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A B S T R A C T

Functionalisation of polyurethane-urea oligomers with hydrogen bonding amide end groups leads to dramatic 
thermal, mechanical, morphological, and rheological changes of supramolecular polyurethane elastomers. This 
study reports the design, synthesis and characterisation of six new aliphatic thermally stable supramolecular 
polyurethanes (SPUs). It was found that introduction of the amide end groups affords a polymer network that is 
maintained by dynamic associations within the solid state of the material. Through atomic force microscopy 
(AFM), the aggregation of hard segments of these phase separated SPU networks was found to be more prominent 
with the introduction of the amide end groups. The strong hydrogen bonding associations between the amide end 
groups were complemented by urea-urea and urethane-urethane interactions from the main chains to enhance 
the self-assembly and phase separation of SPUs and also improve the mechanical, thermal and rheological 
properties with respect to other SPU elastomers that feature bisamide end groups. These thermally stable phase 
separated SPUs also displayed remarkable re-adhesive capabilities on both glass and aluminium substrates, for 
example, SPU2 exhibited unique reusability after seven adhesion cycles.

1. Introduction

Supramolecular polymer networks formed via hydrogen bonding 
interactions between the polymer chains have been shown to exhibit 
remarkable characteristics corresponding to their intrinsically dynamic 
properties. [1–4] This dynamic nature provides the polymers with the 
high selectivity and tuneable properties via the reversible association 
and dissociation of the hydrogen bonds present within the networks. 
[5–7]

Many fundamental synthetic studies have produced numerous 
elegant hydrogen bonded assemblies. [8,9] Lehn and co-workers re-
ported supramolecular liquid crystalline polymers through association 
of three hydrogen bonds between 2,6-diaminopyridine with 2,6-dia-
mino-1,3,5-trizine (bifunctional chiral), tartaric acid (as a spacer), and 
uracil derivatives (as side-chains). [10] A notable and extensively 
studied hydrogen bonding recognition motif in supramolecular poly-
mers is the 2-ureido-4[1H]-pyrimidinone (UPy) system, first reported by 
Meijer and co-workers in 1997 that assembles via the formation of 

quadruple hydrogen bonds. [11–16] Guan and co-workers reported 
novel thermoplastic elastomers combining of polystyrene hard segments 
(backbone) and polyacrylate amide (side chains) soft segments. The 
hydrogen-bonding brush motifs enable the polymer to heal up to 92 % in 
terms of extension to break relative to the pristine material at 25  ◦C. 
[17].

Polyurethanes (PUs) are used extensively in modern society on ac-
count of the low cost of the raw materials and the desirable physical 
properties of these materials. [18] Applications of PUs are diverse and 
include coatings, [19] fibers, [20] foams, [21] 3D and 4D printing, 
[22–24] and the biomedical field. [25–27] Novel healable poly-
urethanes have been reported by Liu and co-workers via inserting dy-
namic covalent chains that enhanced the mechanical and thermal 
properties (Tg was increased from 23  ◦C to 80  ◦C), as well as the healing 
efficiency.[28] The effect of hard segment content in polyurethanes has 
been investigated by Wilkes and co-workers − different aliphatic and 
aromatic diisocyanates were assessed and revealed that the symmetry of 
the diisocyanate was crucial to the degree of hydrogen bonding and 
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microphase separation that in turn influenced the thermal properties 
and dynamic mechanical behaviour. [29] In a subsequent study, 
segmented supramolecular polyurethanes formed using two different 
diisocyanates (4,4′–methylenediphenyl diisocyanate (4,4′-MDI) and 1,6- 
hexamethylene diisocyanate (HDI) with triptycene units as a chain 
extender – the materials generated with HDI exhibited enhanced 
microphase separation in comparison to those derived from MDI on 
account of the flexibility of HDI segments. [30].

Amide units can also promote self-assembly of supramolecular 
polymer networks via the self-complementary interactions of the 
carbonyl acceptor groups and amine donors groups. [31–34] Chang and 
co-workers have successfully generated supramolecular polyamide- 
urethane blends with LiClO4 to produce dynamic electrolyte materials 
in which the phase separation within the bulk phase was enhanced via 
strong associations of the amide groups. [35] Leibler and co-workers 
have reported telechelic supramolecular polymers based on poly-
propylene oxide functionalised with thymine and diaminotriazine end 
groups. [36] These polymers exhibited self-healing properties via 
reformation of hydrogen bonds between the thymine and diamino-
triazine units. In addition, the hydrogen bonding interaction between 
amide groups in thymine motifs improved the microphase segregation 
and crystallization behaviour of the final polymers. [36].

In previous studies, we have reported several telechelic SPU systems 
that exhibited self-assembling and healable properties across a range of 
temperatures. [22,27,37,38] In common with the findings of other 
groups, [39,40] the combination of phase separation in these supra-
molecular polymer networks and hydrogen bonding afforded enhanced 
thermal and mechanical properties in comparison to the parent poly-
mers. [41–44] Herein, we report a series of novel aliphatic SPUs derived 
from a telechelic polymer (hydrogenated poly(butadiene) and HDI that 
are terminated with several different aliphatic amide end-group units. 
This investigation enabled the effect the hydrogen-bonding motifs of the 
aliphatic amide end-group have on the viscoelastic properties to be 
determined. Four amino aliphatic end-groups featuring amide func-
tionalities were designed and synthesised to assess their ability to 
reinforce the phase separation and assembly of SPUs. It was found that 
the strong association of these end-groups developed the thermal, 
rheological, and mechanical characteristics of the SPU networks whilst 
also enabling these materials the ability to recover their properties post- 
damage.

