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Abstract 

Low molecular weight additives which can cooperatively self-assemble with supramolecular 

polyurethanes via complementary hydrogen bonding interactions offer an attractive route to enhancing 

the properties of addressable polymer networks.  Here, we present the design, synthesis, characterisation 

and mechanical properties of a series of supramolecular polyurethanes with varied loadings of a low 

molecular weight bis-urea additive. These additives are able to self-assemble with analogous 

recognition motifs within the supramolecular polyurethanes to form polar ‘hard’ domains, promoting 

phase separation within the material and, crucially, increasing the strength of the polymer network. In 

addition, the bis-urea additive is a by-product within the polymerisation and thus can be synthesised 

in situ, without the need for complex purification or blending. The mechanical properties of these 

reinforced polymers were enhanced when compared to the pristine supramolecular polyurethane alone, 

as a result of higher degrees of order within the polymer matrix. Furthermore, a formulation comprising 

the small molecule blended with the supramolecular polyurethane was produced to examine the effect 

of material preparation and filler dispersion within the polymer matrix. Interestingly, the mechanical 

performance of a blended material was diminished as a result of modest dispersion and incorporation 

within the polymer matrix. These findings thus demonstrate a facile, one-pot, method that does not 

require purification to produce reinforced supramolecular polyurethanes. This methodology may find 

use in industrial applications in which enhancements to the physical and mechanical properties can be 

easily achieved through the in situ synthesis of low molecular weight additives within the 

polymerisation. 

 

Keywords: Supramolecular polymers, Polyurethanes, Additives, Fillers, Hydrogen bonding, 

Mechanical properties, Healable polymers. 
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Introduction 

Supramolecular polymers[1,2] are a class of stimuli responsive materials which are able to self-

assemble into dynamic arrays as a result of highly directional and specific non-covalent interactions. 

These materials are comprised typically of low-molecular weight species which are able to form a 

pseudo high molecular weight polymer network with attractive physical properties.[3,4] The switchable 

nature of supramolecular polymers has been investigated for a wide range of potential applications 

including adhesives, surface-coatings and healable materials.[4–6] As a consequence of the highly 

addressable assembly motifs, supramolecular polymers offer a route to novel materials and properties 

which can be easily processed at relatively low temperatures.[7] Narrow processing windows are 

afforded through dissociation and subsequent reassociation of recognition motifs when subjected to 

external stimulus such as heat, light or pressure.[8–10] However, supramolecular polymers currently 

only have limited industrial use, especially in real-world structural applications, as the mechanical 

properties require further refinement.  

One approach to enhancing the mechanical properties of supramolecular polymers is utilising additives 

which provide reinforcement of the polymer matrix.[11–15] Supramolecular polymer composites are 

known to improve the mechanical properties of the bulk polymer matrix. In an attempt to optimize the 

interface between additives and the polymer matrix, Bose et al.  reported[16] a graphene oxide 

functionalized with PEEK to facilitate good dispersion within an epoxy matrix. Fox et al. reinforced a 

relatively weak but thermally responsive polymer supramolecular polymer blend with rigid, biosourced 

cellulose nanocrystals to afford healable nanocomposite materials.[17] The tensile modulus of the 

material increased from 8 MPa to 261 MPa as the proportion of filler increased up to 10 wt% and films 

were found to heal upon exposure to elevated temperatures of 85 °C. In addition, supramolecular 

polymers that assemble via hydrogen bonding units with high association constant motifs such as 

ureidopyrimidinone have been shown to enhance the fracture toughening of carbon fiber composites 

whilst retaining the healing capability,[18] form robust composites[19,20] with nanosilica and reinforce 

a styrene-butadiene rubber.[21] In 2010, Shokrollahi et al. reported an approach in which both the 

polymer (functionalized polycaprolactone) and filler (hydroxyapatite) featured hydrogen bonding 

motifs to enhance the mechanical properties of the blend.[22]  Additionally, specific molecular 

recognition between a healable supramolecular polymer blend material and functionalized gold 

nanoparticles featuring complementary surface groups has also been reported[23] by Vaiyapuri et al.. 

This healable composite highlighted the requirement for structural refinement of both the polymer and 

filler to realise a composite with efficient healing characteristics.  

An alternative approach to creating reinforced materials is the addition of organic small molecules to 

the polymer matrix that structurally complement the receptor units within the phase separated bulk 

polymer.[24] Low molecular weight organic nucleating agents have previously been employed to great 

effect to induce phase separation and form hard domains within soft polymer matrices.[13,25,26] 
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Furthermore, phase separation has been shown to increase the mechanical strength of the polymer 

network. In the light of the possible advantages of creating reinforced polymers from organic additives, 

in addition to our previous work on addressable and healing supramolecular polymers,[27–31] herein 

we report the facile route to enhancing the mechanical properties by reinforcing supramolecular 

polyurethanes with low molecular weight additives. A known[32] elastomeric supramolecular 

polyurethane (SPU) was doped with a complementary low molecular weight additive (LMWA) that can 

