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a b s t r a c t

The discovery and development of new adhesive materials is critical for real-world applications of
polymeric composite materials. Herein, we report the design and synthesis of a library of structurally
related phase-separated supramolecular polyurethanes whose mechanical properties and adhesive
characteristics can be enhanced through minor structural modifications of the polymer end-group. The
interplay between phase separation of the hard domain polar end-groups and soft polybutadiene do-
mains, coupled with tuneable self-assembly afforded by the polar end-groups, gives rise to a class of
materials with tuneable mechanical properties. Exceptionally strong supramolecular adhesives and
mechanically robust self-healing elastomers were identified. The mechanical properties were investi-
gated through tensile testing. Finally, rheological analysis of the supramolecular materials was used to
identify suitable healing and adhesive temperatures in addition to elucidate the supramolecular poly-
urethanes' thermal-responsive nature.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Supramolecular materials offer many attractive properties,
particularly durability, robustness, and performance. Many strate-
gies have been employed to deliver supramolecular materials,
ranging from host-guest interactions to complex supramolecular
networks combining multiple orthogonal interactions [1e3]. In
recent years, numerous polymers have been reported capable of
self-healing upon exposure to a suitable stimulus [4e7]. Subse-
quently, supramolecular materials have seen application in adhe-
sives [8e10], healable materials [11e16], inkjet and 3D printing
[17,18], and biomedical applications [19e21].

Rowan, Weder and co-workers generated a tough optically
healable supramolecular polymer through functionalisation of a
soft telechelic poly(ethylene-co-butylene) with hard 2,6-bis(10-
methylbenzimidazolyl) pyridine ligands that assembled with
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varying ratios of Zn(NTf2)2 or La(NTf2)3 [15]. The mechanical
properties of the supramolecular polymer were attributed to phase
separation between the hard and soft domains. To tailor the me-
chanical properties of supramolecular polymers, Schrettl and
Weder combined two metallosupramolecular polymers, a rigid low
molecular weight tri-functional semicrystalline polymer and a soft
elastic telechelic polymer. Utilising the same metal-ligand complex
as a binding motif, they found that by varying the ratio of the two
constituents, they realised materials higher in ultimate tensile
strength (UTS), modulus of toughness and elasticity than either
supramolecular network in isolation [22]. Bouteiller and co-
workers imparted self-healing properties to a PDMS thermo-
plastic elastomer by blending n-alkylated urea additives that can
effectively soften the hard domains by accelerating the chain dy-
namics and disrupting bifurcated urea-urea stacking [23]. Meijer,
Sijbesma and co-workers functionalised telechelic polymers, such
as poly(ethylene-co-butylene)s [24] and polysiloxanes [25], with
ureidopyrimidones (UPy) to deliver thermoreversible supramo-
lecular materials. Anthamatten and co-workers integrated UPy side
groups into linear and cross-linked siloxanes and realised
biocompatible PDMS elastomers with control over variable
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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stiffness and viscoelastic relaxation [26]. Wilson and co-workers
examined hydrogen-bonding motifs and created self-sorting net-
works [27,28].

Nitrophenyl urea motifs have found applications as supramo-
lecular gelators, assembling through both urea-urea and urea-nitro
interactions [29]. We have previously reported hydrogelator sys-
tems based on this motif [30,31], and their utility in creating
polymer films capable of self-repair upon swelling [32]. Viscometry
measurements performed by Bouteiller and co-workers high-
lighted the ability to enhance the hydrogen bonding capability of
urea-based supramolecular systems by enforcing a non-coplanar
conformation between the urea and the phenyl moiety, in turn
enhancing hydrogen bonding [33]. Furthermore, we have recently
demonstrated the influence of enhancing non-coplanar confor-
mation between the urea and the phenyl moieties on hydrogelators
systems [34].

Herein, we report the synthesis of a series of supramolecular
polyurethanes (SPUs) in which attenuation of the assembly capa-
bilities of the urea end-groups by conformational restriction,
enforced by the presence of ortho substituents, has led to the ability
to adjust the bulk properties of these materials. Through a better
understanding of the urea-urea assembly and the disruptive
capability of the nitro substituents, SPU materials with valuable
properties, such as adhesion and healability, were afforded.

2. Experimental

2.1. Materials

Total Cray Valley kindly provided Krasol™ HLBH-P2000 for this
study. Tetrahydrofuran (THF) was distilled from benzophenone and
sodium before use. All other reagents were purchased from Sigma
Aldrich and used as received. The synthesis and analysis of com-
pounds 1e21 plus SPU1eSPU13 are reported in the Supporting
Information file.

2.2. Characterisation

1H NMR and 13C{H} NMR spectra were recorded on either a
Bruker Nanobay 400 or a Bruker DPX 400 spectrometer operating
at 400 MHz for 1H NMR or 100 MHz for 13C{H} NMR spectroscopic
analysis. The data were processed using MestReNova Version
11.0.3e18688. Samples for NMR spectroscopic analysis were pre-
pared in CDCl3, DMSO-d6 or d8-THF, and dissolution of the sample
was aided by gentle heating. Chemical shifts (d) are reported in ppm
relative to tetramethylsilane (d 0.00 ppm) for CDCl3 and the re-
sidual solvent resonance (d 2.50 ppm) for DMSO-d6 and (d
1.73 ppm) for d8-THF in 1H NMR. Infrared (IR) spectroscopic anal-
ysis was carried out using a Perkin Elmer 100 FT-IR (Fourier
Transform Infrared) instrument with a diamond-ATR sampling
accessory. Variable temperature IR (VT-IR) spectroscopic analysis
was carried out using a Perkin Elmer 100 FT-IR spectrometer with a
Specac variable temperature cell holder and Temperature
Controller. The temperature was measured locally with a thermo-
couple embedded inside the solid cell frame. Mass spectrometry
(MS) was conducted using a ThermoFisher Scientific Orbitrap XL
LCMS. The sample was introduced by liquid chromatography (LC),
and sample ionisation was achieved by electrospray ionisation
(ESI). Melting points were recorded using a Stuart MP10 melting
point apparatus and are uncorrected. An Agilent Technologies 1260
Infinity systemwas used to obtain gel permeation chromatography
(GPC) analysis in HPLC-grade THF at a flow rate of 1.0 mL/min.
Calibration was achieved using a series of near monodisperse
polystyrene standards, and samples were prepared at a concen-
tration of 1 mg/mL. Differential scanning calorimetry
2

measurements were performed on a TA Instruments DSC Q2000
adapted with a TA Refrigerated Cooling System 90, using
aluminium TA Tzero pans and lids, measuring from �80 �C to
200 �C with a heating and cooling rate of 10 �C min�1. Thermog-
ravimetric analysis (TGA) was carried out on TA Instruments TGA
Q50 instrument with aluminium Tzero pans. The sample was
heated from 20 �C to 550 �C at 10 �C min�1 under nitrogen gas with
a flow rate of 100 mL/min. Rheological measurements were per-
formed on a Malvern Panalytical Kinexus Lab þ instrument fitted
with a Peltier plate cartridge and 8 mm parallel plate geometry and
analysed using rSpace Kinexus v1.76.2398 software. Tensile tests
were carried out using a Thümler Z3-X1200 tensometer at a rate of
10 mm/min with a 1 KN load cell and THSSD-2019 software. The
modulus of toughness was calculated by integrating the recorded
plot to give the area under the curve. The trapezium rule was
applied to calculate the area between zero strain to strain at break
for each sample. The error reported is the standard deviation for the
three repeats for each sample.

