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ARTICLE INFO ABSTRACT

Keywords: A series of supramolecular comb polymers (SCPs) with adhesive and healable characteristics have been gener-
SuPra‘f“’leCUlar material ated through the copolymerisation of methacrylate monomers featuring aromatic amide functionalities with
Adhlesé‘lle lauryl methacrylate. By varying the amide functionality and loading of the supramolecular monomers, the
Hea‘ able " . properties of the resulting SCPs can be tailored, ultimately providing stable films at room temperature. As the
Amide recognition units . . . . . .

Comb-polymer loading of the amide-bearing monomer was increased, the phase separation between the hard and soft domains

was enhanced, promoting larger hard-domain aggregation, as observed via atomic force microscopy (AFM). The
mechanical properties of the SCPs correlated to the loading of the amide-bearing monomers, by increasing the
mol% incorporation the resulting SCPs transition from possessing high strain to high ultimate tensile strength
(UTS) and Young’s modulus (YM). Over several re-adhesion cycles, the SCPs were shown to retain their shear
strength when thermally adhered to both glass and aluminium substrates. Additionally, the SCPs exhibited
healable properties at elevated temperatures (> 45 °C) allowing for the recovery of mechanical properties post-

damage.

1. Introduction

Supramolecular polymers have garnered significant interest arising
from the dynamic and highly directional nature of the non-covalent
bonds that create them, affording materials suitable for application in
a wide range of fields including, but not limited to, drug delivery,
coatings, adhesives, additive manufacturing, sensors, shape memory,
and healable coatings [1,2]. The focus on supramolecular polymers
derives from their stimuli responsive nature, which is not typically
observed with conventional covalently-bonded polymer materials. The
incorporation of molecular recognition motifs into macromolecular
structures to facilitate generation of dynamic supramolecular networks
has been achieved successfully via functionalisation within the polymer
main chains [3,4], at polymer chain ends [5-7], and incorporation of
pendant groups on comb/brush architectures [8-11]. The marriage
between macromolecular structure and mode of supramolecular as-
sembly provides a route to tailor the properties of polymers for specific
applications. Widely deployed modes of supramolecular assembly
include hydrogen bonding [12-16], n-n stacking [17-19], metal-ligand
interactions [6,20,21], and host-guest interactions [22,23].

* Corresponding author.

The use of comb/brush type architectures within supramolecular
polymers allows for the generation of large numbers of interchain in-
teractions relative to their telechelic counterparts, enabling enhance-
ment of physical and mechanical properties [24]. Long and co-workers
have investigated several hydrogen bonding functionalities as the
pendant side units, including nucleobases [25-27], and 2-ureido-4[1H]-
pyrimidone (UPy) [11,28]. Through the copolymerisation of butyl
acrylate with a UPy functionalised methacrylate monomer, a series of
supramolecular thermoreversible comb polymers have been realised
[11]. This study revealed a threefold increase in the peel strength from
glass with incorporation of only 3.3 mol% of the UPy monomer, when
compared to homo poly(butyl acrylate).

The ability of supramolecular polymer networks to recover their
physical properties post-damage has been widely investigated with use
of different assembly groups, macromolecular structures, and external
stimuli to induce healing. Hydrogen bonding units have been employed
successfully as the reversible non-covalent component within healable
polymer networks. For example, Weder and co-workers [29] utilised the
UPy functional unit to form trifunctional, low molecular weight mono-
mers, which form a supramolecular polymer glass with the ability to
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rapidly heal in the presence of UV light. A supramolecular polyurethane
capable of healing at body temperature was developed by Feula et al.
[15]. The end-capped telechelic system exhibited complete recovery of
the mechanical properties within 60 min at 37 °C and retained its self-
healing characteristics when to adhered to porcine skin. Supramolecu-
lar brush-polymers developed by Guan and co-workers [30] utilised
polyacrylate amide side chains on a polystyrene backbone to realise self-
healing thermoplastic elastomers. These supramolecular brush-
polymers were shown to be capable of spontaneous self-healing at
room temperature with up to 92% recovery of extensibility after 24 h.

The amide functional group provides directional hydrogen bonding
interactions and has been incorporated in a diverse range of polymer
types including dendrons, proteins, and supramolecular assemblies
[31,32]. Notable examples of polyamides include Nylon and Kevlar,
which exhibit impressive mechanical properties on account of the highly
directional and strong hydrogen bonding between amide motifs [33].
Self-complementary benzene-1,3,5-tricaboxamides form well-defined
aggregates, both in the solid state and in solution, via association of
amide units [34,35], enabling the generation of microcapsules [36],
organogelators [37], liquid crystals [38], and nanostructured materials
[39,40]. We have recently investigated aliphatic amide functionality of
end-caps on telechelic polyurethanes [41]. In comparison to related
supramolecular polyurethane systems, the enhanced association be-
tween polymer chains featuring these end groups resulted in significant
increases in the Young’s modulus (YM) and ultimate tensile strength
(UTS) from the addition of just two aliphatic amide groups to the
polymer end-cap.

