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1. Introduction

Physically crosslinked polyacrylates by quadruple
hydrogen bonding side chainsf

Jente Verjans,® Alexis André,*© Tomas Sedlacik, (22 Resat Aksakal, (2 ¢
Evelyne van Ruymbeke (2 *° and Richard Hoogenboom () *?

Dynamic polymer materials can be obtained by introducing supramolecular interactions between the
polymer chains. Here we report on the preparation and mechanical properties of poly(methyl acrylate)
(PMA) and poly(n-butyl acrylate) (PBA) funcionalized with ureidopyrimidinone (UPy) in the side chains. In
contrast to the traditional UPy with a methyl group, the selected UPy motif contained a branched alkyl
side chain, which enhances solubility, compatibility with the polymer matrix and potentially prevents
stacking of UPy dimers. Low molar mass PMA and PBA were synthesized via Cu(0)-mediated radical
polymerization and allyl bonds were introduced with different degrees of functionalization by
stoichiometrically controlled transesterification with allyl alcohol. The allyl esters served as functional
handles for UPy attachment via UV-initiated radical thiol-ene coupling. The PMA-UPy materials dis-
played a more glassy appearance, in contrast to the rubbery PBA-UPy polymer networks, associated to
its higher glass transition temperature. The mechanical properties of the resulting hydrogen bonded
polymer networks were assessed by thermogravimetric analysis, differential scanning calorimetry,
dynamic mechanical thermal analysis and tensile testing, followed by rheological analysis of the network
dynamics. Furthermore, the effect of associative groups on the linear viscoelastic response is discussed
based on a modified sticky Rouse model indicating the absence of significant aggregation or phase
separation of the UPY units.

motifs is the quadruple hydrogen bonding ureidopyrimidinone
(UPy) unit developed by Meijer and coworkers.”® Numerous

Polyacrylates are amongst the most widely used polymer plat-
forms owing to their facile customization potential and they are
used in a vast amount of application fields, including
medicine," energy storage,"® stimuli-responsive sensors’™’
and self-healing materials.'®""> Many of these interesting prop-
erties can be achieved by the introduction of supramolecular
interactions, such as hydrophobic forces, electrostatic
interactions,'"**'* metal-ligand coordination,"”™"” host-guest
interactions'>'®'® and hydrogen bonding.>*>* When focusing
more on the latter, one of the most popular hydrogen bonding
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materials have been synthesized where the self-complementary
UPy molecules were used to form supramolecular polymers,>*2°
or to create supramolecular polymer networks with dynamic
properties.””® The most employed UPy variant contains a
methyl side chain, which can be easily obtained from the
commercial 6-methylisocytosine.”” However, due to its high
polarity and the formation of flat dimers, it may induce the
formation of phase-separated dimer stacks resulting in a hard
phase in the material.***° As demonstrated in our previous work
for polybutadiene (PB), introducing a UPy molecule with a
branched alkyl chain into the polymer side chains dramatically
enhanced the solubility in organic solvents and provided a better
compatibility with the PB polymer matrix.*°

Generally, there are two main strategies to introduce func-
tionality into a polymer. The first one is the use of a functional
comonomer that is copolymerized with one or more other
monomers. The incorporation of a functional monomer can
be controlled by variation of the polymerization conditions.
Although this strategy works in many situations, it also has its
limitations. Some envisioned monomers containing reactive
groups susceptible to side reactions that interfere with the
polymerization system (e.g. reactive alkenes or alkynes) cannot

This journal is © The Royal Society of Chemistry 2024
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be used and other monomers with slow polymerization kinetics
can be difficult to incorporate in large amounts and uniformly
along the polymer chains. These issues can be solved by
applying the second main strategy towards functional poly-
mers, Le. post-polymerization modification. The synthesis of
the starting polymer is often already optimized to produce
defined polymers or the desired polymer can even be bought
commercially. Recently, our group developed a transesterifica-
tion protocol which allows facile modification of polymers with
side-chain esters, yielding functional copolymers while main-
taining the dispersity of the starting polymer.**

In this work, we explored the formation of hydrogen bonded
poly(alkyl acrylate)s by introducing UPy side-chains into the
widely investigated poly(methyl acrylate) (PMA) and poly(n-
butyl acrylate) (PBA) polymers. Compared to our previous work
on PB with UPy side-chains, the ester side-chains of the poly-
acrylates increase the polarity of the polymers, which is
expected to lead to competing hydrogen bonding interactions
with the UPy units and less hydrophobic enforcement of the
hydrogen bonds in this more polar matrix. In analogy to the
PB-UPy materials, we opted for the introduction of allyl groups in
the polyacrylates through partial transesterification of the ester side-
chains with allylalcohol. The resulting allyl-functionalized polymers,
were used for coupling of the thiolated UPy units (UPy-SH) via
radical thiol-ene chemistry. Subsequently, the obtained crosslinked
materials were characterized to assess the thermal and mechanical
properties of the obtained materials. In addition, modelling of the
rheological behavior of these materials was performed to gain
deeper insights into the network dynamics of the supramolecular
polymer networks. More specifically, we investigated and predicted
the effect of associative groups on the linear viscoelastic response of
the hydrogen bonded polyacrylate networks using the model devel-
oped by Liu et al. in which they took into account that the associated
supramolecular entities have the ability to diffuse over a certain
distance, thereby partially relieving the stress. Subsequently, they
integrated these non-affine spatial fluctuations into the sticky Rouse
model using a phenomenological approach.”