2. Experimental

2.1. Materials

Krasol™ HLBH-P 2000 (molecular weight as supplied = 2100 g/mol) 
was kindly provided by Total Cray Valley, all other reagents used were 
purchased from Sigma Aldrich, TCI, Acros Organics, Fisher Chemical 
and Fluorochem. The solvents THF and CHCl3 were dried by using an 
MBRAUN SP7 system fitted with activated alumina columns. The syn-
thesis and characterisation data of the compounds and polymers 
described in this paper are reported in the Supporting Information (SI) 
file.

2.2. Characterisation

1H NMR and 13C NMR spectra were measured using either a Bruker 
Nanobay 400 or a Bruker DPX 400 spectrometer operating for 1H NMR 
(400 MHz) or 13C NMR (100 MHz) spectroscopic analysis. Chemical 
shifts (δ) are reported in ppm relative to CDCl3 (δ 7.26 ppm) and the 
residual solvent resonance (δ 2.50 ppm) for DMSO‑d6, (δ 1.94) CD3CN, 
and (δ 1.73 ppm) THF-d8 in 1H NMR spectra. Fourier-Transform Infrared 
(FT-IR) spectroscopic analysis was carried out at room temperature 
using a Perkin Elmer 100 FT-IR instrument equipped with a diamond- 
ATR sampling accessory. Variable-temperature IR (VT-IR) spectro-
scopic analysis was carried out over the temperature range 20–––220  ◦C 

(via a heating–cooling cycle) using a Perkin Elmer 100 FT-IR spec-
trometer with a Specac variable-temperature cell holder and Tempera-
ture Controller. Sample was analysed as a potassium-bromide disc with a 
material loading of 1 % wt. The temperature was measured locally with 
a thermocouple embedded inside the solid-cell frame. The resulting 
spectra were analysed using the Perkin Elmer spectrum IR software 
(version 10.6.2). Mass spectrometry (MS) was conducted using a 
Thermo Fisher Scientific Orbitrap XL LCMS. The sample was introduced 
by liquid chromatography (LC) and sample ionisation achieved by 
electrospray ionization (ESI). The average molecular weights of the 
polymers generated were determined via Gel Permeation Chromatog-
raphy (GPC) using an Agilent Technologies 1260 Infinity I system in 
HPLC-grade THF at a flow rate of 1.0 mL min− 1. Calibration was ach-
ieved using a series of near monodisperse polystyrene standards and 
samples were prepared at a concentration of 1.0 mg mL− 1. Differential 
calorimetry (DSC) measurements were performed on a TA Instruments 
X3 DSC adapted with a TA Refrigerated Cooling System (RCS90), using 
aluminium TA Tzero pans and Hermetic lids, measuring from − 80  ◦C to 
200  ◦C with heating and cooling rates of 5  ◦C min− 1 under nitrogen gas 
with a flow rate of 50 mL min− 1. Thermogravimetric analysis (TGA) was 
carried out on TA Instruments TGA Q50 instrument with aluminium 
Tzero pans. The sample was heated from 20  ◦C to 600  ◦C at 10  ◦C min− 1 

under nitrogen gas with a flow rate of 60 mL min− 1. Thermal charac-
terisation of samples was investigated using the TRIOS software (version 
5.1.1). Rheological measurements were performed on a Malvern Pan-
alytical Kinexus Lab + 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− 1 with a 1 kN load cell and 
analysed using THSSD-2019 software. Optical microscopy videos were 
captured using a Leica DM1000 microscope equipped with a Mettler 
Toledo FP82 hot stage. The sample was placed onto a glass slide and 
then placed into the hot stage chamber, the temperature of which is 
controlled by an FP90 Central Processor (heating rate 10  ◦C min− 1). All 
videos were recorded using Studio86Designs software. Small-angle X- 
ray scattering (SAXS) and Wide-angle X-ray scattering (WAXS) experi-
ments were performed on a Bruker Nanostar instrument. Samples were 
mounted in modified DSC pans equipped with Kapton™ windows and 
mounted in an MRI electrical heating unit for temperature control. The 
atomic force microscopy (AFM) was conducted in the Centre for 
Advance Microscopy (CfAM) at the University of Reading using the 
Cypher S AFM (Oxford Instruments-Asylum Research, Santa Barbara, 
USA). The AFM stage movement within the x ,y and z directions were 
controlled using piezoelectric stacks. The scans were recorded through 
the user interface, Igor Pro (Version 16.33.234), using the standard 
Alternating Contact (AC) Topography mode (tapping mode) operating in 
air using a silicon tip with a resonant frequency set at approximately 70 
kHz and a spring constant of approximately 2.0 Nm− 1 (AC240TS-R3, 
Oxford Instruments). Each sample was dropped cast onto a 10 mm 
diameter AFM mica disc, first cleaved with Sellotape. Each disc was 
mounted onto 15 mm diameter magnetic stainless steel AFM specimen 
discs using 9 mm diameter carbon adhesive tabs and secured onto the 
microscope scanner stage magnetically. Then, through the user inter-
face, the objective focus was adjusted and set to focus on the tip and on 
each sample in turn. The cantilever was autotuned at its resonance 
which automatically determined the drive amplitude and drive fre-
quency. The resolution, scan rate, integral gain and scan size were 
entered into the user interface before starting the scan. The software 
Gwyddion (version 2.63) was used for data analysis and editing.