Small-angle X-ray scattering (SAXS) and Wide-angle X-ray
scattering (WAXS) experiments were performed on beamline I22 at
Diamond Light Source (Harwell, UK) [35]. Samples were mounted
in modified DSC pans in a Linkam 600 DSC stage for temperature
control. SAXS data were collected with a Pilatus 2 M detector and
WAXS data with a Pilatus P3-2M detector. SAXS data were reduced
using the software DAWN [36].

Crystals of 9,11e16,19, and 21were mounted under Paratone-N
oil and flash cooled to 100 K under nitrogen in an Oxford Cry-
osystems Cryostream. Single-crystal X-ray intensity data were
collected using a Rigaku XtaLAB Synergy diffractometer (Cu Ka
radiation (l ¼ 1.54184 Å)). The data were reduced within the Cry-
sAlisPro software [37]. The structures were solved using the pro-
gram Superflip [38], and all non-hydrogen atoms were located.
Least-squares refinement against F was carried out using the
CRYSTALS suite of programs [39]. The non-hydrogen atoms were
refined anisotropically. All the hydrogen atoms were located in
difference Fourier maps. The positions of the hydrogen atoms
attached to nitrogen were refined with a Uiso of ~1.2e1.5 times the
value of Ueq of the parent N atom. The hydrogen atoms attached to
carbon were placed geometrically with a CeH distance of 0.95 Å
and a Uiso of ~1.2e1.5 times the value of Ueq of the parent C atom,
and the positions refined with riding constraints.

3. Results and discussion

The SPUs were designed to take advantage of multiple, com-
plementary supramolecular interactions (see Fig. 1). p-p stacking
interactions derive from the choice of isocyanate, namely, methy-
lene diphenyl diisocyanate (MDI). Other interactions result from
urea bifurcated hydrogen bonds on the chain end, urethane
hydrogen bonding in the polymer mid-block and urea-nitro
hydrogen bonds between polymer chains. The position of the
nitro-substituent was varied between the -meta and -para position,
as previously we have shown that the two regioisomers behave
very differently [31,32] and provide scope for optimisation of the
mechanical properties of SPUs. Furthermore, the influence of steric
bulk was investigated by employing methyl substituents placed at
strategic substitution patterns probing the effect of conformation-
ally controlling the end-group to tailor themechanical properties of
the resultant SPU.

A series of 13 aniline-derived end-cap groups were selected,
incorporating meta-/para-nitro substitution and varying degrees of
steric hindrance frommethyl substituents on the aromatic ring. The
synthetic routes used to access the four anilines not available
commercially are shown in Scheme 1. In the case of anilines 1, 2,
and 3, which feature a nitro -meta to the amine unit, these were



Fig. 1. Chemical structure and the four main dynamic bonds present in the SPUs synthesised in this study.

Scheme 1. The synthetic protocol for the synthesis of compounds 1e8 to afford the desired aniline derivatives: 2,6-dimethyl-3-nitroaniline 1, 2,4,6-trimethyl-3-nitroaniline 2,
4-methyl-3-nitroaniline 3, 2,6-dimethyl-4-nitroaniline 4, and 2,3,5,6-tetramethyl-4-nitroaniline 5 [34,41,42].
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synthesised via the nitration of 2,6-xylidine [34], 2,4,6-
trimethylaniline [40], and p-toluidine, respectively, to afford the
desired compounds in good yield (83%, 94%, and 89%, respectively).
More complex approaches were required to synthesise the para-
nitro substituted 4 [34], and 5. 2,6-Xylidine was first converted to
the corresponding toluenesulfonamide 6 to promote nitration at
the para position and the resulting para-nitro-toluenesulfonamide
7 was then treated with sulfuric acid to generate the desired 2,6-
dimethyl-4-nitroaniline 4 in 81% yield. In the case of aniline 5,
1,2,4,5-tetramethylbenzene was nitrated twice to form 1,2,4,5-
tetramethyl-3,6-dinitrobenzene 7 and this was then selectively
reduced by treatment with sodium disulfide to yield 2,3,5,6-
tetramethyl-4-nitroaniline, 5, in 68% yield [41]. The synthetic
protocols for generating the compounds and polymers plus the
associated analytical data are provided in the Supporting Infor-
mation (SI) file (see Figs. S1eS68).

To understand how the spatial assembly of the supramolecular
end-caps of SPU1eSPU13 within the hard domains is affected by
3

the presence of ortho-methyl substituents adjacent to the urea and
nitro moieties, a series of model bisaromatic ureas were syn-
thesised, 9e21. Ureas 9e21 were synthesised by reacting the
respective aniline with phenyl isocyanate (see Scheme 2). The re-
actions were monitored by FTIR spectroscopy to observe the con-
sumption of the isocyanate group, nN ¼ C]O(stretch)
2275e2250 cm�1, and the formation of the corresponding urea,
nC ¼ O(stretch) ca. 1640 cm�1. The solid-state geometries of the
bisaromatic ureas and their hydrogen bonding patterns provide
valuable insight into the assembly of SPU1eSPU13. Single crystals
of the ureas 9, 11e16, 19 and 21were grown via vapour diffusion or
slow evaporation and studied by X-ray crystallography.

The key intermolecular interactions established from the X-ray
analysis of the single crystals of ureas 9, 11e16, 19, and 21 are
shown in Fig. 2 (for the crystallographic data and detailed atom
assignments, see Tables S1eS18 and Figs. S69eS77). The solid-state
structures of compounds 9, 11e16, 19, and 21 all reveal bifurcated
hydrogen bonding between the urea carbonyl and the urea protons



Scheme 2. The general synthetic protocol used to afford the bisaromatic ureas 9e21 [43e46].

Fig. 2. Schematic representation of some of the hydrogen bonding motifs observed within the crystal structures of compounds 9, 11,12,13, 14,15, 16, 19, and 21. (A) Bifurcated urea-
urea hydrogen bonding was observed in 9, 11, 12, 13, 14, 15, 16, 19, and 21; (B) hydrogen bonding involving the nitro group observed in 11; (C) hydrogen bonding of the nitro group
observed in 13; (D) hydrogen bonding observed in 14; (E) hydrogen bonding involving the nitro group observed in 15; (F) hydrogen bonding involving the nitro group observed in
16; (G) hydrogen bonding involving the nitro group observed in 19; (H) hydrogen bonding involving the nitro group observed in 21.
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of an adjacent molecule (Fig. 2A), with the singly methyl-
substituted 12, the para-nitro substituted 11, 19, and 21 and the
meta-nitro substituted 13, 15, and 16, exhibiting ordered 1-
dimensional growth through this hydrogen-bonding motif. Urea
9, which does not feature a nitro group [43], shows the strongest
urea-urea hydrogen bonding with the shortest hydrogen bond
lengths (O1 , , HeN3: 2.131(18) Å; O1 , , HeN10: 1.919(18) Å). On
comparing 9 and 12, the introduction of a single ortho-methyl
4

substituent increases the torsion angles from�38.1(2) � and 43.0(2)
� (for C2eN3eC4eC9 and C2eN10eC11eC12, respectively in 9)
to �45.7(2) � and 50.0(2) � (for C2eN3eC4eC9 and
C2eN10eC11eC16, respectively in 12), with the latter torsion angle
for 12 involving the ortho-methyl substituted ring. As observed in
12, the presence of ortho-methyl substituents in 13, 14 and 15 re-
sults in the substituted phenyl ring being twisted out of the plane to
a greater degree compared to unsubstituted 11, increasing the