2. Results and discussion

2.1 Synthesis and characterization of the supramolecular
polymer networks

At first, well-defined PMA and PBA were prepared via Cu(0)-
mediated radical polymerization. The subsequent synthetic
steps towards the final supramolecular polymer networks are
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depicted in Scheme 1. First, the desired amount of allyl ester
side chains are introduced on the polyacrylates via organoca-
talyzed partial transesterification, followed by thiol-ene cou-
pling of the thiol-functional UPy motifs. The utilized UPy
motifs have a branched ethylpentyl group aiming to enhance
compatibilization within the polymer networks and to suppress
phase separation. The synthesis of the polymers and the post-
polymerization modification procedures is discussed in more
detail in the following sections.

2.1.1 Polymer synthesis. To investigate the influence of
physical crosslinking through quadruple hydrogen bonding of
the UPy units bearing a branched alkyl side chain, the pre-
cursor polymers were synthesized via controlled radical poly-
merization to obtain well-defined polymers with low dispersity.
In this way, most chains will have a comparable length while
the low molar mass of the polymers will significantly reduce
chain entanglements, which will result in low melt viscosities.
For the synthesis of well-defined polyacrylate precursor poly-
mers, Cu(0)-mediated radical polymerization was used.****

As afirst polyacrylate platform, PMA was chosen and a degree of
polymerization of 50 monomer units per initiator was targeted
(DP50) to obtain a low molar mass polymer (PMAs). The monomer
was polymerized at room temperature initiated by ethyl o-
bromoisobutyrate (EBiB) with tris[2-(dimethylamino)ethylJamine
(MegTren) as a ligand to form the copper complexes.”” After
precipitation in cold diethyl ether, the end group was converted
to a thioether with butanethiol (no specific reason for chosen these
reagents rather than their availability in the lab) to prevent potential
side reactions due to the bromide in the subsequent post-
polymerization modification steps.*® The "H-NMR spectra of the
purified polymers in Fig. S1 (ESIT) show the upfield shift of proton
g from the terminal monomer unit from 4.20 ppm to 3.16 ppm,
confirming complete conversion of the bromide end groups to
thioethers. Additionally, the SEC traces before and after end group
modification displayed in Fig. S2 (ESIt) further demonstrate that
the dispersity and molar mass were not affected by the thio-bromo
reaction.

As a second polyacrylate precursor, PBA was selected to
investigate the influence of the polyacrylate matrix on the
resulting hydrogen bonded networks. Therefore, PBA with a
DP50 chain length was prepared via Cu(0)-mediated controlled
radical polymerization to be consistent with the previously
synthesized PMA;,. To polymerize n-butyl acrylate (BA), the
polymerization system had to be slightly adjusted. Since the
polymer precipitated in DMSO after a certain chain length was
reached, the solvent was changed to DMF.*” However, this also

Scheme 1 Synthetic routes for the functionalization of polyacrylates with UPy units.
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implied that the reaction conditions had to be changed, as the
polymerization conditions used for methyl acrylate don’t
allow complete conversion of butyl acrylate and reduce chain
end fidelity when the solvent is changed from DMSO to DMF.
Therefore, PBA was synthesized via UV mediated Cu(0)-
mediated controlled radical polymerization, which is known
to work well in DMF.***°

Subsequently, the end group was end-capped by an ethane-
thiol. Here, the volatile ethanethiol was selected over the high
boiling 1-butanethiol to improve purification and to be able to
better differentiate the thioether peaks from the polymer
signals via "H NMR spectroscopy. Ultimately, the purified
PBA was analyzed by "H NMR spectroscopy (Fig. S3, ESIt) and
SEC (Fig. S4, ESIt), confirming successful end group modifica-
tion, as well as retention of the polymer structure after thiol
end-capping, respectively.