reinforce the hard segment by cooperatively forming hydrogen bonds to form supramolecular arrays 

with the polymer’s hard segment. This is analogous to other approach reported in the literature in which 

hard segment content is increased through the incorporation of  covalently bonded chain-extenders to 

enhance phase separation in polyurethanes.[33–37] Crucially, purification was not required to form the 

self-assembled polymer networks as the additive was formed in situ. The effect of increasing the weight 

percentage of the LMWA, and thus the relative hard domain content was studied systematically, and 

the material properties assessed. The polymer with the most promising mechanical properties was then 

selected and an analogous composition formulated by blending the constituent components from 

isolated intermediates at the equivalent weight ratio. The mechanical properties of the reinforced 

polyurethanes prepared in situ or formulated were then compared to assess the importance of polymer 

preparation. Finally, the healability of the reinforced materials were probed to assess the effect of the 

LMWA on the healing efficiency of the polymer matrix.   

 

Experimental 

Materials and Instrumentation 

All reagents and solvents were purchased from Alfa Aesar, Fisher Scientific or Sigma Aldrich with the 

exception of Krasol HLBH-P 2000 [hydrogenated poly(butadiene)] which was supplied by TOTAL 

Cray Valley and used as received. Additionally, tetrahydrofuran (THF) was distilled from sodium and 

benzophenone prior to use.  

1H NMR spectroscopy (400 MHz) and 13C NMR spectroscopy (100 MHz) were recorded with either a 

Bruker Nanobay 400, or Bruker DPX 400, using an appropriate deuterated solvent. Infrared spectra 

were collected using a Perkin-Elmer Spectrum 100 FTIR spectrometer with an ATR attachment. Gel 

permeation chromatography (GPC) analysis was obtained by an Agilent Technologies 1260 Infinity 

systems in THF and polystyrene standards were used for calibration. Differential Scanning Calorimetry 

(DSC) thermograms were obtained using a TA DSC Q2000 adapted with a TA Refrigerated Cooling 

System 90, using aluminium TA Tzero pans and lids. Thermal transitions were recorded using heating 

and cooling rates of 10 °C min-1 and 20 °C min-1, respectively.  

In order to cast films of the reinforced supramolecular polyurethanes (RSPUs), the THF volume was 

reduced to approximately 30 mL and the solution was poured into a 150 mm ×150 mm PTFE mould. 
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In the case of SPU 1, the purified solution was dissolved in THF (30 mL) and poured into a 150 mm 

×150 mm PTFE mould. All films were left at room temperature for 2 hours before drying overnight in 

an oven at 70 °C under reduced pressure.  

Tensile tests were carried out using AML instrumentsTM single column tensiometer. From each film 3 

strips of 5 mm × 40 mm × 1 mm were cut and samples were placed between the grips of tensile 

instrument and pulled apart at a rate of 10 mm min-1.  Rheology analysis was performed using an Anton-

Paar Physica MCR301 Rheometer, in oscillatory shear. For data collection strain was set to 0.1% and 

samples were heated at 2 ˚C/min. Small-Angle X-ray Scattering and Wide-Angle X-ray Scattering 

(SAXS/WAXS) experiments were performed on beamline BM26B (DUBBLE) at ESRF, Grenoble, 

France. Samples, as films, were placed in aluminium DSC pans with mica windows and mounted in a 

brass block for temperature control. The sample-to-detector (SAXS) distance was 3.9 m, the sample-

to-detector (WAXS) distance was 27.9 cm and the X-ray energy was 12 keV. The q = 4π sin θ/λ range 

was calibrated using silver behenate. Data processing (background subtraction, radial averaging) was 

performed using Bubbles software. The powder X-ray diffraction pattern for LMWA 2 was collected 

on a Bruker D8 Advance operating in transmission capillary mode, whilst the data for films of RSPU-

15% and RSPU-15% (Blend) were collected on a Bruker D8 Advance operating in reflection flat-plate 

mode. All data were collected in the range 5-35 °2, with a step size 0.017 ° and 2 seconds/step count 

time. Atomic force microscopy (AFM) measurements were conducted using a Dimension FastScan Bio 

AFM (Bruker Nano Surfaces Division) equipped with a motorised x-y-stage. Measurements were 

operated with a Nanoscope controller operated in a PeakForce Quantitative NanoMechanics (QNM) 

mode in air using a silicon tips with a resonant frequency of approximately 150 kHz and a force constant 

of approximately 6 N/m (RTESPA-150, Bruker Nano Inc.). Rectangular samples (0.5 × 0.5 cm) were 

glued onto a glass slide and placed on the motorised stage. The microscope was focused onto each 

sample. The peak force set point, amplitude setpoint, drive amplitude and gains were adjusted during 

imaging. 5 μm × 5 μm surface area scans were performed on the samples. Gwyddion software (version 

2.22) was used for data analysis. 