3. Results and Discussion

3.1. End-group design.

In order to demonstrate the self-assembly and phase separation of the 
aliphatic SPUs via hydrogen bonding, multifunctional hydrogen 
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bonding aliphatic amide end-groups were designed and synthesised (see 
Fig. 1).[45] The synthetic protocols used to afford these end-groups and 
the associated characterisation data are provided in the Supporting In-
formation (SI) file (see Figs. S1-S18).

4. End-group self-assembly

The self-assembling end-groups of the polyurethane chains were 
assessed via 1H NMR spectroscopy, to ascertain the end-group dimer-
ization constant (KD)[46–48], this was achieved using model end-group 
analogues,[49,50] for structural, synthetic, and spectroscopic data see 
the SI file. An initial 1H NMR titration was conducted between two 
different derivatives (heterodimer) of the model end-groups (1:1) at 
various concentrations between 1 and 0.1 mmol, with spectra being 
collected from solutions-compositions of end-group derivatives in 
chloroform to ascertain the dimerization constant.[13] The chemical 
shifts of the N–H urea and amide protons are dependent on the con-
centrations; as the concentration decreased upon dilution with CDCl3, 
the singlet resonances shift upfield indicating the dissociation of the 
hydrogen bonds, see Table S1 and Fig. S19-S42.[51] KD can be 
observed for these hetro-model derivatives which assume dimerization 
(Table 1), where KD increases through the series i.e. from 4 to 5 to 6. This 
trend in increasing KD is attributed to the introduction of subsequent 
amide groups to these molecules.[52] The same pattern was observed 
for derivatives 1 to 2, where KD increased after introduction of a single 
amide to the end-groups. It was not possible to determine the dimer-
ization constant of 3 from NMR dilution experiments, as a result of 
precipitation upon cooling post dissolution. It is worth noting that the 
dimerisation constant values presented here are still significantly lower 
than that reported for quadruple hydrogen bonding systems reported by 
Meijer [12] and Zimmerman [53], where the dimerisation constants 
reported were as high as > 106 M− 1 and 107 M− 1, respectively.

4.1. Synthesis of supramolecular polyurethanes

A library of novel SPUs (SPU1-SPU6) have been synthesised via a 
one-pot, two-step route [37,43,54] as summarised in Scheme 1. Firstly, 
hydrogenated poly(butadiene) (Krasol HLBH-P 2000) (1.00 equiv.) was 
dried at 80  ◦C under reduced pressure for 3 h. Hexamethylene diiso-
cyanate (HDI) (2.05 equiv.) and catalyst (dibutyltin dilaurate (DBTDL 
(0.5 wt% of reactants)) were then added to the dried polymeric diol. 
After reacting for 3 h at 80  ◦C in the bulk under argon atmosphere, the 
desired isocyanate terminated polyurethane pre-polymer (NCO:OH ratio 
of 2.05:1) was generated. The pre-polymer was then solvated in anhy-
drous THF or CHCl3 and the amine-functionalised end groups (2.05 
equiv.) were then added. The mixture was stirred for 18 h at 60  ◦C to 
obtain the desired aliphatic SPU (83 % − 90 %). Each reaction was 
monitored via FTIR spectroscopy, until the isocyanate absorbance band 
at 2272–2248 cm− 1 was not evident, a period of ca. 18 h was typically 
required. The SPUs were isolated after several precipitations into ice- 
cold methanol.

To confirm the successful synthesis of the aliphatic SPUs, 1H NMR, 
13C NMR, and FTIR spectroscopic analysis were employed, see Fig. S43- 
S60. FTIR spectra of the SPUs revealed key absorbance bands at 
1708–1716 cm− 1, 1684–1698 cm− 1, and 1635–1643 cm− 1 

corresponding to the carbonyl stretches of the urethanes, urea, and 
amide functional groups, respectively. Furthermore, 1H NMR spectro-
scopic analysis revealed key resonances at ca. 7.30 ppm, 6.15 ppm, and 
5.32 ppm, which were attributed to the protons of the amide and urea 
units of the multifunctional end-group derivatives and the urethane 
units derived from the pre-polymer, respectively. In addition, 13C NMR 
spectroscopy was used to confirm the formation of the urethane, urea 
and amide linkages in the aliphatic SPUs with key resonances observed 
at ca. 157.5 ppm, 158.5 ppm, and 172.5 ppm, respectively. The 
appearance of the cast SPUs films varied from clear to opaque as a result 
of phase separation aided via hydrogen bonding interactions of the 
amide end groups, see Fig. S61. GPC analysis of the SPUs confirmed an 
average degree of chain extension of 3–5, (see Table 2 and Fig. S62) 
consistent with the synthesis of structurally-related SPUs.[27,43,45]
The high Mw and high dispersity (Ɖ) values observed were attributed to 
the aggregation of the polymer chains arising from the strong intermo-
lecular associations within the solutions tested.[45,55].