2.1.2 Transesterification of the polyacrylates. After the
successful synthesis and end group modification of the polymers,
allyl groups were introduced to the side chains of the polymers as a
functional handle to conjugate the UPy-SH units. Recently, our
group developed a partial transesterification method using a
closed reaction system where the functionalization degree reaches
an equilibrium depending on the stoichiometric ratio of the
alcohols, defined as equivalents of alcohol divided by (equivalents
of alcohol + equivalents of ester).** By plotting the experimentally
obtained functionalization degrees as a function of the stoichio-
metric ratio, a non-linear quadratic fit could be obtained which
allowed accurate control over the degree of alcohol incorporation.
The time to reach functionalization equilibrium was found to be
dependent on the temperature, concentration, excess of alcohol
and amount of triazabicyclodecene (TBD) catalyst. However, the
impact of these parameters on the position of the equilibrium was
negligible and only the reaction time was reduced with higher
temperature, concentration, higher excess of alcohol and/or higher
catalyst loading. In this work, we opted for a reaction temperature
of 80 °C, concentration of 0.5 M of esters in toluene, and a catalyst
loading of 5 mol%, while using allyl alcohol (AllylOH) to introduce
allyl side chains to the polymer (Fig. S5, ESIT). To have a good
indication of the influence of the functionalization degree (DF) on
the material properties of the final supramolecular polymer net-
works, an allyl content of 5, 10 and 15% was targeted for both
precursor polymers using the previously reported correlation of
equivalents and equilibrium functionalization degree.*' The con-
ditions for the transesterification reactions of PMA and PBA are
summarized in Fig. S5 (ESIt), together with the obtained allyl ester
content as determined via "H NMR spectroscopy. For PMA-allyl
5%, 10% and 15%, a molar allyl content of 5.1%, 10.3% and
15.1%, respectively, was achieved while for PBA a slightly lower
allyl content was observed at equilibrium, ie. 4.8%, 9.3% and
13.7% for targeted values of 5%, 10% and 15%, respectively. This
might be an indication that the more bulky butyl groups slightly
alter the position of the equilibrium functionalization degree to
lower values. Nevertheless, the obtained amounts of allyl groups
were sufficiently different and close enough to the target DF to
proceed to the final modification step towards the supramolecular
polymer networks.
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Fig. 1 IH NMR spectra recorded in CDCls of the crude PMA-A5 with

observable TBD impurity at 3.25 ppm, and of all PMA-allyl polymers after
treatment with Dowex 50 W X8.

After successful transesterification, the TBD had to be
removed from the polymers as it could cause side reactions
in the next modification step. This was realized for both PMA
and PBA-based materials by addition of an acidic exchange
resin to the crude reaction mixture followed by filtration, after
which the signals associated with TBD disappeared from the
"H NMR spectra, as exemplified in Fig. 1 for PMA-U5. Fig. 1 also
shows the "H NMR spectra of all purified PMA-allyl polymers.
The 'H NMR spectra of the purified PBA-allyl polymers are
shown in Fig. S6 (ESIf). A more detailed description of the
development of the purification procedure of these polymers
can be found in the ESIT (Section 3).

Finally, the polymer structure was analyzed by SEC, and the
respective results for the PMA-allyl and PBA-allyl polymers are
summarized in Fig. 2. For the PMA-allyl materials, good reten-
tion of the molar mass and narrow dispersity was observed. The
almost identical molar mass of the PMA-allyl polymers to PMA
indicates a similar hydrodynamic radius of the allyl ester and
the methyl ester side chains and is also related to the rather low
DF. To highlight the importance of end group modification of
the bromide chain-ends after polymerization, a transesterifica-
tion reaction was performed on PMA-Br. As seen in Fig. S7
(ESIYT), a double molar mass shoulder appeared and the dis-
persity increased considerably. In contrast, the SEC traces of
the transesterified polymers starting from the chain-end

——PBA

T
28 29 30 31 32 33 34 35 36 37 38
Retention time (min)

——T— T
27 28 29 30 31 32 33 34 35 36 37
Retention time (min)

Fig. 2 Normalized SEC traces of PMA and PBA before and after transes-
terification with allyl alcohol in DMA.

This journal is © The Royal Society of Chemistry 2024
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modified PMA (PMA-SR) (Fig. 2, left) show the absence of a
double molar mass shoulder and the retention of the narrow
dispersity. For the PBA-allyl polymers (Fig. 2, right), a moder-
ately increased dispersity and lower molar mass was observed
(as displayed in Table 1), which can be explained by the
combined effects of the lower hydrodynamic volume of the
allyl groups compared to the n-butyl groups that they replace
and a difference in the interactions with stationary phase of the
SEC columns, as the used columns are mostly designed to
measure relatively polar polymers.

2.1.3 Synthesis of UPy-functionalized polymers. In the final
synthetic step towards the supramolecular polymer networks,
the quadruple hydrogen bonding unit UPy-SH was coupled to
the allyl esters via photoinitiated thiol-ene chemistry. The gen-
eral conditions for the thiol-ene reactions together with the
obtained results for the synthesis of the poly(methyl acrylate-co-
UPy acrylate) (PMA-UPy) and poly(butyl acrylate-co-UPy acrylate)
(PBA-UPy) materials are summarized in Table 2.