 

Synthesis of Supramolecular Polyurethane 1  

Hydrogenated poly(butadiene) 3, molecular weight as supplied = 2000 g mol-1, was dried under vacuum 

in oven at 120 ˚C for 1 hour.  In the bulk, hydrogenated poly(butadiene) 3 (10.00 g, 5 mmol) was mixed 

with 4,4’-MDI 4 (2.50 g, 10 mmol) at 80˚C under N2 for 3 hours with gentle stirring. The colourless 

pre-polymer 5 thus obtained was then dissolved in dry THF (100 mL) and allowed to cool to room 

temperature. 4-(2-Aminoethyl)morpholine 6 (1.30 g, 10 mmol) was then added to the solution and this 

was maintained under reflux for 18 hours under N2. The solvent was then removed in vacuo and the 

supramolecular polymer 1 purified by dissolving in chloroform (30 mL) and repeated precipitation from 
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methanol (× 3). 10.9 g, 80 %; IR (ATR) (cm-1): 3311, 2939, 2921, 2852, 1651, 1599, 1537, 1460, 1413, 

1379, 1309, 1220, 1116, 1068; 1H NMR (; 400 MHz; CDCl3) 7.33-7.04 (20H, m), 6.63-6.51 (2H, br) 

5.32-5.20 (2H, br), 4.19-4.12 (4H, m), 3.89 (4H, s), 3.64 (4H, m), 3.33 (2H, q, J = 5.6), 2.50 (2H, t, J = 

6.0), 2.45 (4H, m),  2.07-0.58 (392H, m); 13C NMR (; 100 MHz; CDCl3) 156.1, 153.7, 136.5, 136.2, 

129.6, 129.4, 121.7, 118.9, 66.9, 57.8, 53.3, 40.6, 38.9, 37.9, 36.1, 33.4, 33.2, 30.7, 30.2, 29.8, 26.8, 

25.9, 10.8; GPC (THF) Mn = 9100 g mol-1, Mw = 12500 g mol-1, Ð = 1.37.  

 

Synthesis of LMWA 2 

4,4’-MDI 4 (1.00 g, 4.0 mmol) and 4-(2-amino ethyl)morpholine (1.09 g, 8.4 mmol) 6 were dissolved 

in dry THF (40 mL) which was brought to and maintained under reflux under N2 for 3 hours. The 

resulting white solid was filtered and washed with THF to yield the title compound: 1.97 g, 99 %; 

MP(DSC) = 184-198 °C; IR (ATR) (cm-1) 3302, 1634, 1575, 1514, 1242, 1115, 1007, 913. 1H NMR 

(; 400 MHz; DMSO-d6): 8.54 (2H, s), 7.28 (4H, d, J = 8.0 Hz), 7.06 (4H, d, J = 8.0 Hz), 6.03 (2H, t J 

= 4.0 Hz), 6.02 (2H, t, J = 8.0 Hz), 3.76 (2H, s), 3.60 (8H, t, J = 4.0 Hz), 3.20 (4H, quart, J = 8.0 Hz), 

2.38 (12H, m); 13C NMR (; 100 MHz; DMSO-d6) 155.1, 138.4, 134.1, 128.7, 117.6, 66.1, 57.8, 53.2, 

35.9; ESI-MS: calcd for M+ (C27H39N6O2): 511.3033 Da, m/z found: 511.3017 Da. 

 

Synthesis of Reinforced Supramolecular Polyurethanes (RSPUs)  

All reinforced polyurethanes were synthesised following the procedure for SPU 1 but without 

purification; the masses and stoichiometry of each reagent used for each RSPU (prepared in situ) is 

shown in Tables 1 and 2. Full characterisation of the RSPUs can be found in the SI. 

Polyurethane 

 

Polymer (3) 

(g) 

 

4,4’-MDI (4) 

(g) 

 

End-group (6) 

(g) 

SPU 1 

RSPU-0% 

RSPU-8% 

RSPU-15% 

10.00 

10.00 

10.00 

10.00 

2.38 

2.38 

2.98 

3.57 

1.25 

1.25 

1.87 

2.50 

RSPU-21% 10.00 4.17 3.12 
 

Table 1: Mass of each reagent used in the synthesis of the supramolecular polymer composites. 

 

Preparation of Blended Reinforced Polyurethane (RSPU-15% (Blend)) 

SPU 1 (8.22 g, 85 wt%) was dissolved in THF (40 mL) followed by the addition of LMWA 2 (1.46 g, 

15 wt%). The mixture was brought to and maintained under reflux for 24 hours before cooling to room 
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temperature. The solvent volume was reduced, and the blended reinforced polymer was cast from 

solution. 

 

Results and Discussion 

The effective self-assembly of polyurethanes is a key parameter which defines the physical and 

mechanical characteristics of the material.[32] Organic, low molecular weight additives (LMWA) 

which can cooperatively add to the supramolecular array (Figure 1) may provide a route to reinforcing 

the polymer network through highly directional and specific hydrogen bonding interactions, as well as 

further improving the phase separation.[38–40] In addition, the highly directional interaction between 

polyurethanes and the LMWA may improve the dispersity of the additives within the polymer matrix. 