This paper reports the design, synthesis and property assessment of a
series of supramolecular comb-polymers (SCPs) based upon a methac-
rylate backbone that features variable loadings of aromatic amide side
chain units which promote self-assembly via hydrogen bonding in-
teractions. The introduction of novel supramolecular monomers with
lauryl methacrylate produces thermally stable films at room tempera-
ture with both adhesive and healable properties. Additionally, this study
explores the key role of amide functionality in reinforcing the thermal,
rheological, and mechanical properties of supramolecular comb
polymers.

2. Experimental
2.1. Materials

4-Nitrophenol was purchased from Tokyo Chemical Industry Co.
Ltd., palladium on carbon 10 wt% and AIBN were purchased from Sigma
Aldrich, 4-aminobenzoic acid was purchased from Alfa Aesar. All other
reagents used were purchased from Sigma Aldrich, TCI, Acros Organics,
Fisher Chemical, and Fluorochem and used as received. THF, DMF, and
dichloromethane were dried prior to use using an MBRAUN SP7 system
fitted with activated alumina columns. All other chemicals were used
without further purification. 1-Nitro-4-(octyloxy) benzene, 4-(octyloxy)
aniline and 4-((tert-butoxycarbonyl)amino)benzoic acid were synthe-
sized using modifications of reported procedures [42-44] — the synthesis
and analysis of these compounds, together with 1-6 and the polymers
poly(lauryl methacrylate) (PLMA) and SCP1-10 is reported in the
Supporting Information (SI) file (see Table S1 for the monomer feed
ratios used).

2.2. Characterization

'H NMR and !3C NMR spectra were recorded on either a Bruker
Nanobay 400 or a Bruker DPX 400 spectrometer operating at 400 MHz
for 'H NMR or 100 MHz for 13C NMR spectroscopic analysis. Samples for
NMR spectroscopic analysis were prepared in CDClg, DMSO-dg, with
dissolution aided by gentle heating if necessary. Infrared (IR) spectro-
scopic analysis was carried out using a Perkin Elmer 100 FT-IR (Fourier
Transform Infrared) instrument with a diamond-ATR sampling
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accessory. Mass spectrometry (MS) was conducted using a ThermoFisher
Scientific Orbitrap XL LCMS. The sample was introduced by liquid
chromatography (LC), and sample ionization was achieved by electro-
spray ionization (ESI). Melting points were recorded using a Stuart
MP10 melting point apparatus and are uncorrected. An Agilent Tech-
nologies 1260 Infinity system was used to obtain gel permeation chro-
matography (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 concentration of
1.0 mg mL™L. Differential calorimetry (DSC) measurements were per-
formed 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 180 °C with a heating and cooling rate of 5 °C min™'.
Thermogravimetric analysis (TGA) was carried out on TA Instruments
TGA Q50 instrument with aluminium TA Tzero pans. The sample was
heated from 20 °C to 550 °C at 10 °C min~' under nitrogen gas with a
flow rate of 100 mL min~'. Rheological measurements were performed
on a Malvern Panalytical Kinexus Lab+ instrument fitted with a Peltier
plate cartridge and 8 mm parallel plate geometry. Tensile tests were
carried out using a Thiimler Z3-X1200 tensometer at a rate of 10 mm
min ! with a 1 KN load cell. 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 Young’s modulus was determined to
be the gradient of the linear region of the stress-strain curve passing
through the origin and the ultimate tensile strength was recorded as the
highest strain value for each curve. The error reported is the standard
deviation for the three repeats for each sample. A Mettler-Toledo hot-
stage microscope was employed to study the healing characteristics of
the comb polymers. The polymers were placed on glass slides and heated
at a rate of 2 °C min~" from 25 °C to 150 °C and recorded at 1 fps.

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 was
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~! (AC240TS-R3,
Oxford Instruments). Each sample (0.5 mg mL~! in DMF) was drop 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
interface, the objective focus was adjusted and set to focus on the tip and
on each sample in turn. The cantilever was autotuned at its resonant
frequency which automatically determined the drive amplitude and
drive frequency. The resolution, scan rate, integral gain and scan size
were entered into the user interface before starting the scan. The soft-
ware Gwyddion (version 2.63) was used for data analysis and editing.