By using a slight excess of UPy-SH, complete conversion of
the allyl esters was targeted. Indeed, the "H NMR spectra in
Fig. 3 after the thiol-ene reactions show complete disappear-
ance of the allyl protons for the PMA-UPy materials (red
regions, with PMA-A15 as a reference) and the introduction of
broad UPy related peaks (yellow and blue regions), indicating
covalent attachment of UPy onto the polymer. Additionally, the
obtained UPy content as determined from the NMR data are
similar to the allyl content of the precursor polymers (Fig. S5,
ESIY), confirming efficient post-polymerization modification. It
should be noted that the *H NMR spectra are shown for the
purified and dried materials, as they were more suited to show
the signals without overlapping solvent traces. The purification
of these polymers was found to be rather difficult. The pur-
ification of the polymers and associated challenges are dis-
cussed in more detail in the ESIT (Section 3). Full removal of the
excess of UPy-SH was finally achieved by preparative SEC in
DMF followed by thorough drying or 24 hours under high
vacuum at 80 °C to remove residual DMF as it could influence
the material properties.>>>"

Fig. 4 displays the SEC traces of the PMA-UPy polymers after
purification, where Fig. 4b shows that the purified polymers do
not contain free UPy in the UV spectrum at 300 nm.

For the final step in the synthesis of the supramolecular PBA
networks, the same conditions were applied as described for
the PMA-UPy networks and are summarized in Table 2.

Table 1 Molar mass results relative to PMMA standards determined from
the RI traces

Polymer M, (kg mol ™) M,, (kg mol ™) b

PMA-SR 8.4 8.9 1.05
PMA-A5 7.6 8.2 1.08
PMA-A10 7.8 8.5 1.09
PMA-A15 8.0 8.6 1.08
PBA 3.8 4.4 1.15
PBA-A5 2.2 3.0 1.41
PBA-A9 2.8 3.6 1.29
PBA-A14 2.4 4.0 1.35

This journal is © The Royal Society of Chemistry 2024
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Table 2 Summary of the results of the thiol-ene coupling of UPy-SH to
PMA-allyl and PBA-allyl, determined using *H NMR spectroscopy

Remaining UPy on Conversion
Polymer allyl esters (%) polymer (%) allyl esters (%)
PMA-US5 0.0 5.4 100
PMA-U10 0.0 10.5 100
PMA-U15 0.0 15.2 100
PBA-U4 1.0 4.1 81
PBA-U9 1.2 8.6 88
PBA-U14 0.0 14.2 100
o
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Fig. 3 H NMR spectra of the purified and dried PMA—-UPy polymers with
PMA-U15 as a reference for the allyl ester signals, recorded in CDCls.

Although the reactions were carried out in the exact same
manner, the thiol-ene coupling did not achieve complete
conversion for PBA-U4 and PBA-U9, evidenced by the minor
remaining allyl signals (red regions) in the '"H NMR spectra of
these polymers after the thiol-ene reaction shown in Fig. 5. It
may be speculated that the fact that the allyl bonds are in a
more sterically hindered environment when surrounded by
butyl esters compared to methyl esters slows down the coupling
of the thiyl radicals. Nevertheless, good conversion of the allyl
esters were achieved and the DF was sufficient to have enough
variation in the material properties and, therefore, we pro-
ceeded with these polymers that were purified by preparative

Normalized intensity (RI) @

Normalized intensity (UV 300 nm)

30 35 40 45 50
Retention time (min)

25 26 27 28 29 30 31 32 33 34 35 36 37
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Fig. 4 SEC traces of the purified PMA-UPy polymers. (a) Rl signal; (b) UV

signal at 300 nm.
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Fig. 5 H NMR spectra of the purified and dried PBA—UPy polymers with
PBA-U14 as a reference for the allyl ester signals, recorded in CDCls.
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SEC in DMF followed by thorough drying to remove the DMF.
In addition, the UV signal associated with free UPy disappeared
in the UV traces of the SEC chromatogram (Fig. 6) confirming
that pure PBA-UPy polymers were obtained.

2.1.4 Thermal and mechanical properties of the supramo-
lecular polymer networks. After successful preparation of the
polyacrylates with UPy moieties, the thermal and mechanical
properties were investigated. In this section, first the properties
of the PMA-UPy materials will be discussed, followed by the
PBA-UPy samples.