M. Hyder, A.D. O'Donnell, A.M. Chippindale et al. Materials Today Chemistry 26 (2022) 101008
torsion angle of C2eN10eC11eC16 from�28.3(3) � (11) to�45.0(2)
� (14) and 50.3(2) � (15) and the C2eN3eC4eC5 torsion angle in 13
to 62.9(4) �. The introduction of two ortho-methyl substituents in
19 and 21 further twist the substituted phenyl ring out of the plane
of the urea compared to the single ortho-methyl substituted 14,
increasing the torsion angle to �62.3(2) (C2eN3eC4eC12, 19)
and �78.1(4) (C2eN3eC4eC5, 21). This twist results in stronger
urea-urea hydrogen bonding in 13, 14, 15, 19, and 21, as evidenced
by their shorter hydrogen-bond lengths (O1 , ,HeN3: 2.082(44) Å;
O1 , , HeN14: 2.121(43) Å, 13), (O1 , , HeN3: 2.029(18) Å; O1 , ,
HeN10: 2.167(18) Å,14), (O1 , , HeN3: 2.151(20) Å; O1 , , HeN10:
2.067(18) Å, 15), (O1 , , HeN3: 2.014(20) Å; O1 , , HeN15:
2.087(20) Å, 19), and (O1 , , HeN3: 1.965(37) Å; O1 , , HeN17:
2.051(39) Å, 21), compared to those in 11 (O1 , , HeN3: 2.045(20)
Å; O1 , , HeN10: 2.302(20) Å). As seen with the urea moiety, the
incorporation of two methyl substituents ortho to the nitro, 21,
result in the nitro being twisted out of the plane of the substituted
aryl ring, evident in the increase of the torsion angles of
C11eC7eN8eO9 and C11eC7eN8eO10 from 179.3(2) � and 0.0(3) �

(11), 170.6(1) � and �8.7(2) � (14), and �175.2(1) � and 4.7(2) � (19)
to 105.5(4) and �76.2(4) (21) respectively. This phenomena is also
observed to a lesser extent with 13 and 16, which only have a single
methyl substituent ortho to the nitro, with an increase in torsion
angles from 176.8(1) � and �3.1(2) � (C14eC15eN17eO18 and
C14eC15eN17eO19, respectively, 15) to �31.4(5) � and 149.1(3) �

(C5eC6eN7eO8 and C5eC6eN7eO9, respectively, 13),
and �24.6(3) � and 150.5(2) � (C7eC8eN10eO11 and
C7eC8eN10eO12, respectively,16). Moving the methyl substituent
from the ortho, 13, to the para, 16, position removes the steric
hindrance experienced by the urea increasing the urea-urea
hydrogen bond strength, evident in the shorter bond distances
(O1 , , HeN3: 2.082(44) Å; O1 , , HeN14: 2.121(43) Å,13) and (O1
, , HeN3: 2.091(21) Å; O1 , , HeN14: 2.082(26) Å, 16).

Additional, weaker intermolecular hydrogen bonds are
observed in 11, 13e16, 19, and 21, with the nitro substituents as the
acceptor moieties, as shown in Fig. 2. Hydrogen bonding mediated
by the nitro group in 11, as depicted in Fig. 2B, comprises one of the
oxygen atoms of nitro behaving as an acceptor for both the NH
donor and ortho-Ph hydrogen donor of the same molecule (O18 , ,
HeN10: 2.65(2) Å; O18 , , HeC12: 2.402(2) Å) and the other oxy-
gen atom as an acceptor for a para-Ph hydrogen donor of an adja-
cent molecule (O19 , , HeC7: 2.696(3) Å). A symmetrical hydrogen
bonding arrangement in 13 (Fig. 2C) is observed between O9 of the
nitro moiety and the para-Ph hydrogen donor on the substituted
aryl ring of an adjacent molecule (O9 , , HeC10: 2.667(4) Å).
Further, the O9 atom of the nitro group acts as an acceptor for the
meta-Ph hydrogen donor on the non-substituted aryl ring of an
adjacent molecule (O8 , , HeC19: 2.528(4) Å). The hydrogen
bonding motif of the nitro group in 14 (Fig. 2D) consists of one
oxygen atom behaving as the acceptor for the ortho-Ph hydrogen
donor and the other oxygen as the acceptor for the meta-Ph
hydrogen donor of the same molecule (O18 , , HeC16: 2.583(2) Å
and O19 , ,HeC15: 2.582(2) Å, respectively). The urea oxygen in 14
also acts as a weak acceptor for themeta-Ph hydrogen donor on the
non-substituted phenyl ring (O1 , ,HeC8: 2.674(2) Å) (not shown).
In 15 (Fig. 2E), one oxygen of the nitro moiety, O19, acts as an
acceptor for the para-Ph hydrogen donor of an adjacent molecule.
Further, the O19 atom of the nitro group of this adjacentmolecule is
an acceptor for the para-Ph hydrogen donor in the original mole-
cule to form a symmetrical arrangement (O19 , , HeC14: 2.535(2)
Å). The second oxygen of the nitro group acts as an acceptor for the
para-Ph hydrogen donor of the non-substituted phenyl ring of a
separate molecule (O18 , , HeC7: 2.585(2) Å). The nitro hydrogen
bonding in 16, (Fig. 2F), consists of O12 acting as an acceptor for two
para-methyl donors on separate molecules, (O12 , , HeC13:
5

2.599(3) Å; O12 , , HeC13: 2.562(3) Å), as well as an acceptor for
the meta-Ph donor on the unsubstituted aryl ring of a third mole-
cule (O12 , , HeC17: 2.689(2) Å). The hydrogen bonding in 19
(Fig. 2G), consists of two symmetrical arrangements, the first of
which consists of O10 of the nitro moiety acting as an acceptor for
the meta-Ph hydrogen donor and ortho-methyl hydrogen donor of
an adjacent molecule which in turn forms a symmetrical arrange-
ment (O10 , , HeC11: 2.486(2) Å and O10 , , HeC13: 2.690(2) Å).
The second oxygen, O9, of the nitro group acts as an acceptor for the
ortho-methyl hydrogen donor of a separate molecule which forms a
second symmetrical arrangement (O9 , , HeC14: 2.651(2) Å) [47].
In 21 (Fig. 2H), one oxygen of the nitro moiety, O10, acts as an
acceptor for the para-Ph hydrogen donor of the non-substituted
phenyl ring of a separate molecule (O10 , , HeC21: 2.597(4) Å).
The second oxygen of the nitro moiety, O9, acts as an acceptor for
two methyl hydrogen donors on separate molecules one ortho-
methyl and onemeta-methyl (O9 , , HeC13: 2.704(4) Å and O9 , ,
HeC14: 2.586(5) Å, respectively). All of the solid state structures
reveal p-p interactions, with T-shaped interactions exhibited in
compounds 9,11,16, and 21 and displaced parallel p-p interactions
exhibited in 11, 12, 13, 14, 15, 19, and 21.