DSC and TGA analyses were used to examine the thermal charac-
teristics of the SPUs, as shown in Table 3 and Figs. S63-S74. The highest 
processing temperature of SPUs was assessed via TGA by heating the 
polymer samples from 20 to 550  ◦C at a rate of 10  ◦C min− 1 under a 
nitrogen atmosphere. The TGA plots of the SPUs revealed high ther-
mostability for these materials and significant degradation did not occur 
until ca. 270  ◦C and full degradation was only observed when the 
temperature exceeded 475  ◦C and the temperature corresponding to 5 
wt% loss is shown in Table 3. The endothermic events of glass transition 
(Tg) and melt transition (Tm), and exothermic effect of crystallisation 
(Tc) temperatures were examined via DSC by heating the SPUs samples 
from –80 to 200  ◦C at a rate of 5  ◦C min− 1 under a nitrogen atmosphere. 
The DSC thermograms for the SPUs revealed a Tg at ca. − 46.8  ◦C in the 
first heating cycle, which corresponds to the Tg of the soft segment of the 
amorphous hydrogenated poly(butadiene)[22,37,41] within the 
microphase separated polymer, see Table 4.

Melt transitions were not evident in the DSC thermogram of SPU1 in 
the first and second cycles. During the first heating cycle, SPU2 which 
contains one amide group and ethyl-morpholine moiety in the end- 
group, displayed one broad melt transitions (Tm) at ca. 74.5  ◦C corre-
sponding to the melting hard domains of the polymer. SPU3 has two 
melt transitions at 180.5  ◦C and 191.1  ◦C in the first heating cycle 
attributed to the dissociation of the strongly associated end-groups be-
tween the polymer chains as a result of the two amide groups. Addi-
tionally, a strong exothermic event was noticed in the first cooling cycle 
at 147.6  ◦C corresponding to cold crystallization. SPU4 does not possess 
an amide group in the end-group, and exhibits a broad melt transitions 
at ca. 41.4  ◦C which was attributed to re-association/dissociation of the 
thermo-reversible crosslinking between the chains in the polymer.[56]
SPU5 exhibits a melting transition at ca. 81.5  ◦C during the first cycle 
which corresponds to the relaxation of the ordered hard and soft seg-
ments. Another intense melt transition was observed at ca. 180.0  ◦C 
during the first and second heating cycles which was attributed to the 
melting of hard segments in the polymer. An endothermic transition at 
ca. 127.9  ◦C was observed in the first heating cycle of SPU6, corre-
sponding to the relaxation of the highly ordered of hard and soft seg-
ments. Additionally, during the first heating cycle, a strong melting 
transition was observed at ca. 230.6  ◦C with enthalpy 21.7 J/g that 

Fig. 1. The chemical structure of the end-groups.
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corresponded to the dissociation of the end-groups between the polymer 
chains.

To understand the thermal stability and disassociated/re-associated 
states of the hydrogen-bonding interactions involving the urethane, 
urea, and amide moieties in the supramolecular network variable- 
temperature infrared (VT-IR) spectroscopic analysis was examined on 
SPU5 from 20  ◦C to 220  ◦C and then back to 20  ◦C. The deconvolution 
of the amide, urea, and urethane carbonyl groups were monitored as a 
function of temperature, see Fig. 2. [57] At room temperature, the IR 
spectra of SPU5 revealed two absorbance bands at ca. 1709 cm− 1 and ca. 
1735 cm− 1 assigned to ordered and free hydrogen bonded of urethane 

carbonyl groups, respectively. [42,58] A strong absorbance band at ca. 
1644 cm− 1 was observed and related to associated carbonyl amide and 
urea groups. [59–61] As the temperature was increased, the frequency 
of the associated carbonyl urethane groups shifted systematically to ca. 
1735 cm− 1 corresponding to the presence of dissociated urethane moi-
eties. Two significant new absorbance bands were also observed as the 

Table 1 
Dimerization constants for model derivatives in CDCl3 at 25  ◦C.

Derivatives Chemical structure KD (M− 1) Derivatives Chemical structure KD (M− 1)

1 16.42 ± 3.45 4 0.18 ± 0.66

2 939.46 ± 5.77 5 49.11 ± 3.24

3a − 6 66.56 ± 3.51

a Dimerisation constant could not be determined.

Scheme 1. The synthetic route used to generate the supramolecular polyurethanes SPU1–SPU6.

Table 2 
Molecular weight of the supramolecular polymers SPU1–SPU6.

SPU (% yield) Mn (NMR) (g/mol) Mn (g/mol) Mw (g/mol) Ɖ

SPU1 (90 %) 8780 9300 15,500 1.65
SPU2 (84 %) 9450 10,000 17,400 1.73
SPU3 (86 %) 17,100 10,800 35,400 3.27
SPU4 (89 %) 8160 11,900 20,800 1.73
SPU5 (87 %) 13,160 11,000 31,900 2.89
SPU6 (83 %) 10,980 12,190 29,000 2.64

Table 3 
Thermal properties of the supramolecular polymers SPU1–SPU6.