To have an indication of the thermal stability of the PMA-
UPy materials, TGA was performed. The results in Fig. 7a show a
thermal stability under nitrogen atmosphere up to 250 °C and an
increased thermal degradation when more UPy is attached to the
polymers, consistent with the observation for the PB-UPy samples
reported previously.*® Next, DSC measurements were carried out
to identify the glass transition temperature (T,) of the networks
and to detect potential crystallization. As seen in Fig. 7b, a gradual
increase of the T, can be observed with increasing UPy incorpora-
tion, although the observed changes are smaller compared to the
previously reported PB-UPy materials.”® A possible explanation
can be that because of the higher T, of PMA, the relative effect of
the incorporated UPy crosslinks on the chain mobility is smaller
compared to the more flexible PB.
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27 28 29 30 31 32 33 34 35 36
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N
o

25 30 35 40 45 50
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Fig. 6 SEC traces of the purified PBA-UPy polymers. (a) Rl signal; (b) UV
signal at 300 nm.
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Fig. 7 Thermal characterization of the PMA—-UPy networks by TGA (a) and
DSC (b).

To evaluate the thermomechanical properties of the
obtained PMA-UPy networks, DMTA was carried out (Fig. 8).
Therefore, the materials were compression molded in a hot
press to attain disks with a diameter of 6 mm for the measure-
ments. The storage moduli (G’) of the materials range from
around 130 MPa for PMA-U5 to 330 MPa for the more cross-
linked PMA-U10 and PMA-U15 in the glassy region below 10 °C,
indicating that these supramolecular polymer networks are
rather strong for such low molar mass polymers (Fig. 8a).
Remarkably, PMA-U5 develops a maximum in G’ at 12 °C,
which seems to correspond with the T, determined by DSC,
while the physical networks with a higher crosslink density lack
this peak. This was further investigated by measuring a second
sample. Here, the polymer was heated to the rubbery region to
erase potential thermal history, cooled back down to the glassy
state and heated back beyond the failure temperature (Fig. 8b).
Interestingly, the maximum in G’ returns in the second heating
run, although less pronounced. The cause for this observation
is not understood at the moment. When comparing the poly-
mers in the rubbery region, the low amount of crosslinks of
PMA-U5 without enforcement of chain entanglements of the
low molar mass PMA backbone results in a faint and narrow
rubbery plateau. With increasing UPy incorporation, the plateau
is becoming more pronounced and is slightly shifting towards
higher temperatures, indicating the presence of a stronger net-
work. Additionally, the temperatures at failure follow the same
trend, increasing from 56 °C for PMA-U5 to 76 °C and 83 °C for
PMA-U10 and PMA-U15, respectively. In Fig. 8a, the maximum in

b
5 5
1000{ PMA-US G Tand
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PMA-U10 |-4 La
PMA-U15 1004
© L
3&»0 o 104 3m
LIS &
2 © 1] k2
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Temperature (°C) Temperature (°C)

Fig. 8 DMTA curves of the PMA-UPy networks. (a) Storage modulus (G')
and loss factor (tand) as a function of temperature for all polymers; (b)
storage modulus (G’) and tan d as a function of temperature for a second
sample of PMA-US5 in two heating runs and one cooling run. Note that the
absolute G’ values are lower than expected for glassy polymers indicating
that the calibration was not optimal, which will, however, not influence the
relative trends.

This journal is © The Royal Society of Chemistry 2024
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the tan d curves also shifts to higher temperatures with increas-
ing crosslink density and can be used as an alternative to
determine the T, of the supramolecular networks. The values
from the tan ¢ maxima are 10 °C higher compared to the ones
derived from DSC, which is a common anomaly related to the
thermal lag between the sample and the temperature sensor.>”

Fig. 9, top, shows the physical appearance of the PMA
starting material (viscous liquid) and the PMA-UPy materials
that are compression molded into small dog bones for tensile
testing. By heating the PMA-UPy samples, the hydrogen bonds
become increasingly more dynamic and ultimately completely
dissociate, resulting in material flow. After pressing the viscous
polymer melt into a mold, the material is allowed to cool down,
decreasing the hydrogen bond dynamics again, which restores
the physical crosslinks. Based on the DMTA results, all samples
were pressed at 80 °C.

To quantify the mechanical strength at room temperature,
tensile tests were performed (Fig. 9 bottom). The limited
amount of material available only allowed the measurement
of two samples per polymer, which gives a sufficient first
indication of the mechanical properties. When looking at the
stress—strain curves in Fig. 9a, the higher elongation of PMA-U5
stands out compared to the other, more crosslinked samples.
The T of this polymer lays around room temperature due to its
relatively low crosslink density, giving more mobility to the
polymer chains during elongation of the sample. In contrast,
the more crosslinked PMA-U10 and PMA-U15 have T, values
above room temperature and are measured in the glassy state,
which is translated in brittle failure accompanied with a high
modulus as depicted in Fig. 9b and Table 3.