The SPUs, SPU1eSPU13, were synthesised using the two-step
process [48] (see Fig. 3A) that we previously used to generate su-
pramolecular materials capable of healing at body temperature
[49]. Briefly, Krasol™ HLBH-P2000 was reacted in bulk with 2.05
equivalents of MDI at 80 �C for 3 h to afford an isocyanate-
terminated prepolymer. Each reaction vessel was then cooled to
room temperature, solvated with THF, and 2.05 equivalents of end-
cap were added before being brought to and maintained under
reflux to furnish dynamic supramolecular materials (SPU1e-
SPU13). Each reaction was monitored by FTIR spectroscopy, and
upon the disappearance of the isocyanate band, the polymers were
then purified by repeated precipitations. Polymer films were sub-
sequently solvent cast from a concentrated solution of THF, and the
influence of modifying the end-group of the supramolecular poly-
urethane could then be assessed through mechanical property
testing. Unwanted chain extension of the polyurethanes was min-
imal [48], and 1H NMR spectroscopic analysis revealed a ratio of 1:1
for the resonances associated with the urethanes and urea end-
groups, which is consistent with the feed ratios (see the NMR
spectroscopic data in the SI, Figs. S43eS68). The synthesis of the
SPUs was first confirmed by 1H NMR spectroscopy which revealed
resonances ca. 8.50 ppm and ca. 7.80 ppm, corresponding to the
urethane protons in the prepolymer core and the urea protons of
the aniline derivative end-caps, respectively. 13C NMR spectroscopy
was also used to confirm the formation of the urethane and urea
linkages, ca. 153 and 155 ppm, respectively. FTIR spectroscopic
analysis of the polymers revealed the complete consumption of
isocyanate functionalities, as noted by the disappearance of the
isocyanate stretching absorption at 2250e2275 cm�1. Additionally,
the new absorbances observed at 1640e1680 cm�1 and
1710e1740 cm�1 were attributed to the newly formed urea/ure-
thane moieties. GPC analysis of the polymers (See Figs. S78e90 and
Table S19) was employed to confirm the degree of chain extension
in the polyurethane, with an average of 3.5 hydrogenated poly(-
butadiene) residues per supramolecular polymer (Mn ¼ 8700 g/
mol).

Quantitative analysis of both urethane and urea stretching vi-
brations observed in the FTIR spectra of SPU1eSPU13 was con-
ducted to calculate the degree of hydrogen bonding [50] and
illustrate the effects of each end-cap on their respective polymer's
supramolecular hydrogen-bonding network at 20 �C. The carbonyl
stretching vibrations for hydrogen-bonded (1710 cm�1) and free
(1740 cm�1) urethane groups were observed for all polymers,
SPU1eSPU13, arising from the urethane linker bonds within the



Fig. 3. (A) The synthetic strategy employed to synthesise supramolecular polymer networks SPU1eSPU13; (B) In situ VTIR spectra of SPU5 upon heating from 25 �C to 200 �C; (C)
Stacked DSC plot of SPU1eSPU13 from the 2nd heating cycle.
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polymer core [50]. The observation of the urea carbonyl stretching
vibrations associated with the ordered hydrogen-bonded
(1640 cm�1), disordered hydrogen-bonded (1656e1680 cm�1),
and free (1692 cm�1) urea groups varied for polymers SPU1e-
SPU13; these stretching vibrations arise from the urea linker bonds
formed by the polymer end-groups [51]. The degree of hydrogen
Table 1
Normalised percentage integrals of the urethane and urea absorbances of SPU1eSPU13 f
the ordered bound urea and disordered bound urea.

End-group Bound
Urethane (%)

Free
Urethane (%)

Ordered
Bound Urea

SPU1 64 ± 2 36 ± 6 50 ± 2
SPU2 86 ± 3 14 ± 5 e

SPU3 76 ± 2 25 ± 4 e

SPU4 76 ± 3 25 ± 6 78 ± 2
SPU5 80 ± 2 21 ± 3 49 ± 2
SPU6 74 ± 2 26 ± 4 e

SPU7 70 ± 2 30 ± 3 e

SPU8 89 ± 6 11 ± 6 71 ± 2
SPU9 78 ± 6 22 ± 4 71 ± 2
SPU10 65 ± 2 35 ± 4 21 ± 5
SPU11 70 ± 2 30 ± 5 31 ± 8
SPU12 70 ± 2 30 ± 8 49 ± 4
SPU13 81 ± 2 19 ± 4 56 ± 2
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bonding within the supramolecular polymer networks was calcu-
lated by deconvoluting the carbonyl absorption bands from the FT-
IR spectroscopic data (see Table 1 and Figs. S91eS104) [25].
Deconvolution of the urethane absorbances for the free and
hydrogen-bonded carbonyls of SPU1eSPU13 show a range of per-
centage hydrogen bonding, with SPU1 exhibiting the lowest
rom their respective FT-IR spectra, where the total bound urea is equal to the sum of

(%)
Disordered
Bound Urea (%)

Total
Bound Urea (%)

Free
Urea (%)

31 ± 4 81 ± 3 19 ± 5
42 ± 4 42 ± 4 58 ± 3
27 ± 4 27 ± 4 73 ± 2
14 ± 7 92 ± 3 8 ± 6
18 ± 6 67 ± 3 33 ± 5
17 ± 6 17 ± 6 83 ± 3
23 ± 5 23 ± 5 77 ± 2
13 ± 3 84 ± 2 16 ± 6
13 ± 5 85 ± 2 15 ± 5
26 ± 8 47 ± 7 53 ± 3
15 ± 8 46 ± 8 54 ± 5
27 ± 4 77 ± 4 23 ± 7
20 ± 6 76 ± 3 24 ± 6
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percentage of hydrogen bonding (64 ± 2%) and SPU8 exhibiting the
highest (89 ± 6%), respectively. Unsurprisingly, changing the end-
group had little discernible influence on the percentages of
bound and unbound urethane carbonyls (see Figs. S91eS99).
However, deconvolution of the urea-bound and unbound carbonyl
absorbances provided vital insights into the supramolecular as-
sembly in the solid state. Deconvolution of the carbonyl bands in
their respective infrared spectra provided critical insight into the
supramolecular assembly of the end-group (see Figs. S91eS105)
[33,52,53]. In the absence of the nitro substituent, the influence of
increasing the conformational restraint of the urea carbonyl into a
non-coplanar arrangement with the aryl ring can be assessed. The
ortho-methyl substituents on SPU9 and SPU4 increased the
hydrogen-bonded urea, ordered and disordered, from 81 ± 3% in
SPU1 to 85 ± 2% and 92 ± 3%, respectively. Interestingly, SPU1,
which has no conformational restraint, was found to have 81 ± 3%
hydrogen-bonded urea, only 50 ± 2% of which is ordered, the
remaining 31 ± 4% being disordered hydrogen bonding. SPU9 and
SPU4 possessed 71 ± 2% and 78 ± 2% ordered hydrogen-bonded
urea. Therefore, imparting the non-coplanar arrangement in-
creases the ordered hydrogen bonding of the urea carbonyl and, as
a result, encourages the p-p stacking of the aryl moiety [33].
Interestingly the ortho-dimethyl substituted SPU9 has fewer or-
dered hydrogen-bonded and overall hydrogen-bonded urea
carbonyl groups than the ortho-methyl substituted SPU4, suggest-
ing the increased steric hindrance around the urea moiety nega-
tively affects the urea carbonyl group's ability to form ordered
hydrogen bonds. The presence of a nitro moiety either meta (SPU2,
SPU5, SPU7, SPU8, SPU10, and SPU12) or para (SPU3, SPU6, SPU11,
and SPU13) to the urea on the aryl substituent has a dramatic in-
fluence on the degree and order of the urea-carbonyl hydrogen
bonding, because of the introduction of a competitive hydrogen-
bond acceptor which effectively disrupts urea-urea hydrogen
bonding interactions in favour of urea-nitro interactions [54]. It is
known that introducing nitro substitution of aryl ureas at either the
meta or para position can drastically alter the 3-dimensional su-
pramolecular assembly [31,55]. The introduction of the competitive
nitro hydrogen bonding acceptors in SPU2 and SPU3, where the
nitro is meta and para, respectively, results in the absence of any
ordered hydrogen-bonded urea carbonyl and a significant decrease
in the percentage of hydrogen-bonded urea to 42 ± 4% and 27 ± 4%,
respectively, when compared to SPU1. Contrary to that observed
with SPU4, imparting conformational restraint of the urea to force a
non-coplanar conformation of the urea and aryl groups with the
presence of a single ortho-methylmoiety, while keeping the nitro in
the same plane as the aryl ring, decreases the percentage of
hydrogen-bonded urea for SPU6 and SPU7. Increased steric hin-
drance experienced by the urea carbonyl further promotes the
urea-nitro hydrogen bonding over urea-urea hydrogen bonding
[33]. The ortho-methyl substituent adjacent to both the urea and
nitro moieties in SPU5 forces a non-coplanar conformation of both
the urea and nitro with respect to the benzene ring. This non-
coplanar conformation inhibits its resonance forms [41,56] which
then inhibits its efficacy as a hydrogen-bond acceptor because of
poor p-orbital overlap. This, along with the steric hindrance expe-
rienced by the nitro from the ortho-methyl, translates to 49 ± 2%
ordered hydrogen-bonded urea in SPU5. As observed with SPU9,
the increase in the steric hindrance of the urea moiety the ortho-
dimethyl substituted SPU10 experiences compared to SPU5 results
in a decrease in overall hydrogen-bonded urea and ordered
hydrogen-bonded urea. The opposite trend was observed when the
nitro group was located in the para position and not hindered by an
ortho-methyl substituent: in SPU11, an increase in both overall
hydrogen-bonded urea and ordered hydrogen-bonded urea was
observed, 46 ± 8% and 31 ± 8%, respectively, when compared to
7