SPU Td 5 % 
( ◦C)

Tg 

( ◦C)b
Tm 

( ◦C)a
Enthalpy 
(J/g)

Tm 

( ◦C)b
Tcc

a /Tc
c 

( ◦C)

SPU1 299.9 − 46.8 −  − −

SPU2 295.0 − 46.8 74. 5 2.2 − −

SPU3 300.1 − 46.8 180.5 
190.1

1.9 
0.6

− 147.6a

SPU4 306.6 − 46.8 41.4 4.6 − −

SPU5 273.7 − 46.7 81.5 
180.2

0.3 
2.5

180.0 −

SPU6d 288.2 − 46.8 127.9 
230.6

4.4 
21.7

199.1 174.8c

a First heating run 5  ◦C min− 1; b Second heating run 5  ◦C min− 1; c First 
cooling run 5  ◦C min− 1; d DSC temperature range of − 80–250  ◦C.
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temperature was increased, at ca. 1689 cm− 1 and ca. 1673 cm− 1, which 
corresponded to the free and disordered carbonyl amide and urea groups 
as a result of the disassociation process of the hydrogen bonds. [62] A 
notable absorbance band was evident at ca. 1543 cm− 1 and was assigned 
to the enhanced bending vibration of N–H groups in line with the 
increasing temperature. [63,64] The reverse trend was observed in the 
cooling cycle.

To assess the effect the amide motifs of the end-groups have on the 
association/dissociation of hydrogen bonds, rheological analysis was 
undertaken, see Fig. 3 and Fig. S75. As shown in Fig. 3, the storage 
modulus (G′) and tan delta (δ) were plotted against temperature in the 
regime from 0  ◦C to 200  ◦C, and it is evident that G′ of the SPUs in-
creases in agreement with the number of amides in the end-groups. The 
significant increase in G′ arises as a result of increased hydrogen bonding 
interactions in the polymer network.

SPU1 and SPU4 exhibited a simple relaxation at 17  ◦C and 46  ◦C in 
the storage modulus, respectively, owing to the dissociation of the 

supramolecular interactions in the polymer and revealed viscoelastic 
behaviour attributed to the absence of amide groups in their end-groups 
structures. Rheological analysis also revealed significant phase separa-
tion in the cases of SPU2, SPU3, SPU5, and SPU6. Extended rubbery 
properties up to 100  ◦C were observed and G’ remained essentially 
constant between 106-107 Pa as a result of the strong association of the 
amide end-groups of SPU5 and SPU6. A similar behaviour was also 
evident for SPU3 and SPU6 – these rheological profiles are analogous to 
structurally-related hydrogen bonded SPU materials.[65] SPU3 exhibi-
ted a relaxation at 140  ◦C that was attributed to the crossover between 
G’ and loss modulus (G’’) as a result to the transition of polymer from a 
viscoelastic solid to a viscous liquid. While SPU6 exhibited a relaxation 
in the range between 130  ◦C and 140  ◦C, owing to the melting of the 
hard segments and does not exhibit a crossover between (G’) and (G’’) 
until 200  ◦C. The phase-angle curves of SPU5 and SPU6 revealed sig-
nificant relaxation in the regime from 91  ◦C to 120  ◦C and 120  ◦C to 
135  ◦C, respectively, attributed to the melting of the hard domains in 
the polymer chains. The behaviour of SPU5 and SPU6 are a result of the 
amides in the end-groups, which improve the association between the 
polymer chains. Thus, the SPUs possessing alkyl units in the end-groups 
rather than ethyl-morpholine units have higher thermal stability. This 
trend could be attributed to more efficient self-assembly of the polymer 
chains with the alkyl units which could lead to enhance the microphase 
separation.[60,65].

Tensile stress–strain behaviour was examined in order to identify the 
effect of the different end-groups on the mechanical performance of the 
SPUs, as shown in Fig. 4 and Table 3. SPU1 was a viscous polymer at 
room temperature rendering it unsuitable for tensile testing. Analysis of 
SPU5 and SPU6 revealed enhanced Young’s modulus (YM), ultimate 

Table 4 
Effect of polymer end-groups on the mechanical properties of the SPUs; the 
values recorded are the averages of three separate samples for each SPU. The 
error shown is the standard deviation for the three repeat measurements for each 
sample.

SPU UTS (MPa) EB (ε) YM (MPa) MoT (MJm− 3)

SPU2 1.43 ± 0.01 0.37 ± 0.02 40.41 ± 1.30 0.38 ± 0.07
SPU3 2.63 ± 0.10 0.80 ± 0.03 35.46 ± 1.53 1.45 ± 0.05
SPU4 0.94 ± 0.04 0.49 ± 0.01 13.68 ± 0.85 0.21 ± 0.04
SPU5 1.01 ± 0.04 0.86 ± 0.03 16.65 ± 1.10 0.75 ± 0.08
SPU6 4.31 ± 0.08 0.46 ± 0.01 37.94 ± 1.02 0.97 ± 0.06

Fig. 2. VT-IR spectra of SPU5 in the 1500 to 1800 cm− 1 region. (A) Heating from 20 to 220  ◦C and (B) Cooling from 220 to 20  ◦C, at 10  ◦C intervals.