Finally, the network dynamics were investigated by rheolo-
gical measurements using compression molded disks with a
diameter of 8 mm (Fig. S13, ESIT). With increasing crosslink
density, a more stable network is formed as evidenced by the
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a
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Na
0 50 100 150 200 250 300 350 400 0 5 10 15 20 25 30
Strain (%) Strain (%)

Fig. 9 Top: Physical appearance of the viscous parent PMA polymer
compared to the dog bones of the compression molded PMA-UPy
materials. Bottom: Results of the tensile tests of the PMA-UPy networks
performed at room temperature. (a) Stress—strain curve of all polymers; (b)
zoomed-in graph of PMA-U10 and PMA-U15.
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Table 3 Summary of the tensile test results for the PMA-UPy networks

Ultimate
Polymer  Young’s modulus (MPa) stress (MPa) Elongation (%)
PMA-U5 20.7 £ 5.5 1.08 + 0.04 364 £ 43
PMA-U10 322 £ 27 4.88 + 1.39 15.7 + 16.2°
PMA-U15 404 £ 75 4.53 £ 0.85 1.78 £ 0.36

“ The error is larger than the average value due to the large difference
between the two measured samples and limited amount of material.

frequency sweeps of the three supramolecular networks at
60 °C (Fig. S13a, ESIt). With only 5% UPy, PMA-U5 still shows
a frequency dependence by the absence of a plateau in the
storage modulus (G'), while PMA-U10 and PMA-U15 with 10
and 15% UPy, respectively, clearly develop a plateau value in G’
at frequencies between 0.3 and 6 rad s~ '. The plateau of PMA-
U15 is slightly shifted to a higher G’ value compared to PMA-
U10, indicating a stronger network, which is in accordance with
higher crosslink density.

By performing frequency sweeps at different temperatures
(Fig. S13b-d, ESIt), the relaxation times (t) could be approxi-
mated by the crossover points between the storage and loss
modulus (G’ and G”, respectively). From the relaxation times,
the Arrhenius plot was made for each supramolecular polymer
network (Fig. 10). However, this method could not be used for
PMA-U5 at high temperature as above 100 °C the crossover
frequency is influenced by both the high-frequency Rouse
relaxation of the molecular segment Mg and the sticker
dynamics. Consequently, it cannot be considered as representative
of the sticker dynamics only. Nevertheless, a reliable linear fitting
could be made with the data measured from 40 °C to 80 °C. For
PMA-U10 and PMA-U15, a similar behavior was observed at high
temperatures and the data from 50 °C to 110 °C were used for the
linear fit. From these fitting curves, the apparent activation energy
(E,) could be calculated. Interestingly, PMA-U5 seems to have a
higher E, than the more tightly crosslinked PMA-U10 and PMA-
U15. However for a better understanding of the rheological
behavior, a more in-depth investigation of the data is needed as
will be discussed further on based on modeling of the data
(Section 2.2).

10 = PMAU5S E =171.9kimol  R%:0.997
g] * PMAUI E =1542imol  R%0.99
1 a PMAUIS E =1615ksmol  R%0.998

Int

26 27 28 29 30 31 32
1000/T (1/K)

Fig. 10 Arrhenius plot of the relaxation times for the PMA-UPy networks,
determined by the crossover points of G" and G” in the frequency sweeps
with apparent activation energy (E,) obtained by linear fiting of the data.
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Fig. 11 Thermal characterization of the PBA-UPy networks by TGA (a)

and DSC (b).

The PBA-UPy networks were analyzed by the same methods
as described above for the PMA-UPy materials. First, TGA was
performed to investigate the thermal stability of the networks
(Fig. 11a). Compared to the PMA-UPy polymers, the PBA-UPy
exhibit a similar thermal stability up until 250 °C, the UPy units
are the most thermolabile moieties present on the polymer
and, therefore, determine the thermal stability of the networks.
Next, the T, values of the PBA-UPy networks were determined
by DSC (Fig. 11b). Like for the previously discussed PMA-UPy
networks, the T, increases with increasing crosslink density.
Compared to PMA-UPy, the PBA-based materials show a
slightly higher difference between the different functionaliza-
tion degrees. This is probably due to the lower T, of PBA leading
to a larger effect of UPy dynamic crosslinking on the chain
mobility of the polymers.

The thermomechanical properties of the PBA-UPy were
evaluated by DMTA (Fig. 12). In the glassy region, PBA-U9
reached a storage modulus (G') of 330 MPa while the more
crosslinked PBA-U14 only reached 130 MPa (Fig. 12a). The G’
value of PBA-U4 is not reliable as the sample could not be
pressed into a defined shape due to its more liquid-like
behavior, which prevented the instrument to accurately calcu-
late the moduli. Nevertheless, the shape of the curve is still
valid for the evaluation of the thermomechanical behavior.
When the samples of PBA-U9 and PBA-U14 were heated past
their Ty, the storage modulus develops an unexpected and not
yet understood maximum, similar to the one observed for PMA-

10004 PBA-U14

S5

1
-80 60 -40 20 0 20 40 60 80 100 1
Temperature (°C)

-80 -60 -40 -20 0 20 40 60 80 100 120
Temperature (°C)