A crystal of 5 was mounted under Paratone-N oil and flash cooled to
100 K under nitrogen in an Oxford Cryosystems Cryostream. Single-
crystal X-ray intensity data were collected using a Rigaku XtaLAB Syn-
ergy diffractometer (Cu Ka radiation (A = 1.54184 10\)). The data were
reduced within the CrysAlisPro software [45]. The structures were
solved using the program Superflip [46] and all non-hydrogen atoms
were located. Least-squares refinement against F was carried out using
the CRYSTALS suite of programs [47]. The non-hydrogen atoms were
refined anisotropically. All the hydrogen atoms were located in differ-
ence Fourier maps The hydrogen atoms were placed geometrically with
a C—H distance of 0.95 A, an N—H distance of 0.85 A and a U, of
~1.2-1.5 times the value of Ueq of the parent atom, and the positions
refined with riding constraints. The carbon atoms C30-C36 in the octane
tail were modelled as disordered over two sites.
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3. Results and discussion
3.1. Monomer synthesis

The focus of this study was the incorporation of aromatic amide side-
chain units in a comb-polymer architecture to promote interchain as-
sembly and network formation via hydrogen bonding. The synthesis
began with the coupling of 4-nitrophenol with 1-bromooctane under
Williamson ether type conditions to generate 1-nitro-4-(octyloxy)ben-
zene that was then reduced in 91% yield using hydrogen over palla-
dium on carbon to the corresponding aniline (Scheme 1). 4-(Octyloxy)
aniline was then coupled with 4-((tert-butoxycarbonyl)amino)benzoic
acid using EDC-HCl and DMAP to afford the protected aromatic amide 1.
Treatment of 1 with TFA gave the corresponding aniline 2, which was
then deployed in two pathways (see Scheme 1). To increase the number
of hydrogen bonding groups, aniline 2 was coupled with 4-((tert-
butoxycarbonyl)amino)benzoic acid to afford the protected bisamide 3.
Exposure of 3 to TFA yielded the desired bisamide-aniline 4. The ani-
lines 2 and 4 were then coupled independently to 2-isocyanatoethyl
methacrylate to afford the desired methacrylate monomers 5 and 6
capable of hydrogen bonding via aromatic amide units. The synthetic
procedures used to generate the compounds described above and the
associated characterization data (Figs. $1-S65 and Tables $2-S4) are
reported in the SI file. The solid-state data for compound 5 is reported in
the SI file, see Figs. S57 and S58 plus Tables S2-54).

3.2. Polymer synthesis

The supramolecular comb-polymers were synthesized via free-radical
polymerization utilizing aromatic amide monomers 5 or 6 and lauryl
methacrylate (LMA) with AIBN as the radical initiator (Scheme 2). The
feed ratios of monomers 5 and 6 were varied between 1 and 15% to
generate a series of ten polymers (SCP1-10) to establish the effect of the
aromatic amide side-chain units on the polymer properties relative to
PLMA. The feed ratio for each material was calculated based on its

1. 4-Nitrophencl

NH,
1-Bromooctane -
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molar percentage (see Table S1 in the SI).

Random copolymers SCP1-10 and PLMA were generated success-
fully and characterized by a combination of NMR and IR spectroscopies
plus GPC analysis (see Table 1 and the SI Figs. $66-S112 for the spec-
troscopic and chromatographic data). As the loading of the aromatic
amide monomers 5 or 6 was increased the GPC analysis revealed
dramatically increased molecular weights for these materials — probably
a consequence of self-association of the polymer chains to yield aggre-
gates under the analytical conditions employed.

3.3. Thermal analysis of SCP1-10

The thermal characteristics of the synthesized polymers (PLMA and
SCP1-10) were investigated through DSC and TGA analysis, the results
are summarised in Table 2. The thermal transitions such as the glass
transition (Ty) of these SCPs were probed with sequential heating and
cooling cycles in the temperature range of —80 to 200 °C for DSC
analysis, with the temperature flow rate of 5 °C min~! for both DSC and
TGA.

Through DSC analysis, only glass transitions were observed for
PLMA and SCP1-10, revealing the amorphous nature of the polymers
and the absence of any long-range ordering within the systems. The
homo polymer PLMA exhibits a T at —54.3 °C, comparable to literature
values [48-50]. As the content of monomers 5 or 6 was increased the T
of the resultant SCP also increased (Fig. 1). This trend was attributed to
the increase in intermolecular interactions as a result of the increase in
hydrogen bonding functionality of the SCPs. This result is comparable to
that reported by Long et al. [11] but differs in that the T; of their
hydrogen bonded comb-polymers increased from —50 °C to —23 °C
when the feed ratio (mol%) of the UPy-based monomer was increased
from 0% to 10%. In direct comparison, the T, values of SCP1-10 for
these systems featuring aromatic amide side-chain units only increase by
ca. 15 °C across a similar feed ratio range.