Fig. 3. The rheological behaviour of SPU1-SPU6 over the temperature range of 0–––200  ◦C, at a heating rate of 2  ◦C/min , using a normal force of 1 N and a 
frequency of 1 Hz. (A) storage modulus (G’) against temperature, (B) phase angle (δ) against temperature.
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tensile strength (UTS), and modulus of toughness (MoT), compared to 
SPU4, thus confirming reinforcement of the polymer networks by the 
introduction of the amide units in the end-groups of these polymers. The 
significant increase in the resistance of polymer deformation under load 
(YM) for SPU5 and SPU6 was attributed to the amide units in the 
chemical structure of the end-groups of these polymers which improved 
the hydrogen bonded association between the polymer chains. A similar 
result was observed for SPU2 and SPU3. The UTS, EB, and MoT values of 
SPU3 (possessing two amide units in the end-groups) were considerably 
enhanced when compared to SPU2, featuring only one amide group in 
the end-group, as a result of the strong amide hydrogen bonds between 
chains in the polymer networks.

To gain further insight into the phase separation phenomena and 
microstructure of the supramolecular polyurethanes, the surface 
morphology of SPUs was assessed by atomic force microscopy (AFM) in 
tapping mode. Fig. 5 shows the AFM phase images of SPU4–SPU6 at 
scan size 10 μm, 2 μm, and 500 nm, while Figs. S76–S78 show AFM 
phase and height images for SPU1–SPU6. Two distinct phases were 
observed by the AFM analysis (phase topography) of each SPUs: the 
aggregation of soft segments were evident as light areas owing to the 
high phase angle, whereas the hard segments aggregation were visible as 
dark areas attributed to the low phase angle.[66–68] The phase tapping 
mode discloses the compositional heterogeneities of the examined 
polymer surfaces owing to the chemical composition of the SPUs sam-
ples.[69] All the SPUs exhibited phase separation, which became more 
evident with the introduction of amide groups in the end-groups. The 
improvement of the phase separation results from the strong association 

via hydrogen bonding between amide–urea and amide–amide motifs.
[70] The phase images of SPU4–SPU6 revealed hard domains,[71] the 
aggregation of these are responsible for the development of the phase 
separation from small portions in SPU4 (without amide), to well- 
distributed sheets in SPU5 (ca. 100–250 nm) with an amide group.
[72] In the case of SPU6 (with two amide groups), relatively larger 
sheets (ca. 0.3–1.2 μm) were observed that were attributed to aggrega-
tion of highly ordered hard domains.[73] Similar phase separation 
behaviour was also displayed in the cases of SPU1–SPU3. Additionally, 
the AFM height images of all SPUs confirmed the phase separation via 
most of the light and dark regions features. This suggests that many of 
the hard segment’s aggregation in the phase topography images had 
different feature sizes on the surface of the SPUs. The topographical AFM 
images presented dark portions and light area in both phase and height 
tapping mode clearly indicated direct evidence that all of the SPUs 
showed phase separation that was enhanced via hydrogen bonding in-
teractions, see Fig. 6.

The nanostructure of the SPUs probed by preliminary SAXS experi-
ments showed a similar nanophase separation with comparable length 
scales to the analogous SPU derivatives.[38,43,45,65] Interestingly, a 
higher internal organization relating to pseudo-crystalline domains was 
observed in the WAXS analysis, in particular for derivatives SPU5 and 
SPU6, with reflections at ca. 14.7 nm− 1 and 16.8 nm− 1 that are typically 
associated with the hydrogen bonding of urethanes and packing of the 
end groups, respectively.

In order to evaluate the self–healing efficiency of SPU2–SPU6, these 
materials were subjected to thermal stimuli by two tests. The first assay 

Fig. 4. Mechanical properties of SPU2–SPU6, (A) Tensile stress–strain curves of the SPUs, (B) Young’s modulus (C) Ultimate Tensile Strength (UTS), (D) elongation 
at break (EB), and (E) Modulus of toughness (MoT). The error bars shown correlate to the standard deviation.
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involved variable-temperature optical microscopy performed between 
20 and 180  ◦C at a heating rate of 10  ◦C min− 1. In the second sets of 
tests, tensile strain–stress tests were conducted on healed polymer 
samples; Figs. S79-S80, Table S2, and Table 5 show the tensile 
strain–stress curves and the efficiency of healing. All the SPUs were cast 
as films and were cut into two parts using a scalpel blade and the healing 
process was studied as the temperature was increased (see videos S2-S6
in the SI file). For tensile–stress tests, the damaged SPUs were gently re- 
attached on a pre-heated PTFE plate. Then the samples were placed into 

a pre-heated oven for two different healing times (1 and 4 h) at different 
temperatures (the temperature used is derived from the crossover be-
tween G’ and G’’ (ca. 10  ◦C below the viscoelastic transition with 
exception of SPU5 and SPU6 which were healed at 150  ◦C) from the 
rheological analysis for each polymer sample) and then cooled to room 
temperature for 1 h.[37,45] The variable-temperature optical micro-
scopy of SPU2–SPU6 revealed the ability of the SPUs to heal and the gap 
between two parts for each polymer progressively disappeared as the 
temperature was elevated. The damaged areas diminished in scale until 
the polymer films were reformed. The ability of the polymers to reform 
intact films as the temperature was elevated was attributed to dissoci-
ation and decreased levels of hydrogen bonding between polymer 
chains.[45,74] The motions of polymers chains were hindered and the 
free volume between these chains was contracted which thus affected on 
the ability to undergo efficient repair.[45,75].