A combination of these factors may result an improvement to the polymers mechanical properties.  

 

                    

Figure 1: An illustration of the self-assembly of the supramolecular polyurethane and cooperative self-assembly 

of the SPU with a low molecular weight additive to produce a reinforced supramoelcular polyurethane.  

 

To achieve reinforced supramolecular polyurethanes (RSPUs), a facile one pot, two-step procedure was 

first employed to synthesise SPU 1.[32] Through careful synthetic design, the procedure was modified 

(Scheme 1) to prepare the LMWA 2 in situ as a by-product during the synthesis of SPU 1 and 

successfully yield a series of hydrogen bonding RSPUs.   
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Scheme 1: Synthesis of the supramolecular polyurethane (SPU 1) and the in situ preparation of LMWA 2 to yield 

a reinforced supramolecular polyurethanes (RSPUs). 

 

To synthesise the supramolecular polyurethanes, hydrogenated poly(butadiene) 3 (molecular weight as 

received = 2000 g mol-1) was first terminated with 4,4’-MDI 4 in the bulk to afford the pre-polymer 5, 

which was subsequently end-capped with the hydrogen-bonding moiety (4-(2-aminoethyl)morpholine) 

6. As a control material, the SPU 1 was purified by repeated precipitations into methanol to remove any 

LMWA 2. The LMWA 2 content (produced in situ) for the reinforced supramolecular polyurethanes 

RSPUs was controlled by modifying the feed ratios (Table 2) of the diisocyanate 4 and the hydrogen-

bonding end-group 6 with respect to polymer 3. The RSPU-0% was produced using the same reagent 

stoichiometry as 1 but without purification, with the assumption that the polymerisation would continue 

to completion and LMWA 2 would not be afforded. Additionally, the absence of a purification step for 

all reinforced polymers allowed for the LMWA 2 to be retained in the bulk. A final composite was 

formulated by selecting the material with the most promising physical and mechanical characteristics 

and blending the appropriate weight ratios of SPU 1 and LMWA 2, after isolation to yield the 

equivalent reinforced polymer blend RSPU-15% (Blend).  
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Polyurethane 

 

Reagent Stoichiometry 

[(3): (4): (6)] 
 

  Preparation 

      Method 

 

Molecular Weight 

(Mn, g mol-1) 
 

 

Polydispersity  

(Ð) 
 

SPU 1 

RSPU-0% 

RSPU-8% 

RSPU-15% 

RSPU-21% 

RSPU-15% (Blend) 

1:2:2 

1:2:2 

1:2.5:3 

1:3:4 

1:3.5:5 

1:3:4 

One-pot & purification 

One-pot 

One-pot 

One-pot 

One-pot 

Blended 

9100 

8800 

7800 

7250 

7000 

8050 

1.4 

1.4 

1.3 

1.3 

1.2 

1.3 

Table 2: The conditions and stoichiometry of starting materials used in the preparation of the SPU and RSPU 

samples, and the molecular weight data of the resulting polymers (Mn of Krasol HLBH-P 2000 by GPC = 3400 

gmol-1). The percentage values are representative of the calculated percentage of LMWA 2 present in each 

polymer.   

 

The successful synthesis of SPU 1 was first confirmed by 1H NMR spectroscopy which revealed a 

resonance at 4.16 ppm, characteristic of methylene residue adjacent to newly formed urethanes in the 

polymer core. Furthermore, the installation of the hydrogen bonding motif to the pre-polymer 5 was 

confirmed by the triplet at 3.33 ppm, assigned to the methylene adjacent to the newly formed urea. 13C 

NMR spectroscopy was also used to confirm the establishment of urea (156.2 ppm) and urethane (153.8 

ppm) linkages, respectively in the supramolecular polymer. As an additional conformation of the 

formation of urethane/urea linkages in the supramolecular polyurethane 1, infra-red spectroscopy 

revealed the complete consumption of isocyanates functionalities as observed by the disappearance of 

the vibration at 2270 cm-1. Furthermore, new absorbances at 1642 cm-1 and 1706 cm-1
 were attributed 

to the carbonyl stretches in the newly formed urethane/urea bonds, respectively.[35,41–43] Finally, 

GPC analysis was employed to confirm the extent of chain extension in the polyurethane, with an 

average of 2 hydrogenated poly(butadiene) residues per supramolecular polymer (Mn = 9100 g mol-1). 

This is in close agreement with integration analysis carried out by 1H NMR spectroscopy. Spectroscopic 

data for all polymers reported in this paper can be found in the Supporting Information (SI, see Figures 

S1-S15). The low molecular weight additive 2 was prepared by mixing 4,4’-MDI 4 with the hydrogen 

bonding end-group 6 in dry THF and maintaining under reflux for 3 hours before isolating via filtration 

and subsequent washing with THF (see Figures S16-20). 