SPU6. The para-methyl substituent adjacent to the nitro moiety in
SPU8 forces a non-coplanar conformation of the nitro with the aryl
ring without influencing the geometry between the urea and aryl
ring. Inhibition of the resonance experienced by the nitro moiety
translates to a significant increase in both overall hydrogen-bonded
urea and ordered hydrogen-bonded urea, 84 ± 2% and 71 ± 2%,
respectively. Inducing full conformational restraint of both the urea
and nitro when in meta-nitro substituted, SPU12, and para-nitro
substituted, SPU13, results in the highest percentage of hydrogen-
bound urea when the urea is in the presence of ortho-methyl
substituents, 77 ± 4%, and 76 ± 3%, respectively, and percentage of
ordered hydrogen-bonded urea, 49 ± 4%, and 56 ± 2%, respectively.
This promotion of urea-urea hydrogen-bonding over urea-nitro
hydrogen-bonding is a result of the combined effect of the non-
coplanar conformation adopted by the urea and aryl groups and
the increased steric hindrance experienced by the nitro moieties
from the ortho-methyl substituents, which in turn inhibits reso-
nance from the induced nitro-aryl non-coplanar conformation.

We have previously illustrated the value of utilising VT-IR
spectra to assess the reversibility of hydrogen-bonding functional
groups in supramolecular polyurethanes [50]. To further under-
stand the reversible processes in SPU5, VT-IR spectroscopic analysis
was recorded from 25 �C to 200 �C, monitoring the relative absor-
bances of the urea and urethane carbonyl groups to understand the
thermal stability of the hydrogen-bonded supramolecular net-
works of the urethane and urea moieties (see Fig. 3B). SPU5 was
prepared as a KBr disc with a loading of 0.1% wt. to ensure homo-
geneity throughout the beam path over the temperature range.
Dissociation of the hydrogen-bonding networks within the SPU
was assessed by deconvolution of the urea and urethane absor-
bances as a function of temperature (see Figs. S106eS109). Varia-
tion between the deconvoluted FT-IR and VT-IR spectra of SPU5
was attributed to measurement differences: the room temperature
FT-IR spectra were obtained from a polymer film on an ATR
accessory, whereas the variable-temperature measurements used
KBr discs. Upon increasing temperature, a shift to longer wave-
numbers was observed for both the urethane and urea carbonyls
moving from a bound to an unbound state. Qualitative comparison
of the deconvoluted absorbances assigned to the bound and un-
bound urethane carbonyl groups throughout the heating cycle has
revealed two thermal regions of interest. The first was evident from
40 �C to 80 �C, where an initial decrease in the percentage bound
urethane was clear, with a second decrease from 100 �C to 140 �C.
The deconvolution of the urea carbonyl has also revealed two
thermal regions of interest, 40 �Ce60 �C and 80 �C to 120 �C. The
first is associated with a transition from ordered bound urea to
disordered bound urea, and the second region is attributed to a
transition of the disordered bound urea to free urea. However, the
complete dissociation of the hydrogen-bonded carbonyls was not
evident up to 200 �C.

The thermal properties of SPU1eSPU13 were assessed by DSC
analysis (see Fig. 3C and Table 2). In the second heating cycle, all the
SPUs exhibited a Tg ca. �45 �C that was associated with the glass
transition of the poly(ethylene-co-butylene) soft domain. SPU5
displayed the thermal characteristics of a typical amorphous
polymer in that only a single glass transition was evident. Inter-
estingly, the SPUs which contained a nitro functional group that lay
in-plane with the aryl ring, such as SPU6, exhibited two distinct
melting transitions in the second heating run, 13.4 �C and 36.0 �C,
and a cold crystallisation between these melting transitions at
around 16 �C and crystallisationwas also evident in the first cooling
cycle at 23.1 �C. Apart from SPU12, which features an elevated
melting temperature of 124.0 �C, these data indicate that when the
nitro substituent of the end-group is twisted orthogonal to the aryl
ring by an ortho methyl substituent, the resultant SPUs do not have



Table 2
Thermal properties of the supramolecular polymers SPU1eSPU13.

Tg (�C)b Tm (�C)a Tm (�C)b Tc (�C)c Tc (�C)b,d

SPU1 e45.7 98.9 e e e

SPU2 e45.6 41.0 13.7; 33.0 16.8 17.1
SPU3 e46.1 41.1 13.3; 34.2 22.8 16.5
SPU4 e44.5 56.1 e e e

SPU5 e45.0 e e e e

SPU6 e46.1 40.7 13.4; 36.0 23.1 15.9
SPU7 e45.7 42.0 14.1; 35.7 22.1 18.9
SPU8 e45.5 e e e e

SPU9 e46.3 e 15.0; 36.8 11.3 20.0
SPU10 e45.3 e e e e

SPU11 e44.9 40.0 8.6; 36.3 16.2 19.6
SPU12 e45.9 42.3 124.0 e e

SPU13 e44.6 e e e e

a First heating run, 10 �C min�1.
b Second heating run, 10 �C min�1.
c First cooling run, 10 �C min�1.
d Cold crystallisation.
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melting transitions that are discernible by DSC analysis. This trend
was evident in the SPUs synthesised herein. As SPU1eSPU13 all
have similar molecular weights and polydispersity (see Table S19),
the differences were seen in thermal transitions originate purely
from the aggregation and crystallisation of the end-group in the
hard domains. The melting and crystallisation of the hard domains
are proposed to be a consequence of nanofiber formation, which
Appel et al. have previously reported for ureidopyrimidinone su-
pramolecular thermoplastic elastomers [57]. SAXS/WAXS experi-
ments were therefore performed on the supramolecular
polyurethane networks to further investigate the crystallinity
within the hard domain in more detail.