An analogous trend was observed in the TGA studies, in which higher
degradation temperatures were observed with higher loadings of the

(/ N K,CO3/ DMF A Vi Y
Y wre Y v e L
o 2.Hy/PdIC //) L,/’: i
MeOH / DMF T CeHy [ | \ 1
N~ < HN" Y0
TFA NCO P
j\ —— 07 "NH — 0
X
: 9 b
'J‘\H»' Boc);0 / TEA { 0= Shi
["/ U THF / Hz0 C O CH.s ‘4/“»‘
R .
X 2 N
(Z’A\(‘,H Cﬂ:au.
07 “OH 5
0% "NH EDC HCI
| DMAF
K/ D THF
="1'|:-< J
| N
D o
o 1 NH; 1
o” PN _</ NH
Q) B

Scheme 1. The synthetic route used to generate the two methacrylate monomers with aromatic amide units (5 and 6).
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Table 1

The values of M,,, M, and P of PLMA and SCP1-10.

NH
AIBN
0“NH + P70 —
510
07 NH

p
W Where R=
co 0”70

NH 5 or
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Scheme 2. The structure of the targeted supramolecular comb-type polymers.

Sample 5 (mol%) 6 (mol%) M, (kg mol ™) M,, (kg mol™!) b
PLMA - - 48 205 4.3
SCP1 1 - 59 310 5.3
SCP2 2.5 - 126 909 7.2
SCP3 5 - 196 1387 7.1
SCP4 10 - 1546 3410 2.2
SCP5 15 - 3716 7023 1.9
SCP6 - 1 53 299 5.7
SCP7 - 2.5 75 512 6.8
SCP8 - 5 115 1000 8.7
SCP9 - 10 155 1527 9.9
SCP10 - 15 174 1858 10.7
Table 2

The thermal analysis data of PLMA and SCP1-10.

Sample T, (°C) Onset of degradation (°C)
PLMA —54.3 244.2
SCP1 —53.6 256.4
SCP2 —-50.6 256.2
SCP3 —49.0 256.3
SCP4 —46.2 258.8
SCP5 —40.5 264.0
SCP6 —51.2 253.0
SCP7 —50.6 265.1
SCP8 —47.2 265.2
SCP9 —43.7 261.4
SCP10 -39.3 261.7

supramolecular monomer (see Fig. S124-S134). The trend of both
thermal analyses shows that the addition of either monomer, 5 or 6,
increases the thermal stability of the polymer. This conclusion can also
be drawn from the gradual increase in the slope of the TGA plot (see
Fig. $135 in the SI).

3.4. Atomic force microscopy

The microphase separation between the polymer segments was
investigated by atomic force microscopy (AFM), see Fig. 2 and
Figs. S136-138. The AFM images in Fig. 2 and Fig. S137 show the phase
topography mode of polymer samples at scan size 5 pm and 2 pm,
respectively, while Fig. $136 and Fig. S138 show AFM height images
recorded in topography mode at 5 pm and 2 pm, respectively. AFM
analysis of each polymer revealed two distinct phases: the hard segments
were evident as dark areas as a result to the low phase angle, and the
bright regions were attributed to the soft domains on account of the high
phase angle [51].

A few dark areas were observed in SCP3, as shown in Fig. 2 (A),
corresponding to aggregation of the hard segments via hydrogen
bonding and aromatic n—x stacking between polymer chains [52]. The
light areas of the images, evident as continuous phases, corresponded to

-35
-40 4
. -45
9 ]
=~
-50 4
-55 -
-60 T T T T T

T
0 1 25 5 10 15
mol% monomer

Fig. 1. The relationship between the mol% of monomer 5 or 6 in the supra-
molecular comb polymers and their T, values.

the soft segments of the polymers. A higher abundance of well-defined
aggregated hard segments was observed in the case of SCP4, arising
from the strong phase separation resulting from the increase in loading
of monomer 5 and the amplification of supramolecular interactions this
provides. A drastic increase in phase separation was evident in SCP5,
when compared to SCP3 and SCP4, and is displayed as aggregated
micro-sheets [53] as a result of strong associations between the polymer
chains derived from the high mol% of 5 (15 mol% for SCP5) which
introduces strong and highly directional assembly of the supramolecular
functionalities, such as the amide and urea units.