The presence of additional LMWA 2, formed in situ in all RSPUs, was established by 1H NMR 

spectroscopy (Figure S21).[44] An increase in additive 2 concentration was confirmed by comparing 

the integration of resonances from the polymer core (4.14 ppm) relative to those from the methylene 

bridge of 4,4’-MDI residues at 3.89 ppm  - the ratio between polymer and small molecule could thus be 

determined (Figure S22A - solid bars). To further confirm this relationship, the integrals of the 

resonances arising from the polymer core (Figure S22A - hashed bars) were compared to those from 

the α-protons to the urea (3.33 ppm) of the hydrogen bonding end-group. Both analyses demonstrate an 
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increase in the concentration of LMWA 2 in the reinforced supramolecular polyurethanes as the feed 

ratio was increased. In addition, GPC analysis (Table 2, Figure S14) of the reinforced supramolecular 

polyurethanes revealed an increase in the elution profile of the LMWA 2 (Mn = ~ 400 g mol-1) 

component as the stoichiometry of the diisocyanate 4 and hydrogen bonding end-group 6 was increased 

with respect to hydrogenated poly(butadiene) 3 (Mn(GPC) = 3400 g mol-1). The RSPU-0% was shown to 

contain approximately 4.5 % LMWA 2 by 1H NMR spectroscopy and GPC analysis. Further analysis 

of the bimodal signal in the chromatogram attributed to the reinforced polymers revealed a decrease in 

molecular weight (Mn) with increased filler concentration (SPU1 = 9100 gmol-1
, RSPU-21% = 7000 

gmol-1). In addition, a decrease in polydispersity index (SPU1 Ð = 1.4, RSPU-21% Ð = 1.2) was also 

observed, indicating the extent of chain extension decreases with increased concentration of LMWA 2. 

The reduction in molecular weight was rationalised by considering the stoichiometry of the diisocyanate 

4, which increases with respect to polymer 3, thus reducing the probability for chain-extension.  

The thermal properties of the supramolecular polyurethanes were also probed to assess the effect of the 

LMWA 2 on the supramolecular polymer array. The addition of LMWA 2 showed no effect on the 

glass transition temperature (Tg) of the soft phase of the RSPUs (Figure S15) when compared to that 

of SPU 1, which remained constant at -47 °C. By contrast, the melting point (Tm) was observed to 

increase in temperature and intensity in the RSPUs, from 140 °C (RSPU-0%) to 171 °C (RSPU-21%) 

as a consequence of the LMWA 2 reinforcing the polyurethane network. Interestingly, the melting point 

of RSPU-15% (Blend) exhibited a melting point at 191 °C, which is approximately equivalent to that 

of LMWA 2 alone, revealing the additive is not able to fully penetrate the hydrogen bonding network 

of the polyurethane.     

To assess the ability of the additive 2 to strengthen the polymer network, tensile testing was selected as 

the most appropriate method to evaluate the phase separated polymers. To facilitate this, drop-cast films 

were produced of the supramolecular polymer 1 and its reinforced analogues RSPUs. The polymer 

solutions were dried under vacuum at 70 °C to afford malleable and elastomeric films. The polymer 

films were then cut into strips (dimensions = 40 mm × 5 mm × 1 mm) and elongated to break to assess 

their mechanical properties. The presence of the additive 2 (formed in situ) in the reinforced polymer 

improves the mechanical properties of the materials when compared to the supramolecular polymer 

alone (Figure 2). Indeed, a clear trend was observed between the weight percentage of LMWA and 

properties such as the modulus of toughness and ultimate tensile strength (Table 3). The polymer 

RSPU-21% gave rise to the largest improvement in stiffness. A 3400 % increase in the Young’s 

modulus was observed (135.2 MPa), whilst the ultimate tensile strength increased by approximately 

800 % (2.5 MPa). However, a decrease in elasticity (strain at break = 3 %) and modulus of toughness 

(0.1 MPa) was evident as a result of the increased additive weight percentage, resulting in an extremely 

brittle material, possibly as a result of aggregation of the LMWA within the polymer matrix. Although 

the polymer RSPU-15% gave rise to more modest mechanical properties (Young’s modulus = 43.2 
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MPa, Ultimate tensile strength = 1.4 MPa, modulus of toughness = 0.49 MPa) the material was easy to 

handle and thus offered the best balance between mechanical properties and processability. 

To identify if the method of formulation had a significant effect on the mechanical properties of the 

reinforced polyurethanes, a polymer blend was prepared by mixing the isolated SPU 1 with the 

LMWA 2 in solution before casting a polymer film. RSPU-15% was selected as a candidate for this 

study as a result of the optimum mechanical properties and physical characteristics (Figure 2). To 

formulate the polymer blend, polyurethane 1 and bis-urea additive 2 were synthesised and isolated 

before refluxing the two components (15 wt% of LMWA 2) in THF to afforded RSPU-15% (Blend). 