Furthermore, tensile–stress tests of healed SPU2–SPU6 revealed 
changes in the mechanical properties when compared to the pristine 
materials in terms of YM and MoT.[37,76] SPU2 exhibited good healing 
behaviour: 84 % in UTS, with an EB of 54 % after 1 h. Reduced healing 

Fig. 5. AFM tapping mode phase images of SPU4 (A, B, C), SPU5 (D, E, F), and SPU6 (G, H, I) for three different scale bars 10 μm, 2 μm, and 500 nm. All the polymer 
samples were prepared by drop casting from CHCl3 (0.5 mg mL− 1) onto a mica disc.

Fig. 6. (A) SAXS and (B) WAXS scattering patterns of SPU1-SPU6 at 25  ◦C.

Table 5 
Healing efficiency of the mechanical properties of SPU2–SPU6 after 1 h, 
calculated from pristine and healed values.

SPU Temperature ( ◦C) UTS (MPa) YM (MPa) MoT (MJm− 3) EB (ε)

SPU2 100 84 % 48 % 39 % 54 %
SPU3 100 16 % 44 % 22 % 14 %
SPU4 40 39 % 50 % 68 % 88 %
SPU5 150 57 % 65 % 80 % 26 %
SPU6 150 36 % 56 % 20 % 40 %
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efficiency was observed in the case of SPU3 (44 % in YM and EB was 
decreased to 14 % after 1 h). The change observed in the ultimate tensile 
strength and elongation at break could be assigned to the disruption and 
reformation of the hydrogen bond network at the site of damage.[77]
The dramatic reduction in the mechanical properties of the healed SPU3 
when compared to SPU2 was related to the molecular characteristics of 
the end-groups in the supramolecular polymer network, i.e. crystal-
linity, hydrogen bonding, and network density, that could, in turn, affect 
the self-healing process of the polymer.[78,79] Modest self-healing 
behaviour was noticed in SPU4 (50 % in YM and 68 % for MoT). The 
healing efficiency was increased after introducing amide group in the 
end-groups of SPU5 when compared to SPU4 as a result of the hydrogen 
bonding capability of the end groups that improved the ability of the 
polymer to heal. The mechanical features of the healed SPUs showed 
that these polymers have the ability to heal when exposed to thermal 
stimuli and a key trend were apparent. The healing efficiency decreased 
as the number of amide groups in the end-groups was increased for both 
SPUs bearing ethyl-morpholine and alkyl end group moieties correlated 
to the strength of re-association of the non-covalent interactions. 
Therefore, after an appropriate healing time, many of the damaged 
hydrogen bonding moieties may re-associate with other partner units far 
the damaged surfaces,[64,80] which led to reducing the number of 
“unbound chemical bonds” that can play a key role in self-healing pro-
cesses.[7,64,80] A comparison between SPU2 and SPU4 to other self- 
healing polyurethanes[7,81–85] revealed that these SPUs exceed 
many in terms of UTS and EB both within their pristine and healed 
samples, see Fig. S81.

In the light of the polar urea and amide moieties and apolar polymer 
units in these supramolecular polyurethane polymers, these polymers 
had characteristics rendering them suitable for use as elastomeric ad-
hesives. The dynamic and thermoplastic nature of the SPUs via trans-
forming the polymeric network state from viscoelastic solid to 
viscoelastic liquid by heating was investigated using glass and 

aluminium substrates. Cast films of the SPU samples (thickness 1 mm) 
were cut into 0.5 cm × 0.5 cm squares and placed between two slices of 
either glass or aluminium slides and held by clamps from each side with 
an adhered polymer area of 2.5 cm × 2.5 cm. Subsequent cooling to 
room temperature enabled to re-association of the SPUs network be-
tween the substrates. The adhesion process was conducted at different 
bonding temperatures (that was held below viscoelastic transition of the 
polymer); 40  ◦C (SPU4), 100  ◦C (SPU2 and SPU3), and 150  ◦C (SPU5 
and SPU6) for 30 min and then allowed to cool to room temperature for 
30 min. The SPUs were then investigated for their use as reusable ad-
hesives and to establish the effects of the amide groups and number of 
them in the end-groups of SPUs on the shear strength. Fig. 7(A) and (B) 
show the re-adhesion of SPU2–SPU6 over three cycles and for SPU2 the 
test was repeated for three further cycles to examine its extended re- 
adhesive capability. The shear strength of the SPUs for both substrates 
(glass and aluminium) was increased with the introduction of the amide 
groups in the end-groups of the polymers resulting from improved 
adhesion capability via hydrogen bonding. The shear strength of SPUs 
was increased gradually, SPU6˃SPU5˃SPU4, after introducing amide 
groups in the end-groups of the polymer and the number of amide units 
play an important role to enhance the adhesion properties of the poly-
mer. In addition, SPU2 and SPU5 (both possessing one amide group per 
end group) exhibited notable retention shear strength on both glass (95 
% and 91 %) and aluminium (96 % and 83 %) substrates, respectively, 
over 3 cycles of re-adhesion, see Table S3 and S4. SPU4 (without amide 
groups in the end-group) displayed the lowest adhesive capability of 
(0.69 ± 0.04 MPa and 0.63 ± 0.07 MPa) on both glass and aluminium, 
respectively, as a result to absence of the amide end-group motifs in the 
structure when compared to SPU5 and SPU6.[45].