Fig. 12 DMTA curves of the PBA—UPy networks. (a) Storage modulus (G')
and loss factor (tand) as a function of temperature for all polymers; (b)
storage modulus (G’) and tand as a function of temperature for a second
sample of PBA-U14 in two heating runs and one cooling run. Note that the
absolute G’ values are lower than expected for glassy polymers indicating
that the calibration was not optimal, which will, however, not influence the
relative trends.
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U5. This was further investigated by measuring a second
sample of PBA-U14 by heating the polymer to the rubbery
plateau, cooling down and heating up until material failure
(Fig. 12b). Apart from the artefact appearing in the glassy region
of the cooling run, all curves nicely overlap and the maximum
in G’ is reproduced in both heating runs, suggesting that it is a
material property rather than thermal history. When compar-
ing the polymers in the rubbery region, the low amount of
crosslinks of PBA-U4, without enforcement of chain entangle-
ments of the low molar mass PBA backbone, results in a faint
and narrow rubbery plateau. With increasing UPy incorpora-
tion, the plateau is becoming more pronounced and is slightly
shifting towards higher temperatures, indicating the presence
of a stronger network. Additionally, the temperatures at failure
follow the same trend, increasing from 32 °C for PBA-U4 to
52 °C and 62 °C for PBA-U9 and PBA-U14, respectively. In
Fig. 12a, the maximum in the tan ¢ curves also shifts to higher
temperatures with increasing crosslink density and can be used
as an alternative method to determine the T, or the supramo-
lecular networks. Again, the values from the tan § maxima are
10 °C higher compared to the ones derived from DSC due to the
thermal lag between the sample and the temperature sensor.’>
Comparison of the DMTA of the PMA-UPy and PBA-UPy net-
works reveals very similar behavior, whereby the change from
PMA to PBA mostly leads to a shift of the curves to lower
temperatures without changing the shape of the curves.

In Fig. 13, top, the physical appearance of the PBA precursor
(viscous liquid) and the PBA-UPy networks is shown. For PBA-
U4, the hydrogen bond crosslinks led to a more solid like
behavior, but there was still some viscous flow on a larger time
scale when kept at room temperature. This could be an indica-
tion that the crosslink density was too low to obtain a stable
network. PBA-U9 and PBA-U14 on the other hand led to rubbery

g A

PBA PBA-U4 PBA-U9 PBA-U14
0.45
—— PBA-U9

0:404 "\ ——PBA-U14
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é 0.254
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0.154
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Fig. 13 Top: Physical appearance of the PBA polymer compared to PBA-
UPy materials; PBA-U4 still showed viscous liquid behavior, while PBA-U9
and PBA-U14 could be compression molded and pressed into dog bones
for tensile testing. Bottom: Tensile test stress—strain curves of PBA-U9 and
PBA-U14.
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Table 4 Summary of the tensile test results for the PBA-UPy networks

Young’s modulus Ultimate stress Elongation
Polymer (MPa) (MPa) (%)
PBA-U8 0.346 £ 0.095 0.085 £ 0.008 57.7 £ 20.8
PBA-U13 1.73 £ 0.03 0.471 + 0.100 32.9 £2.5

materials at room temperature, indicating the presence of a
stable network. These polymers could be compression molded
into dog bones for tensile testing under comparable conditions
as described for the PMA-UPy materials.

The mechanical strength of the materials was quantified by
tensile testing (Fig. 13, bottom). Only two test specimens could
be pressed due to the limited amount of material available for
mechanical testing. Additionally, PBA-U4 could not be pressed in
a measurable shape as it was too liquid-like and started to flow
when in rest at room temperature. The stress-strain curves in
Fig. 13 bottom, show a clear increase in tensile strength when
increasing the crosslink density from 9% in PBA-U9 to 14% in
PBA-U14. Consequently, this also leads to a decreased elongation
at break of the polymer. As the experiments were performed at
room temperature which is above the respective T, values, both
polymers are in their rubbery region and behave like soft
elastomers. The tensile test results are summarized in Table 4.

Finally, the network dynamics were studied by rheological
measurements (Fig. S14, ESIt). With increasing crosslink den-
sity, a more stable network is formed as evidenced in the
frequency sweeps of the three supramolecular networks at
40 °C (Fig. S14a, ESIt). With only 4% UPy, PBA-U4 does not
show a clear plateau in the storage modulus (G’) however part
of the sample relaxes slower, probably due to the formation of
larger supramolecular assemblies. On the other hand, PBA-U9
and PBA-U14 with 9 and 14% UPy, respectively, clearly develop
a plateau value in G’ at frequencies between 1 and 100 rad s~ .
The plateau of PBA-U14 is slightly shifted to a higher G’ value
compared to PBA-U9, indicating a stronger network, which is in
accordance with higher crosslink density.