The resulting solution was then drop-cast and the resulting film analysed by tensile testing. Surprisingly, 

a discernible difference was noted for the mechanical properties of RSPU-15% and 

RSPU-15% (Blend) (Figure 2). The reinforced polymer formulated by blending revealed a decrease in 

Young’s modulus (18% reduction), ultimate tensile strength (34 % weaker) whilst a small decrease in 

toughness (12 % less robust) was also observed which is essentially invariant when considering the 

error within the 3 repeat analyses. Interestingly, an increase in elongation to break was noted for the 

blended RSPU. This could be rationalised by agglomeration of the bis-urea additive 2 which results in 

a less homogeneous film and thus the polymers properties are dictated by those of SPU 1, gives rise to 

an increase in elongation compared to RSPU-15% and reduction in overall mechanical properties.  

  

Figure 2: Stress-strain curves of the supramolecular polyurethane 1 and reinforced supramolecular polyurethanes 

RSPUs with increasing weight loading of the low molecular weight additive 2.  
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Polyurethane 

 

Young’s modulus 

(MPa) 

 

Ultimate tensile 

modulus (MPa) 

 

Toughness 

(MPa) 

 

Strain at Break  

(%) 

SPU  1 3.9  ±  1.4 0.3 ± 0.1 0.6 ± 0.1 617 ± 73.0 

RSPU-0% 4.4 ± 1.4 0.3 ± 0.0 0.6 ± 0.0 608 ± 16.0 

RSPU-8% 36.8 ± 4.2 1.0 ± 0.1 0.4 ± 0.1 66 ± 12.0 

RSPU-15% 43.2 ± 4.4 1.4 ± 0.1 0.5 ± 0.1 46 ± 8.0 

RSPU-15%-Blend 35.4 ± 1.7 0.9 ± 0.0 0.4 ± 0.1 80 ± 10.0 

RSPU-21% 135.2 ± 18.1 2.5 ± 0.3 0.1 ± 0.0 3 ± 1.0 

Table 3: Mechanical properties of the SPU 1 and RSPUs (values shown are the average of 3 repeats). 

 

To further assess the mechanical characteristics of the reinforced polyurethanes, rheological analysis 

(Figure 3) was undertaken to explore the viscoelastic elastic nature of the polymers and determine the 

effect of the LWMA on the thermally addressable materials. Temperature sweeps (Figure S23) were 

performed in oscillatory shear, revealing that the rubbery properties of the materials dominate in the 

low temperature regime (0-40 °C). In this range, the characteristics of the supramolecular polymer is 

predominant, resulting in an elastomeric but stiff material, and is not affected by the incorporation of 

the bis-urea additive 1. Increasing the temperature further resulted in a decrease in the storage and loss 

modulus in all materials. The rate of change accelerating between 40 °C and 80 °C owing to the 

dissociation of the supramolecular interactions and the material properties are defined by the 

viscoelastic properties of the polymers at elevated temperatures. Increasing the weight percentage of 1 

in the composite retards this effect and thus the material remains stiffer at elevated temperatures. The 

storage modulus, G′, decreased by no more than an order of magnitude in polyurethanes reinforced with 

more than 8 wt% LMWA, whereas a decrease of 3 orders of magnitude was observed in the pure 

supramolecular polymer and RSPU-0%. In agreement with tensile testing, RSPU-21% does not 

behave elastically under load and thus does not exhibit a significant loss in storage modulus over the 

temperature range.[45] These results correlate well with visual inspection of the materials when heated, 

in which RSPU-8% and RSPU-15% appear to soften slightly but retain their physical integrity at 

elevated temperatures, whereas RSPU-21% remained stiff and brittle in nature over the same 

temperature regime and therefore was not able to be examined under comparable analytical conditions 

on the rheometer. This phenomenon can be attributed to the reduction in soft polymer content in the 

phase separated material, decreasing the flexible component of the polyurethane. Furthermore, the 

notable increase in storage modulus of the RSPUs is a clear indicator of increased hydrogen bonding 

interactions in the polymer network. 
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 Figure 3: Changes in storage modulus (G′) of the SPU 1 and RSPUs between 0 and 120 °C. 

 

In order to further understand the morphology of the reinforced polymers, small angle X-ray scattering 

(SAXS) (Figure S24) and wide angle X-ray scattering (WAXS) (Figure S25) was employed. The 

WAXS scattering pattern revealed an amorphous halo with spacings centred around 4.9 Å suggesting 

the presence of stacked urea moieties within the supramolecular array. Crystalline features are seen to 

emerge, as evidenced by distinct signals which grow in intensity with respect to increased weight 

percentages of the LMWA 2. The SAXS scattering patterns for the supramolecular polyurethane 1 and 

reinforced polymers RSPUs formed in situ all showed a domain spacing of 66.1 Å, suggesting a 

microphase-separated morphology arising from the immiscibility of the hard hydrogen bonding end-

groups with the soft polymer backbone. Crucially, the composite formulated by blending 

RSPU-15% (Blend) revealed a domain spacing of 56.0 Å, indicating that a different assembly mode 

was present. This provides further evidence of aggregation between the LMWA 2 and a less 

homogeneous polymer network, indicating composite formulation is paramount. 

