦C)

PLMA – 0.0 7200 N/A
SCP1 6 2.5 23600 N/A
SCP2 6 5.0 88200 63.8
SCP3 6 7.5 118800 57.3
SCP4 6 10.0 273800 71.5
SCP5 6 12.5 171500 N/A
SCP6 7 2.5 31000 N/A
SCP7 7 5.0 109500 53.9
SCP8 7 7.5 305200 72.5
SCP9 7 10.0 380600 89.3
SCP10 7 12.5 633800 95.9
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transition (determined via rheological analysis) for 3 h, with cut pieces 
placed in contact. This allowed for the dissociation and re-association of 
supramolecular interactions and suitable material flow. The polymers 
were then cooled under ambient conditions to room temperature before 
tensile tests were performed (Table 5). Healing efficiencies were derived 
by calculating the percentage of individual property values recovered 
after damage. Several properties recovered beyond their pristine values, 
a common phenomenon for supramolecular polymers, attributed as a 
consequence of the supramolecular networks within the prepared pris
tine/healed material having not attained their thermodynamic mini
mum [62]. The healing studies show that SCPs featuring meta nitro 
groups generally recover their properties to a larger extent than their 
para counterparts, with exceptions seen in SCP9 UTS and YM, and 
SCP10 strain at break. This outcome was rationalised by consideration 
of the studies reported by Neumann et al. who investigated the effect of 
the rate of entanglement in the context of healable materials. The study 
concluded that less mobile macromolecules, such as the larger polymers 
featuring the para substituted monomer, require more time for healing 
than more mobile macromolecules [63].

3. Conclusions

This paper reports the successful synthesis of two series of supra
molecular comb-polymers (SCPs) with different mol% loadings of 
bisaromatic urea monomers which feature either meta- or para--nitro 
pendant groups. Analysis of the polymer series show that increasing 
incorporation of supramolecular units increases thermal and rheological 
properties of the bulk materials, leading the polymers to transition from 
viscous liquids to viscoelastic solids at ambient conditions. The regioi
someric differences imparted by the meta/para-nitro recognition moi
eties became evident within the mechanical analysis of the SCPs, where 
the para-nitro SCPs exhibited increased UTS and elongation at break 
relative to their meta counterparts, despite crystallographic analysis of 
the monomer suggesting less ordered assemblies. The adhesive proper
ties of the SCPs showed re-adhesion to glass and aluminium substrates 
could be achieved without loss of shear strength over three re-adhesion 
cycles and initial shear strength up to 3.93 MPa could be achieved. The 
SCPs were also found to exhibit self-healing behaviour upon exposure to 
thermal stimuli, with modest recoveries of the mechanical properties 
observed. Ultimately this study highlights how meta/para-nitro 

Fig. 3. (A) Representative stress-strain curves of SCP3-SCP5 and SCP8-SCP10. Comparison of (B) ultimate tensile strength (UTS), (C) strain at break, (D) Young’s 
Modulus (YM), and (E) Modulus of Toughness (MoT). The error shown is the standard deviation for the three repeats of each sample.

Table 4 
The effect of meta-/para-nitro isomerisation of the recognition motif on the mechanical properties of the SCPs. The values recorded are the averages of three separate 
samples for each CEPU. The error shown is the standard deviation for the three repeats of each sample.

SCP meta (6)/para (7) mol% of 6/7 UTS (MPa) Strain at break (ε) Young’s Modulus (MPa) Modulus of Toughness (MJ m− 3)

SCP3 6 7.5 0.07 ± 0.00 5.73 ± 0.4 0.20 ± 0.4 0.26 ± 0.01
SCP4 6 10.0 0.12 ± 0.00 2.47 ± 0.2 0.59 ± 0.01 0.18 ± 0.00
SCP5 6 12.5 0.07 ± 0.01 1.63 ± 0.2 0.38 ± 0.05 0.07 ± 0.01
SCP8 7 7.5 0.06 ± 0.01 12.07 ± 1.3 0.34 ± 0.01 0.32 ± 0.02
SCP9 7 10.0 0.29 ± 0.02 6.50 ± 0.4 0.68 ± 0.1 1.41 ± 0.1
SCP10 7 12.5 0.49 ± 0.01 4.73 ± 0.8 1.36 ± 0.03 1.99 ± 0.4
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isomerisation within the pendant units of the polymer can affect the 
physical and mechanical properties of comb copolymers.
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