The addition of an additional aromatic amide in 6 (when compared
to 5) gives rise to more well-defined microphase separation in SCP8-10
in comparison to SCP3-5. For example, the images of SCP9 in Fig. 2 (E)
and Fig. S137 (D) reveal larger assemblies of the dark areas [54], these
hard segments become more aggregated and appear as short ‘wormlike’
aggregates as a result of strong association via the enhanced hydrogen
bonding provided by the amide functionalities in 6 when compared to
SCP4 which contains 5. In SCP10 the introduction of 15 mol% of 6
produces exceptional microphase separation. Owing to the extremely
strong association provided by the enhanced hydrogen bonding of the
additional amide within 6, the large aggregated hard segments were
dispersed through the continuous soft segments. In addition, bright
‘wormlike’ shapes are clearly evident and could be attributed to the
agglomeration of polymeric nanoparticles formed from intrachain as-
sociation [55], these agglomerations are shown to have diameters
around ca. 400-500 nm which contain nanoparticles of ca. 40-55 nm,
see Fig. S139A and S139B, respectively. This differs significantly from
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Fig. 2. AFM tapping mode phase images of SCP3 (A), SCP4 (B), SCP5 (C), SCP8 (D), SCP9 (E), and SCP10 (F); the scale bars = 5 pm. All the SCP samples were

prepared by drop casting from THF (0.5 mg mL™") on freshly cleaved mica discs.

the surface morphology of SCP5, which shows very flat rounded features
with larger surface areas at the same mol% loading.

3.5. Rheological analysis

The viscoelastic properties of PLMA and SCP1-10 were assessed
with dynamic rheological testing, within a temperature range of 0 °C to
150 °C at a normal force of 1 N and a frequency of 1 Hz. The storage
modulus (G’) and phase angle (8) were recorded against temperature
according to the monomer used, which were divided into two groups (5
and 6, Fig. 3(a) and 3(b), respectively).

From Fig. 3, it is evident that the storage modulus increases as the
monomer feed of the aromatic amide monomers increases, and the
significant increase in the energy storage modulus arises from increased
hydrogen-bonding interactions in the polymer network. For example,
SCP4 undergoes a viscoelastic transition at ~80 °C when the monomer
loading of monomer 5 is 10%. In contrast, in the case of polymer SCP9
(with the same monomer loading value but incorporating monomer 6
that features two amide units) does not exhibit a viscoelastic transition
across the temperature range studied (i.e. up to 150 °C). This observa-
tion can be attributed to the hydrogen bonding potential of the different
monomer subunits 5 and 6 within the comb polymers. In comparison to
SCPs featuring the aromatic amide 5, SCPs that incorporate monomer 6
must be exposed to higher temperatures to reach the viscoelastic tran-
sition at the same molar percentage feed of the aromatic amide
monomers.

3.6. Tensile testing

The SCPs were cast from solution to form uniform films, the stability
of these films in conjunction with the rheological analysis conducted
established that the polymers SCP4, SCP5, SCP8, SCP9, and SCP10 form
stable, pliable, and elastic films at room temperature. However, the
other polymers (PLMA, SCP1, SCP2, SCP3, SCP6, and SCP7) were

found to be viscous liquids and afford unstable films that are unsuitable
for tensile testing at ambient temperature. The polymer films were cut
into rectangular strips of uniform thickness of 2 cm x 0.5 cm (L x W)
and each polymer was tested in triplicate. The tensile data thus obtained
for SCP4, SCP5, SCP8, SCP9, and SCP10 are shown in Fig. 4.

The values of the modulus of toughness (MoT), Young’s modulus
(YM), modulus of resilience (MoR), ultimate tensile strength (UTS),
strain at break, and stress at break were then calculated and the average
values are detailed in Table 3. Increasing the mol% of the aromatic
amide monomers (5 and 6) in the SCPs significantly increases the YM
and UTS whilst significantly decreasing the strain at break; a trend also
observed by Wu et al. [56] with their UPy functionalisation of poly
(glycerol sebacate). Increasing the incorporation of monomer 5 from 10
mol% (SCP4) to 15 mol% (SCP5) affords a dramatic enhancement of the
YM, from 1.08 + 0.1 MPa to 23.74 + 2.1 MPa, and a concomitant
decrease in the strain at break, from 13.29 4+ 1.2 ¢ to 0.33 £ 0.03 .
Incorporating monomer 6 increases the number of amide units, giving
SCPs that exhibit lower UTS, YM, and strain at break when compared to
SCPs containing monomer 5 at comparable loadings. For example, with
15 mol% monomer loading the YM drops from 23.74 + 2.1 MPa (SCP5,
monomer 5) to 2.11 4 0.3 MPa (SCP10, monomer 6) and with 10 mol%
monomer loading the strain at break drops from 13.29 + 1.2 € (SCP4,
monomer 5) to 2.11 £+ 0.3 ¢ (SCP9, monomer 6). The trends with
SCP8-10 containing monomer 6 can potentially be ascribed to increased
intrachain association, and subsequent nanoparticulate formation at
high mol% loadings [55], as seen in Fig. 2F with SCP10. To place these
SCPs into context with regard to our previously published telechelic
polyurethanes [14-16,41,57,58], SCP5 outperforms many in terms of
YM and UTS, with SCP4 also possessing enhanced strain at break. In
related studies on supramolecular polymer architectures, an ABA block
copolymer reported by Guan and co-workers [59], featuring poly
(methyl methacrylate) and poly(acrylate amide) blocks, was also shown
to outperform their previously published comb [60] and brush [30,61]
copolymers both in terms of YM and UTS.
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Fig. 3. The plots of G’ (A) and & (B) vs. temperature for supramolecular comb polymers SCP1-5 and the plots of G’ (C) and & (D) vs. temperature for supramolecular
comb polymers SCP6-10.