To probe the thermal responsive nature of the supramolecular networks, variable temperature SAXS 

analysis was undertaken (Figure 4). Upon heating from -60 °C to approximately 30 °C, no significant 

change was observed in the morphology of the polymer composites. Increasing the temperature further 

resulted in a decrease in the domain spacing at 66.1 Å RSPU-15% and 56.0 Å RSPU-15% (Blend) 

respectively, caused by efficient phase mixing between the hard and soft domains. This is in good 

agreement with rheological data, which demonstrated a decrease in storage modulus at equivalent 

temperatures. On cooling the materials, microphase-separation is restored in the polymer network by 

reassociation of hydrogen bonding motifs. Similar trends were observed for all polyurethanes (Figure 

S26), demonstrating that the addition of the bis-urea additive 2 does not disrupt the thermal reversibility 

of the supramolecular polymers. Furthermore, variable temperature FT-IR spectroscopic analysis was 

conducted on the SPU 1 and RSPUs (Figure S27) and revealed a thermo-responsive behaviour similar 
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to structurally related polyurethanes.[35,42,46,47] A strong absorbance for hydrogen bonded N-H 

absorbances was observed, centred at approximately 3320 cm-1, arising from urethane and urea 

moieties. The intensity of the absorbance band (calculated by integration between 3400-3100 cm-1) was 

seen to diminish with increased temperature (20 °C - 120 °C) for all polyurethanes as a result of 

dissociation of the hydrogen bonding interaction within the polymer network.    

 

Figure 4: Variable temperature SAXS analysis of RSPU 15% and RSPU 15% (Blend). 

 

Powder X-ray diffraction data provided further insight to the role of the LMWA in the polymer 

composites. The diffraction pattern of LMWA 2 was compared (Figure S28) to the polymer prepared 

in situ RSPU 15% and the formulation prepared by blending RSPU 15% (Blend). It was apparent that 

the powder patterns for 2 and both RSPU 15% and RSPU 15% (Blend) shared many common 

diffraction peaks with the LMWA 2, suggesting that the additive was able to agglomerate into 

crystallites, however, the noticeable differences in reflection intensities attributable to LMWA 2 in both 

polymer samples suggest a marked difference in the distribution of crystallites in the two samples. 

Owing to the broad nature of the powder patterns of the polyurethanes, the crystalline phases were not 

able to be indexed. In addition, DSC data (Figure S20) confirm multiple polymorphs present in the 

LMWA 2, further complicating any attempts at indexing.   

To further analyse the self-assembly of the SPU 1 and RSPUs, AFM studies (Figure 5 and Figure S29) 

were carried out to visualise the changes in the morphology attained by the addition of the LMWA 2 

at increasing mole percentages and the effect of preparation in situ as opposed to blending. As expected, 

micro-phase separation was observed in SPU 1 (Figure S29) as a consequence of the assembly of 

hydrogen bonding motifs and the ordered stacking of the MDI linkers which promote the packing of 

both urethane and urea moieties. Interestingly, phase separation became more apparent with increased 

loading of LMWA 2, whilst remaining at the same length scale as supported by SAXS analysis 

(Figure 4 & Figure S24). This increase in intensity also correlates well with both WAXS (Figure S25) 
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and powder diffraction analysis (Figure S28), in which the diffraction signals increased in both d-

spacing and magnitude with increased content of LMWA 2. Furthermore, a correlation between the 

morphology observed in the AFM micrographs (Figure S29) and the 1H NMR spectral data was noted. 

A shoulder was observed in the proton resonance at ca. 3.90 ppm (Figure S21) attributed to the 

methylene bridge of the MDI residues in the LMWA 2. Thus, it is proposed that there is an optimum 

additive concentration that leads to an improvement in polymer toughness and increased uniformity in 

the phase separation. For example, in the case where a multiplet is observed at 3.90 ppm (RSPU-8%, 

and RSPU-15% (Blend)), aggregation of the hard segments is apparent. However, when these two 

resonances are coincident (RSPU-15%) an even phase separated morphology is observed. When 

comparing the RSPUs prepared in situ or blended, it is apparent that a homogeneous and defined phase 

separated morphology is present in both samples, however, RSPU-15% (Blend) revealed additional 

aggregation of hard domains, presenting a similar topography to RSPU-8%, which can be attributed to 

poor mixing and intercalation of the LMWA 2 into the polymer network and hydrogen bonding array.  

 

Figure 5: Topological AFM images of RSPU-15% and RSPU-15% (Blend). 

 

Furthermore, analysis of the average diameters and distribution size of the hard domains for both 

RSPU-15% and RSPU-15% (Blend) within the micro-phase separated morphology demonstrated that 

the one-pot synthesis was able to better control the hard to soft domain ratio by reducing both the 

diameter (30.4 ± 0.4 nm, vs 58.4 ± 1.4 nm) and distribution size (45 nm vs. 145 nm ) of the hard domain 

(Figures S30 and S31, Table S1). Therefore, the one-pot synthesis method ultimately provides a more 

homogenous and well-defined phase separated structure.  