TGA analysis was employed to ascertain the maximum pro-
cessing temperature, whereby samples were heated from 20 �C to
550 �C at a rate of 10 �Cmin�1 under a nitrogen atmosphere. SPU13
exhibited the lowest temperature for the onset of degradation at
237 �C, and all the SPUs degraded fully by 475 �C (See
Figs. S110eS115).

The properties of thermoplastic supramolecular polyurethanes
are dependent on their microphase-separated morphology
[58e60]. SAXS has thus been used to investigate the microphase
separation in these materials [11,50,61]. At room temperature,
SPU2, SPU3, SPU6, and SPU10 exhibit broad Bragg peaks at 95.1 Å,
84.0 Å, 87.0 Å, and 82.7 Å, respectively, implying a microphase-
separated morphology arising from the immiscibility of the hard
hydrogen-bonding end-groups with the soft poly(butadiene)
backbone [48,50,61,62]. In the cases of SPU3 and SPU6, an -ortho-
methyl substituent on the end-groups resulted in a clear shift to
longer interdomain spacings from 84.0 Å to 87.0 Å. The most sig-
nificant change, however, was observed in the case of SPU2 and
SPU10; in the absence of -ortho-methyl substituents, the inter-
domain spacing (SPU2) was 95.1 Å, and upon constraining the
conformation of the end-cap through the addition of two -ortho
methyl substituents, a significant shift to 82.7 Å was evident (see
Fig. 4A). In the case of SPU5, where only one methyl substituent is
ortho to the urea, and the nitro substituent is twisted out of plane
relative to the aryl substituent, a broad Bragg peak was observed at
62.8 Å, indicating a reduced degree of microphase separation be-
tween the polymer backbone and the end-group. When compared
to our previously reported supramolecular poly(butadiene)s, which
featured chiral end-groups, broad reflections were observed with
domain spacings of 101.3 Å and were associated with the nano-
phase separation [50]. SPU1, SPU4, and SPU9 are end-capped with
an aniline that does not feature the nitro hydrogen-bonding
acceptor group and the difference in the SAXS data between
8

these SPUs and those SPUs where the end-groups possess a nitro
moiety is dramatic. Bragg peaks associated with microphase sep-
aration are significantly less intense and are shifted to larger
domain spacings, implying reduced microphase separation be-
tween the polar end-groups and the apolar polymer backbone.
Furthermore, SPU9 exhibited a second-order peak suggesting a
lamellar structure.

WAXSwas also performed to investigate the orderingwithin the
hard domains (see Fig. 4B). Several reflections were observed (ca.
14.6 Å, 9.8 Å, 7.4 Å, 5.5 Å, 4.7 Å, 4.2 Å, 3.5 Å and 3.1 Å). All the SPUs in
this study exhibited well-ordered packingwith reflections (ca. 4.7 Å
to 4.2 Å) corresponding to ordering within the urea based hard
domains [63]. Furthermore, reflections (ca. 3.5 Å), characteristic of
pep stacking assemblies, can be seen [64]. SPU4 and SPU9, which
do not contain a nitro substituent, feature sharp reflections, espe-
cially ca. 4.7 to 4.2 Å corresponding to urea-urea hydrogen-bonding
interactions. Deconvolution of FTIR spectroscopic data revealed
that these SPUs had the highest ordered urea hydrogen-bonding
content (see Table 1).

Visual inspection of the polymer films provided critical insight
into the assembly of the end-group. SPU1, SPU4, and SPU9, which
did not feature a nitro substituent, did not form homogeneous films
and instead appeared significantly phase-separated (see Fig. S116, a
photograph of SPU12 is also shown in Fig. S117). The viscoelastic
properties of SPU1eSPU13 were assessed with dynamic rheolog-
ical testing (see Fig. 5A and 5B, Figs. S118e130). The storage
modulus (G0) dominates, and SPU1eSPU13 behave as viscoelastic
solids in the low-temperature regime. At elevated temperatures,
the differences between SPU1eSPU13 became apparent, and the
dissociation and association of supramolecular polymer networks
could be compared. The strong association of the hard domains in
SPU1, SPU4 and SPU9 and lack of nitro substituent resulted in no
meaningful change in the storage modulus up to 100 �C. This data
reinforces the concept that the nitro substituent on the polymer
end-group attenuates the interchain hydrogen bonding. A similar
observationwas made by Nicoud and co-workers who investigated
nitrophenyl urea crystal structures and found that the nitro oxygen
acts as a competitive acceptor for acidic urea hydrogen donors and
disrupts urea-urea interactions [65]. In the case of SPU1, a gradual
relaxation mechanism was observed, yet the polymer did not
transition into the viscous state (see Fig. 5B). SPU4 and SPU9,which
feature ortho-methyl substituents, resist this relaxation mecha-
nism, presumably because of the hard domains' increased associ-
ation and crystallinity and hence increased order within the
domain. SPU2, SPU3, SPU6 and SPU7 exhibited terminal flow
below 60 �C and crossover between G0 and the loss modulus (G00)
was observed. The common feature of these SPUs is that they all
possess a nitro functional group and in the case of SPU6 and SPU7, a
single methyl substituent situated ortho to the urea moiety.
Therefore, these SPUs were investigated for their potential as low-
temperature adhesives and healable materials to exploit their
reversible dissociation. Interestingly, SPU5, which also features a
nitro substituent and an ortho-methyl substituent (to both the nitro
and urea groups), exhibited exceptional resistance to temperature
and no terminal flow nor significant relaxation event was observed
up to 150 �C. In this case, the ortho-methyl substituent can twist the
nitro group out of the plane of the aryl ring [56] and disrupt its
ability to act as a hydrogen-bond acceptor and thus, SPU5 exhibits
similar rheological characteristics to SPU1, SPU4 and SPU9. SPUs
SPU10, SPU11, SPU12 and SPU13, which contained two ortho-
methyl substituents and therefore more organised hard domains,
because of the forced non-coplanar assembly, also did not exhibit
dramatic changes in their rheological properties with increasing
temperature. SPU11, however, is the exception, as in this case, the
nitro substituent is located in the para position and thus able to act



Fig. 4. (A) SAXS intensity profiles of the SPUs (B) WAXS intensity profiles of the SPUs. Data were acquired at room temperature.

Fig. 5. Temperature sweep analysis of SPU1-13 over a temperature regime of 0 �Ce150 �C, using a normal force of 1 N and a frequency of 1 Hz. (A) G0 against temperature, (B) phase
shift (d) against temperature.
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as an uninhibited hydrogen-bonding acceptor, and a noticeable
relaxation event is observed around 40 �C (see Fig. 5B), presumably
softening of the hard domains, however, a new rubbery plateau is
found. The supramolecular network can resist terminal flow up to
140 �C, where the onset of terminal flow is observed. As observed
with SPU11, SPU8 which contains a para-methyl adjacent to the
nitro moiety experiences a significant relaxation event around
40 �C with a new rubbery plateau being found after, resisting ter-
minal flow up to 120 �C. Master curves of G0 and G00 for SPU2, SPU3,
SPU5eSPU8 and SPU10eSPU13 were attempted using the time-
temperature superposition (TTS) principle; however, the fre-
quency curves could not be fitted with only horizontal shift factors
(see Figs. S131eS140). van Gurp-Palmen plots were used to confirm
this (see Figs. S141eS150). The principle of TTS can at times fail in
systems when there is more than one assembly mode with
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distinctly different temperature dependencies, and this is observed
commonly in immiscible polymer blends [66]. In our case, it is
postulated that the four main dynamic hydrogen-bonding in-
teractions involving these end-groups had distinctly different
temperature dependencies and as such, we were unable to apply
TTS for all of the SPUs tested.