1.8 Table 3
16 :gg:; The values of Modulus of Toughness, Young’s Modulus, Modulus of Resilience,
’ —_scps Ultimate Tensile Strength, Strain at break, Stress at break of SCP4, SCP5, SCP8,
144 ——SCP9 SCP9, and SCP10.
—— SCP10
= 1.24 Polymer  Modulus of  Young’s Modulus of ~ UTS Strain Stress
o Toughness Modulus Resilience (MPa)  at at
gw/ 1.0 (MPa) (MPa) (KPa) break break
g 0.8 4 (e) (MPa)
® 06 SCP4 4.05 + 1.08 + 236+1.1 039 1329  0.22
0.20 0.1 + + 1.2 + 0.04
0.4 1 0.01
024 SCP5 0.40 + 23.74 £ 42.76 + 1.41 0.33 + 0.90
0.04 2.1 3.2 + 0.1 0.03 + 0.07
0.0 T T T T T T T T T T T T T SCP8 0.10 + 0.03 + 9.15+ 1.7 0.03 5.75 + 0.01
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 0.00 0.01 + 0.5 + 0.00
Strain (g) 0.00
SCP9 0.30 + 1.75 + 6.17 £ 1.1 0.23 211 + 0.02
Fig. 4. Representative stress-strain curves of SCP4, SCP5, SCP8, SCP9, 0.03 03 3:02 03 +0.01
and SCP10. SCP10 0.71 £ 3.65 + 65.49 + 0.70 1.36 + 0.14
0.06 0.25 6.2 + 0.02 + 0.03
0.03
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3.7. Adhesion tests

To investigate the adhesive capabilities of the SCP polymers, samples
of uniform thickness were cut into 0.5 cm x 0.5 cm squares, sandwiched
between silica glass slides or aluminium sheets and then held with a
clamp to ensure contact between the polymer film and substrate sheets.
After being placed in an oven for 2 h (that was held at ca. 10 °C below
the viscoelastic transition of the polymer i.e. SCP9 and SCP10 were
adhered at 110 °C and 120 °C, respectively), the polymer films were left
at room temperature for half an hour to cool before being subjected to
simple tensile experiments. Each polymer was analysed in triplicate (see
Fig. 5 and Table 4). The sample with the highest tensile force was
selected and the experiment was then repeated three further times to
investigate the re-adhesive capability of the samples.

For both glass and aluminium, increasing the mol% of the functional
monomer (5 or 6) results in an increase in the shear strength. For
example, with a 10 mol% increase in monomer 6 the shear strength on
aluminium increases by 424%, from 0.25 + 0.01 MPa (SCP8) to 1.06 +
0.04 MPa (SCP10). The poor adhesion to glass and aluminium surfaces
of SCP8-10 can be attributed to the increase in amide functionality of
monomer 6. This increases the crosslink strength and density, ultimately
hindering thermal dissociation of the supramolecular interactions dur-
ing the adhesion process, a similar phenomenon was observed by Tareq
et al. [41] with their amide functionalised telechelic polyurethanes. As a
result, a minimum decrease in shear strength of ca. 50% is observed for
SCP9 and SCP10 for both glass and aluminium when compared to SCP4
and SCP5, which possess comparable monomer loadings. Therefore,
SCP5 possesses the highest shear strength of 2.10 4+ 0.08 MPa and 2.90
+ 0.1 MPa on glass and aluminium, respectively. To put this data into
context, our best adhesive on glass, SCP5, exhibits an increase in shear
strength of 75% and 1650%, respectively, when compared to isophthalic
acid-functionalized soybean oil [62] and statistical comb copolymer
blends featuring complementary nucleobase functionality (adenine and
thymine) [26].

From the short series of SCPs tested, SCP5 outperformed the other
SCPs in terms of shear strength on both glass and aluminium substrates.
This performance, in conjunction with its low adhesive temperature of
100 °C, meant it was an excellent candidate for the investigation of the
re-adhesive capabilities of SCPs of this type. The shear strength was
investigated in triplicate over three re-adhesion cycles and the results
are reported in Fig. 6 and Table 5.