Our previous studies have shown that the neat supramolecular polyurethane 1 is healable[32] as a 

consequence of addressable and thermally responsive hydrogen bonding interactions. Therefore, the 

effect of the LMWA 2 on the healing properties of the polyurethanes were first assessed by variable 

temperature optical microscopy. Specimens of the polymer films were damaged using a scalpel blade, 

cutting thought the entire thickness of the film (ca. 1 mm) and placed onto a glass slide. The damaged 
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specimens were then heated at 10 °C min-1 and healing assessed visually. As an exemplar, RSPU 15% 

and RSPU 15% (Blend) (Figure 6) are seen to begin healing at approximately 60 °C, and show 

complete closure of the damaged area at temperatures in excess of 90 °C. All polymers, with the 

exception of RSPU 21%, demonstrated optical healing in excess of 95% (Figures S32). Indeed, the 

temperature required to induce healing increased with the increased weight percentage of bis-urea 

additive 2 from 40 °C in SPU 1 to 90 °C RSPU 15%, as expected from rheological analysis of the 

materials.   

 

 

Figure 6: Progress of healing in A) RSPU 15% and B) P RSPU 15% (Blend). Images were taken using an optical 

microscope equipped with a hot stage. The scale bar is representing 50 μm. 

 

Finally, to examine the recovery of the mechanical properties after healing, tensile testing (Figure 7) 

was performed on polymer films cut into strips (dimensions = 40 mm × 5 mm × 1 mm). The pristine 

polymer strips were cutting into two pieces and the damaged surfaced placed in contact with each other 

on a warmed PTFE plate. The stripes were placed into an oven for 1 hour at appropriate temperature 

derived from the rheological data and microscopy images for each polyurethane (Figures S23 and S32) 

before cooling to room temperature and carefully pealing from the PTFE plate. Promisingly, healing 

was observed in RSPU 15% and RSPU 15% (Blend). Healing efficiencies in excess of 98 % with 

respect to Young’s modulus are observed for both reinforced polymers; however, slight reductions in 

the ultimate tensile strength (RSPU 15% = 77 % recovery, RSPU 15% (Blend) = 65 % recovery) were 

apparent which is comparable to the pristine samples. Low healing efficiencies were seen in total 

amount of energy adsorbed (modulus of toughness, RSPU 15% = 12 % recovery, RSPU 15 % (Blend) 

= 9% recovery) as a result in diminished elongations to break reducing the integration of the 

stress/strain curves. Similar trends were observed for all RSPUs (Figures S33-S35) revealing excellent 
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recovery of the Young’s modulus, moderate recovery of the ultimate tensile strength, and low healing 

efficiencies in modulus of toughness (Table S2). This reduction in modulus of toughness when healed 

is in keeping with data reported for other supramolecular polymers which exhibit healability.[3,4]   

 

Figure 7: Tensile data for polymer composites RSPU 15% and RSPU 15% (Blend) showing their properties 

pre- and post-healing. 

 

When comparing these data to the healability of the supramolecular polyurethane 1[32] which 

demonstrated complete recovery of ultimate tensile strength, Young’s modulus and elongation at break, 

it is evident that healing efficiency is reduced though the addition of additives to the supramolecular 

polymer network. However, despite the reduction in healing efficiency, the utilisation of this synthetic 

approach in industrial applications may provide a facile route to increasing the mechanical performance 

of functional supramolecular polymers. 

 

Conclusions 

The mechanical strength of an industrially relevant supramolecular polyurethane has been enhanced 

using low molecular weight additives. Using a facile and accessible methodology, the bis-urea additive 

2 was synthesised in situ and can cooperatively self-assemble with the thermally addressable 

supramolecular network via complementary hydrogen bonding interactions. Moreover, the polymers 

can be prepared without the need for complex purification or blending. By the addition of as little as 

8 wt% of the LMWA, a significant increase in both the Young’s modulus and ultimate tensile strength 

is achieved, 840 % and 230 %, respectively, when compared to the phase separated polyurethane 1 

alone in addition to retention of the modulus of toughness. Furthermore, increasing the loading of the 

additive continues to improve these properties up to a loading of 15 wt%. Additionally, additive 

loadings of 21 wt% gave rise to an increasingly stiff but brittle material which was difficult to handle. 

A formulation comprising of the additive (15 wt%) blended with the neat polyurethane was also 
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produced to examine the effect of material preparation and filler dispersion within the polymer matrix. 

The mechanical performance of the reinforced polyurethane formulated by blending was diminished 

when compared to the analogous polymer generated in situ. Finally, the effect of the LMWA on the 

healability of the reinforced polyurethanes was examined. Healing was observed in reinforced 

polyurethanes with up to 15 wt% additive loading, with healing efficiencies in excess of 98 % observed 

in the case of the Young’s modulus. These findings demonstrate a facile, one-pot, purification-less 

methodology to produce industrially relevant supramolecular polyurethanes with improved physical 

and mechanical properties when compared to the pristine polymer alone. Further development and 

refinement of polymer blends of this type are required to produce materials which have desirable 

mechanical properties for real-world applications. 
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