We have demonstrated previously that the supramolecular as-
sembly of nitro-aryl urea hydrogelators can be controlled by con-
formationally forcing the urea and aryl substituents into a non-
coplanar arrangement [34]. Changing the end-group of the supra-
molecular polymer networks synthesised in this study significantly
affected mechanical properties by changing the supramolecular-
assembly mode. The binding interactions in the polar hard do-
mains (e.g., the end-groups) dictates the supramolecular cross-link
density and thus mechanical properties of the polymer network.
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Tensile stress-strain measurements probed the mechanical prop-
erties of the supramolecular elastomers at a rate of 10 mm/min
(Fig. 6).

The general structure of supramolecular polyurethanes and the
four primary dynamic interactions give rise to their unique me-
chanical properties (see Fig. 1) (see Figs. S151e165). It is helpful to
evaluate the -meta and -para-nitro supramolecular polyurethanes
separately to assess and effectively discuss the differences in me-
chanical properties. The SPUs featuring each regioisomer behave
differently, and the influence of the pattern of substituents sur-
rounding the nitro substituent was critical. Assessing first themeta-
nitro substituted supramolecular polyurethanes (SPU2, SPU5,
SPU7, SPU8, SPU10, and SPU12), a drastic increase in both ultimate
tensile strength (UTS) and Young's modulus was obtained in SPU12.
In SPU12, where the end-group was 2,4,6-trimethyl-3-nitroaniline,
a UTS of 6.08 ± 0.29 MPa and Young's modulus of 38.96 ± 0.60 MPa
was achieved. This result was in contrast to that obtained for SPU10
(2,6-dimethyl-3-nitroaniline), which had the second-lowest UTS in
Fig. 6. (A) Representative stress-strain curves of supramolecular elastomers, SPU2, SPU3, S
elongation at break (EB), (D) Young's modulus, and (E) Modulus of toughness (MoT). The e

10
this study of 1.22 ± 0.01 MPa and the second-lowest Young's
modulus at 5.22 ± 0.14 MPa. The only primary structural difference
between these two supramolecular elastomers is the addition of a
single methyl substituent that flanks the nitro substituent position,
enforcing non-coplanarity between the nitro and the aryl ring. In
contrast, when the end-group was 3-nitroaniline (SPU2), a UTS
value of 1.27 ± 0.00 MPa and Young's modulus of 8.68 ± 0.63 MPa
was determined comparable in value to SPU10. However, SPU10
proved to be the most elastic supramolecular polymer in this study,
with an elongation at break (EB) of 2.39 ± 0.04. SPU5 offers a
unique insight into how adding a single -ortho-methyl substituent
adjacent to both the urea and nitro moieties resulted in more than
doubling the UTS than compared to the cases of SPU2, SPU7, and
SPU10. Rationalising this outcome is non-trivial, and the influence
of the methyl substituent appears to be two-fold; when located
ortho to the urea, the plane of the aryl unit is twisted into a non-
coplanar arrangement; this effect is also magnified when two
methyl substituents flank the urea group. Secondly, when a methyl
PU5eSPU7 and SPU10eSPU13. Comparison of (B) ultimate tensile strength (UTS), (C)
rror shown is the standard deviation between the three repeats for each sample.
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substituent is situated -ortho to the nitro substituent, the nitro
acceptor unit can twist out-of-plane and act as a hydrogen bonding
acceptor to adjacent polymer chains perpendicular to the main
chain. To our surprise, having two methyl substituents flanking the
urea (in the case of the end-group of SPU10) serves to affect the UTS
of the SPU negatively. Evaluating the -para regioisomer (SPU3,
SPU6, SPU11, and SPU13) and removing the influence of the -ortho
methyl substituent, a trend appears, for all parameters tested. The
difference between SPU6 and SPU3 is negligible, suggesting that
the addition of a single methyl substituent ortho to the urea has no
significant effect on the hard domain. This correlates to the absence
of ordered hydrogen bonding of the urea carbonyl within the FT-IR
spectroscopic analysis (see Table 1). However, in the case of SPU11,
where two methyl substituents flank the urea and force non-
coplanarity between the urea and the aryl substituent, marked
increases in UTS, EB, Young's modulus, and modulus of toughness
were observed (Fig. 6B-E). SPU13 exemplifies this observation
further, with the largest UTS, Young's modulus and modulus of
toughness compared to the other para-nitro substituted SPUs
(Table 3). These observations correlate to the introduction of or-
dered hydrogen-bonded urea carbonyls in the cases of SPU11 and
SPU13, with SPU13 featuring the highest percentage of ordered and
total hydrogen-bonded urea carbonyl within the para-nitro
substituted SPUs (see Table 1).

Adhesion between two substrates requires strong interfacial
interactions and is a non-trivial challenge. We envisaged that by
taking advantage of the tuneable supramolecular assembly through
end-group design, our supramolecular networks could more effi-
ciently dissipate mechanical load by breaking physical (non-cova-
lent) interactions and therefore reduce adhesive and cohesive
failure. These non-covalent interactions will reform after breaking
and restore the polymer adhesive's mechanical properties with
sufficient time and temperature [22,67,68]. Advantageously, our
relatively lowmolecular weight supramolecular polymer adhesives
have the advantage of reversibility and derive their mechanical
properties from non-covalent interactions. Consequently, they do
not suffer the same mechanical property loss as polymer systems
that rely on chain scission for energy dissipation.We tested the hot-
melt adhesion properties of the supramolecular polymer networks
through triplicate lap-shear experiments. The adhesion of the su-
pramolecular polymers was assessed at two different bonding
temperatures, 70 �C and 120 �C, to understand the bulk viscoelastic
properties inmore detail. Four substrates, namely, glass, aluminium,
high-density polyethylene (HDPE) and polypropylene (PP) were
assessed (Fig. 7A). Unsurprisingly, strong adhesion was achieved
with glass (see Fig. S155) and aluminium substrates as the supra-
molecular polyurethanes can interact with the substrate through
non-covalent interactions [69,70]. SPU12 exhibited exceptional
Table 3
Effect of end-group on the mechanical properties of the SPUs; the recorded are average
between the three repeats for each sample.

End-group UTSa (MPa) EBb (ε)