After three re-adhesion cycles, SCP5 retained its shear strength when
adhered to glass (from 2.10 + 0.1 MPa to 2.18 £ 0.1 MPa) and
aluminium over the three re-adhesion cycles (from 2.90 + 0.1 MPa to
3.17 + 0.15 MPa), see Fig. 6. This phenomenon of shear strength
retention is characteristic of supramolecular adhesives that undergo
dynamic assembly, for example, Feringa, Tian, and co-workers observed

3 Glass Aluminium
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Fig. 5. Plots of the shear strength of the SCPs in relation to the mol% content of
the aromatic amide monomers.
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Table 4
Shear strength for comb polymers SCP4, SCP5, SCP8, SCP9, and SCP10 on glass
sheet and aluminium sheet.

Samples Shear strength (MPa) glass Shear strength (MPa) aluminium
SCP4 2.08 £ 0.02 1.83 + 0.05
SCP5 210 £0.1 2.90 + 0.1
SCP8 0.28 + 0.01 0.25 + 0.01
SCP9 0.81 + 0.02 0.96 + 0.1
SCP10 1.08 + 0.04 1.06 + 0.04
4.0
{—@—Glass
3.5 4 —@— Aluminum
T j
o 3.0+
=
= 2.5+
G — e
g 2.0
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Fig. 6. Shear strength of SCP5 during three cycles of re-adhesion testing.

Table 5
Adhesion testing of SCP5 (the data is the average of three repeats).

Number of cycles shear strength (MPa) glass shear strength (MPa)

aluminium
0 210 £0.1 2.90 +0.1
1 2.73+0.1 3.05+0.1
2 2.33+0.1 3.07 £ 0.2
3 218 £0.1 3.17 £ 0.15

maintenance of shear strength over 30 re-adhesion cycles for their poly
(thioctic acid) copolymer [63].

To further investigate the adhesive stability of SCP5, two lap shear
samples were prepared using the same method employed for the adhe-
sion tests and then a 2 1b. (0.907 Kg) weight was suspended from the
base of the sample 24 h. No deformation was observed across this
timeframe, see Fig. S155.

3.8. Assessment of healing capability

Hot stage microscopic analysis was carried out to monitor the heal-
ing process of the SCPs. A sample of uniform thickness (ca. 1 mm) was
mounted on a glass slide and then cut in half with a scalpel blade, the
two resulting pieces were then placed in close contact, and the slide was
placed in the heating chamber. The damaged specimen was then heated
from 25 °C at a rate of 2 °C min ", Pictures of the healing process were
taken at four time points: (i) when heating started, (ii) when healing
started, (iii) when healing was in progress, (iv) and when healing was
complete and heating stopped, and the final temperature recorded. The
healing process and temperature of SCP4, SCP5, SCP9, and SCP10 are
shown in Fig. 7.

Increasing the non-covalent crosslink density of the polymer chains
through higher incorporation of monomers 5 or 6 within the SCPs shifts
the temperature required for the onset and completion of healing to
higher temperatures. The addition of the second amide functionality in
monomer 6, compared to monomer 5, also shifts the healing to higher
temperatures, likely due to the higher number of hydrogen bonds.
Notably, the absence of a viscoelastic transition of SCP9 and SCP10 did
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Fig. 7. Hot stage microscope healing tests of SCP4 (four pictures in the upper left corner); SCP5 (four pictures in the upper right corner); SCP9 (four pictures in the

lower left corner) and SCP10 (four pictures in the lower right corner).

not hinder their ability to undergo healing.

In order to examine the recovery of the mechanical properties after
healing, the polymer films were cut into rectangular strips of uniform
thickness and size (2.0 cm x 0.5 cm, L x W) and cut in half with a scalpel
blade [14]. The two pieces were placed in close contact and exposed to a
temperature that was held below viscoelastic transition of the polymer
by ca. 10 °C for 2 h, followed by a period of 30 min when they were
allowed to cool to the ambient temperature of the laboratory. The lower
temperature viscoelastic transitions of SCP4, SCP5, and SCP8 enabled
the polymer samples to heal into a complete film. SCP9 and SCP10
required elevated temperatures (>120 °C) to activate the healing pro-
cess in order to form stable healed regions but at the cost of sample
deformation, so these samples were not considered for mechanical
assessment. Fig. $156 shows how the polymer films post-damage and
post-healing were inspected prior to assessment via tensile testing.