In addition, SPU2 presented a remarkable adhesion to glass and 
aluminium substrates after seven re-adhesion cycles (from 0.97 ± 0.01 
MPa to 0.90 ± 0.05 MPa, and from 0.87 ± 0.02 MPa to 0.80 ± 0.01 
MPa, respectively), exemplifying the reusability of supramolecular 

Fig. 7. Comparison of the shear strength of SPU2–SPU6 over three re-adhesion cycles. Lap shear strength on (A) glass and (B) aluminum. (C) Shear strength of SPU2 
after seven cycling adhesion testing. The error bars shown correlate to the standard deviation.
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polymers as adhesives, see Fig. 7 (C). This adhesive behaviour of SPU2 
can be attributed to dynamic nature of the assemble chains of the su-
pramolecular polymer that enhanced the adhesive force via high-density 
hydrogen bonds between the carbonyl groups of the polymer and the 
hydrophilic surfaces of the substrates.[80,86,87].

5. Conclusions

In this paper is reported the successfully demonstrated generation of 
six new aliphatic supramolecular polyurethanes (SPUs) with good self- 
healing and adhesive capability. By increasing the hydrogen bonding 
interactions of the end-groups in the SPUs, via the introduction of amide 
units, phase separated materials were produced with improved the 
rheological, mechanical, and thermal properties in comparison to 
related SPUs. AFM images revealed the aggregation of the self- 
assembled hard domains, and the phase separation systematically 
improved via strong association of the amide groups as donor/acceptor 
hydrogen bonding units. Thermal analysis revealed that the melt tran-
sition of the polymer was increased with the amide groups in the end- 
groups. The crossover between storage modulus and loss modulus of 
the SPUs shifted to higher temperatures after introduction of amides into 
the end-groups of both ethyl-morpholine and alkyl moieties. In addition, 
the mechanical characterisation was also enhanced, SPU6 displayed 
increased YM and UTS, by 271 % and 458 %, respectively, when 
compared to SPU4. Over three re-adhesion cycles on glass and 
aluminium substrates, retention of the shear strength was observed for 
both SPU2 (95 % and 91 %) and SPU5 (96 % and 83 %), respectively. 
Additionally, SPU2 presented excellent reusability after seven re- 
adhesion cycles when tested on both glass and aluminium substrates. 
These SPUs also exhibit excellent healing behaviour, SPU2 showed good 
healing: 84 % in UTS, with an EB of 54 % after 1 h at 100 ◦C.
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L. Ruiz-Cantu, D.J. Irvine, R. Wildman, K. Shankland, W. Hayes, Property 
enhancement of healable supramolecular polyurethanes, Eur. Polym. J. 118 (2019) 
88–96.

[42] D. Hermida-Merino, B. O’Driscoll, L.R. Hart, P.J. Harris, H.M. Colquhoun, A. 
T. Slark, C. Prisacariu, I.W. Hamley, W. Hayes, Enhancement of microphase 
ordering and mechanical properties of supramolecular hydrogen-bonded 
polyurethane networks, Polym. Chem. 9 (24) (2018) 3406–3414.

[43] D. Hermida Merino, A. Feula, K. Melia, A.T. Slark, I. Giannakopoulos, C.R. Siviour, 
C.P. Buckley, B.W. Greenland, D. Liu, Y. Gan, P.J. Harris, A.M. Chippindale, I. 
W. Hamley, W. Hayes, A systematic study of the effect of the hard end-group 
composition on the microphase separation, thermal and mechanical properties of 
supramolecular polyurethanes, Polymer 107 (2016) 368–378.

[44] D. Hermida-Merino, G.E. Newby, I.W. Hamley, W. Hayes, A. Slark, Microphase 
separation induced in the melt of Pluronic copolymers by blending with a 
hydrogen bonding urea–urethane end-capped supramolecular polymer, Soft Matter 
11 (29) (2015) 5799–5803.

[45] A.Z. Tareq, M. Hyder, D.H. Merino, A.M. Chippindale, A. Kaur, J.A. Cooper, 
W. Hayes, Thermally and mechanically robust self-healing supramolecular 
polyurethanes featuring aliphatic amide end caps, Polymer 302 (2024) 127052.

[46] H.K.S. Tan, Determination of the NMR monomer shift and dimerization constant in 
a self-associating system by direct application of the least-squares method, 
J. Chem. Soc., Faraday Trans. 90 (23) (1994) 3521–3525.

[47] C. Jenn-shing, F. Rosenberger, Accurate nmr data evaluation for monomer shift, 
dimer shift and dimerization constant in a self-associating system, Tetrahedron 
Lett. 31 (28) (1990) 3975–3978.

[48] P. Thordarson, Determining association constants from titration experiments in 
supramolecular chemistry, Chem. Soc. Rev. 40 (3) (2011) 1305–1323.

[49] F. Lortie, S. Boileau, L. Bouteiller, N,N′-Disubstituted Ureas: Influence of 
Substituents on the Formation of Supramolecular Polymers, Chem. Eur. J. 9 (13) 
(2003) 3008–3014.

[50] N.E. Botterhuis, S. Karthikeyan, A.J.H. Spiering, R.P. Sijbesma, Self-Sorting of 
Guests and Hard Blocks in Bisurea-Based Thermoplastic Elastomers, 
Macromolecules 43 (2) (2010) 745–751.
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