SPU2 1.27 ± 0.00 0.81 ± 0.10
SPU3 1.71 ± 0.04 0.61 ± 0.03
SPU5 4.50 ± 0.16 1.02 ± 0.04
SPU6 1.87 ± 0.07 0.52 ± 0.03
SPU7 1.34 ± 0.05 1.02 ± 0.15
SPU8 0.85 ± 0.06 0.56 ± 0.02
SPU10 1.22 ± 0.01 2.39 ± 0.04
SPU11 2.48 ± 0.03 0.88 ± 0.03
SPU12 6.08 ± 0.29 0.26 ± 0.02
SPU13 3.62 ± 0.25 0.72 ± 0.04

a UTS, ultimate tensile strength.
b EB, elongation at break.
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shear strength in adhering to glass (5.70± 0.10MPa) and aluminium
(3.59 ± 0.23 MPa). To put this in context, Feringa, Tian and co-
workers explored a thioctic acid copolymer with a maximum lap
shear strength of 2.5 MPa when adhering glass, making it compa-
rable to 3M instant adhesive at 2.25MPa [52]. Similarly, Weder and
co-workers reported an optically responsive supramolecular poly-
mer glass that took advantage of the self-assembly characteristics of
UPy units. Adhesion of two glass slides bonded together by the
supramolecular polymer glass yielded a lap shear strength of
approximately 1.2 MPa [71]. To demonstrate the reusability of these
SPUs as adhesives, re-adhesion of SPU12 between glass substrates
was conducted and exhibited no fatigue after 5 times of cycling
(Fig. 7B), this observation is owing to the dynamic nature of su-
pramolecular materials. In contrast, adhesion to HDPE and PP
proved challenging, as these substrates do not have surface struc-
turalmotifs that can cooperatively interactwith the supramolecular
polyurethanes. Hydrogen-bonding interactions are highly direc-
tional and must be within 5 Å of each other and be orientated
cooperatively throughout the bulk material to be effective [72].
Thus, we anticipated controlling this bulk orientation through
effective end-group modulation. Interestingly an inverse relation-
ship was observed for SPU7 whereby it was found to be the stron-
gest adherent to PP with a shear strength of 1.43 ± 0.14 MPa and
surprisingly the weakest to HDPE (0.58 ± 0.03 MPa).

The polymer healing tests were conducted by first cutting the
polymer tensile strips in half with a scalpel, and the edges were
butted together on a PTFE plate [49]. The strips were then trans-
ferred into a preheated oven for 1 h at an appropriate temperature
derived from the rheological data for each SPU before allowing to
cool to room temperature for 30 min and carefully peeling from the
PTFE plate (see Fig. S156, [73]. It has been previously reported that
for a strong self-healing response, the relaxation time of the poly-
mer film should range from 0.1 s to 100 s [74]. For this to occur, G0

and G00 need to crossover at the determined healing temperature.
SPU5 and SPU11eSPU13 do not exhibit crossover between G0 and
G00 at temperatures below 150 �C, as evident in the temperature
sweep analysis (see Fig. 5) and TTS analysis (see Figs. S131eS150,
respectively). As a result of the absence of material flow for these
SPUs, poor recovery of mechanical properties was observed, and
healing was not observed for SPU12. SPU3, SPU6 and SPU7 all
exhibited modest recoveries, 53%, 53% and 39%, respectively, in
terms of UTS and increases in their EB relative to the pristine ma-
terial, 249%, 167% and 137% (Table 4). SPU2 and SPU10 saw an in-
crease in their UTS (134% and 220%) and a modest recovery in EB
(37% and 54%). Healing recoveries greater than 100% have been
observed previously for other elastomer systems described by Bao,
Binder and co-workers presumably a consequence of the prepara-
tion conditions used to afford the pristine material not permitting
s of three separate samples of each SPU. The error shown is the standard deviation

Young's
Modulusa (MPa)

Modulus of
Toughnessa (MJm�3)

8.68 ± 0.63 0.91 ± 0.12
11.89 ± 0.60 0.86 ± 0.05
24.05 ± 1.33 3.84 ± 0.31
10.71 ± 0.70 0.78 ± 0.05
10.34 ± 0.55 1.20 ± 0.21
13.11 ± 0.35 0.41 ± 0.04
5.22 ± 0.14 2.49 ± 0.06
15.80 ± 0.16 1.84 ± 0.10
38.96 ± 0.60 1.08 ± 0.16
20.06 ± 1.75 2.22 ± 0.21



Fig. 7. A) Shear strength of supramolecular networks as determined by tensile lap-shear experiments. B) Shear strength of SPU after cycling 5 times cycling experiments.

Table 4
Healing data for the SPUs; the order of data in the table for each entry is as follows: pristine SPU; healed SPU; % healing.

End-group Healed UTS (MPa) Healed EB (ε) Healed Young's
Modulus (MPa)

Healed Modulus of
Toughness (MJm�3)

SPU2 1.27 ± 0.00
1.70 ± 0.15
134%

0.81 ± 0.10
0.30 ± 0.04
37%

8.68 ± 0.63
13.68 ± 0.81
158%

0.91 ± 0.12
0.39 ± 0.09
43%

SPU3 1.71 ± 0.04
0.90 ± 0.06
53%

0.61 ± 0.03
1.52 ± 0.24
249%

11.89 ± 0.60
6.99 ± 0.95
59%

0.86 ± 0.05
1.17 ± 0.23
136%

SPU5 4.50 ± 0.16
1.36 ± 0.32
30%

1.02 ± 0.04
0.07 ± 0.02
7%

24.05 ± 1.33
28.50 ± 3.99
119%

3.84 ± 0.31
0.08 ± 0.03
2%

SPU6 1.87 ± 0.07
1.00 ± 0.06
53%

0.52 ± 0.03
0.87 ± 0.14
167%

10.71 ± 0.70
8.69 ± 0.57
81%

0.78 ± 0.05
0.67 ± 0.12
86%

SPU7 1.34 ± 0.05
0.52 ± 0.04
39%

1.02 ± 0.15
1.40 ± 0.32
137%

10.34 ± 0.55
4.84 ± 0.10
47%

1.20 ± 0.21
0.61 ± 0.16
51%

SPU8 0.85 ± 0.06 0.56 ± 0.02 13.11 ± 0.35 0.41 ± 0.04
0.58 ± 0.00 0.41 ± 0.00 10.49 ± 1.63 0.19 ± 0.00
68% 72% 80% 47%

SPU10 1.22 ± 0.01
2.68 ± 0.13
220%

2.39 ± 0.04
1.28 ± 0.14
54%

5.22 ± 0.14
9.94 ± 0.06
190%

2.49 ± 0.06
2.49 ± 0.42
100%

SPU11 2.48 ± 0.03
0.94 ± 0.09
38%

0.88 ± 0.03
0.47 ± 0.04
53%

15.80 ± 0.16
6.43 ± 0.42
41%

1.84 ± 0.10
0.32 ± 0.07
17%

SPU12 6.08 ± 0.29
e

e

0.26 ± 0.02
e

e

38.96 ± 0.60
e

e

1.08 ± 0.16
e

e

SPU13 3.62 ± 0.25
1.38 ± 0.40
38%

0.72 ± 0.04
0.24 ± 0.05
33%

20.06 ± 1.75
12.96 ± 1.89
65%

2.22 ± 0.21
0.22 ± 0.10
10%
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the supramolecular networks in question to reach their energetic
minimum [74].

4. Conclusions

A series of novel SPUs that feature polar end-groups were syn-
thesised, and their physical properties were assessed with respect
to their end-groups. End-groups that did not feature a nitro moiety
were too brittle and phase-separated because of increased crys-
tallinity in the hard domain. Upon attenuating this assembly with a
nitro substituent, which acted as a competitive hydrogen-bonding
group for urea-urea associations, the mechanical properties of the
resultant SPUs could be tailored and adhesion to glass, aluminium,
PP and HDPE was assessed. Furthermore, these SPU derivatives
were also found to be elastomeric and self-healing. SAXS/WAXS
analysis revealed a microphase separated morphology which was
attributed to the improved mechanical properties of the SPUs. DSC
analysis showed that SPUs with unhindered nitro substituents
exhibited melt transitions centred around 36 �C. Temperature
sweep rheological analysis of the SPUs revealed key insights, into
the reversibility of the supramolecular networks, in the absence of
a nitro substituent crossover between G0 and G00 was not observed.
This was also the casewhen the nitro substituent was twisted out of
plane relative to the aryl ring and therefore unable to act as a
competitive hydrogen bonding acceptor.
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