The healed polymer samples were then subjected to simple tensile
experiments and each polymer analysed in triplicate. Representative
stress—strain curves of both pristine and healed samples obtained for
SCP4, SCP5, and SCP8 are shown in Fig. 8 (also see Figs. $157-S159 in
the SI file) with mechanical properties reported in Table 6. Comparison
between the pristine and healed samples reveals that SCP8 exhibits the
best healing efficiency of the SCPs tested. SCP5 exhibits the lowest
healing efficiency in terms of MoT and strain at break, 40% and 36%,
respectively, resulting from the increased crosslink density provided by
the higher mol% of monomer 5 when compared to SCP4 which observes
healing efficiencies of 77% and 74% for MoT and strain at break,
respectively. To place this work into perspective, supramolecular brush-

2.0
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144 ——SCP8
g 1.2 4 —— SCP8 Healed
=3
7 1.0
17
208
o6
0.4 - —
0.2
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Fig. 8. Representative stress-strain curves of pristine and healed SCP4, SCP5,
and SCP8.

polymers generated by Guan and co-workers [30] exhibited almost
quantitative recovery of YM after only 15 min of healing at room tem-
perature, however, 24 h was required to obtain 92% recovery of the
strain at break. Wang et al. reported [64] the use of isophorone diamine
as hard segments in a polyurethane-urea supramolecular composite
(PPGTD-IDA) that required 48 h at room temperature to obtain full re-
covery of the mechanical properties.
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Table 6
The tensile data of the pristine (top), healed (middle), and healing efficiency
(bottom in bold) for SCP4, SCP5, and SCPS.

Polymer  Modulus of  Youngs Modulus of ~ UTS Strain Stress
Toughness Modulus Resilience (MPa) at at
(MPa) (MPa) (KPa) break break
(e) (MPa)
SCP4 4.05 £+ 0.2 1.08 + 236 +£1.1 0.39 13.29 0.22
0.1 + +1.2 +0.04
0.01
313+ 1.08 + 1.95 + 0.8 0.39 9.87+ 0.28
0.25 0.15 + 1.25 +0.05
0.02
77% 100% 83% 100%  74% 127%
SCP5 0.40 + 23.74 £ 42.76 + 1.41 0.33 + 0.90
0.04 2.1 3.2 +0.1 0.03 +0.1
0.16 + 24.99 + 119.16 + 1.92 0.12 + 1.42
0.01 2.1 15.5 + 0.1 0.01 + 0.2
40% 105% 279% 136%  36% 158%
SCP8 0.10 + 0.03 + 9.15+1.7 0.03 575+ 0.01
0.00 0.01 + 0.5 +0.00
0.00
0.11 + 0.08+ 3.11 £ 0.5 0.03 596 + 0.01+
0.01 0.01 + 0.7 0.00
0.00
110% 267% 34% 100%  104% 100%

4. Conclusions

Two novel aromatic amide monomers 5 and 6, with varying number
of amide functionalities, have been designed, synthesized and fully
characterized by NMR and IR spectroscopy together with mass spec-
trometry. Supramolecular comb-type polymers featuring different
loadings of the novel monomers with lauryl methacrylate were gener-
ated successfully using a free radical polymerization approach. NMR and
IR spectroscopic analysis indicated that the composition of the copol-
ymer was in excellent agreement with the feed ratio used. Consequently,
the polymers possessing higher loadings of the aromatic amide mono-
mers 5 or 6 could generate non-covalent crosslinks between chains as a
consequence of hydrogen bonding and n—r stacking interactions. Ther-
mal analysis showed that the increase in the aromatic amide monomer
loading slightly increased the T, of the polymer. Rheological analysis
and tensile experiments demonstrated that the increase of the aromatic
amide monomer content improved the mechanical properties of the
polymer. However, too high a loading ultimately renders the polymer
brittle in nature, stemming from the increase in phase separation and
size of the hard domains, as observed via AFM analysis. Monomer 5
produced SCPs with optimum tensile properties (Young’s Modulus =
23.74 £+ 2.1 MPa, SCP5) and the highest adhesive shear strength (glass
= 2.10 + 0.1 MPa; aluminium = 2.90 + 0.1 MPa, SCP5). Retention of
shear strength over three re-adhesion cycles was also achieved with
SCP5 on both glass and aluminium substrates. In addition, five of the
comb polymers SCP4, SCP5, SCP8, SCP9, and SCP10, which are solid at
room temperature, exhibited healing capability at elevated tempera-
tures, with SCP4 exhibiting healing efficiencies of 100% for Young’s
Modulus and ultimate tensile strength, and 74% for strain at break.
Whilst recognising that the the mechanical properties of these SCPs are
not directly competitive with commercially available polymers
deployed in engineering applications where high modulus is required,
modifications to the polymer backbone of these materials via use of
higher T, comonomers or the introduction of additives to form supra-
molecular polymer blends have been shown to be suitable routes to
improve the physical robustness of such supramolecular systems.
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