By performing frequency sweeps at different temperatures
(Fig. S14b-d, ESIY), the relaxation times (t) could be deter-
mined by the crossover points between the storage and loss

g = PBA-U4 E =874kJmol  R%0.970
e PBA-U9 Ea=105.1 kJ/mol R% 0.996
69 a PBA-U14 EE=116.3kJ/m0| R% 0.998
4
-
£ 21
R /
2
4
26 27 28 29 30 31 32 33
1000/T (1/K)

Fig. 14 Arrhenius plot of the relaxation times for the PBA-UPy networks,
determined by the crossover points of G’ and G” in the frequency sweeps
with apparent activation energy (E,) obtained by linear fiting of the data.
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modulus (G’ and G”, respectively). From the relaxation times, the
Arrhenius plot was made for each supramolecular polymer net-
work (Fig. 14). As for the PMA-UPy materials, the data at higher
temperatures, especially with lower UPy contents were not
considered, due to the similarity of the Rouse dynamics of the
chains and the dynamics of the stickers. Nevertheless, a reliable
linear fitting could be made for all functionalization degrees.
From these fitting curves, the apparent activation energy (E,)
could be calculated. As opposed to the PMA-UPy networks, the
PBA-based materials show increasing E, when the UPy content is
increased. However, for a better understanding of the rheologi-
cal behavior, a more in-depth theoretical assessment of the data
was performed, which is described below.

2.2 Modeling of linear rheology

In this section, we discuss modeling of the linear viscoelastic
behavior of UPy polymers using a bead-spring model developed
by Liu et al.** A detailed description of the models can be found
in the ESI,{ Section 2.

We first investigated the linear viscoelastic responses of the
reference samples. As further discussed here below, the data
measured at different temperatures were shifted onto a single
master curve as shown in Fig. 15.

In this Figure, the high frequency parts correspond to the
glass-to-rubber transition region, which persists until ® ~ 4x,/
(o, where (, is the monomeric friction coefficient and (y/4x,
represents the characteristic relaxation time of a Rouse segment.
Subsequently, the chains relax through the Rouse process. The
expected slope of 0.5 that G'and G” should follow in the Rouse
regime is barely noticeable due to the low molar mass of the
samples. Finally, at frequencies equal to w ~ 1/tg, where 1y is
the Rouse relaxation time, the chains relax completely, resulting
in G'and G” following a slope of 2 and 1 respectively.

A good agreement between experimental and theoretical
data was achieved by the bead-spring model, indicating that
the supramolecular junctions do not form aggregates as this
would lead to deviation from the model. The number of beads
N was estimated by dividing the molar mass of the chains by
the molar mass of one Kuhn segment M. In the case of PBA, a
Kuhn segment molar mass Mg of 700 g mol ' was used
following the work of Liu et al.*> For PMA, a M of 450 g mol "

G, G" [Pa)

10°
102 10°

10° 102 10° 10°

10? 10*
arw [rad/s]

102 10*
arw [rad/s)

Fig. 15 Linear viscoelastic mastercurves of (a) PMA at T, = 30 °C and (b)
PBA at T,ef = —30 °C. Red lines correspond to the model predictions
obtained with the values shown in Tables 1 and 2. The contributions from
the KWW model (in green) and the Rouse model (in cyan) are also
presented.
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Table 5 Fitting parameters of the curves shown in Fig. 18, 19 and Fig. S17
(ESI). The parameters Gg, tvww and f are the glassy modulus, the char-
acteristic time of the glassy relaxation and the stretch parameter used in
the KWW model to describe the glassy regime

ColKco [5] (ifiy [s] P Gg [GPa] Txww [s] B-]
PB-U6 6.5 x 107° 3.5 0.085 — — —
PB-US8 35x10°% 4 011 — — —
PB-U13 4 x10° 13 0.15 0.3 0.4 x 107 0.35
PMA 2.5 x107°  — — 0.6 0.5 x 107° 0.39
PMA-U10 2.8 x 10°° 4 0.29 0.5 1x10°° 033
PMA-U15 1 x 10™> 7 0.44 0.5 2x107° 031
PBA 1.65 x 1072 — — 0.5 1x10° 04
PBA-US 3 x 10°* 4.9 033 — — —
PBA-U13 15 x 107* 14 047 — — —

was determined using a persistence length [, = 0.64 nm
obtained from atomistic MD simulations in ref. 53. Moreover,
a density of p = 1000 kg m~® was assumed for both systems. The
values of the fitting parameters are detailed in Table 5.

Then, the linear viscoelastic data of the supramolecular poly-
mers were shifted to build pseudo-mastercurves, as illustrated
Fig. 16. To construct these pseudo-mastercurves, an approach
inspired by Zhang et al>* was employed. In this approach, the
linear responses acquired for temperatures below the reference
temperature Ty.r are shifted by shift factors a, similar to the shift
factors used for the reference sample, focusing particularly on
achieving superposition in the high-frequency region, i.e. account-
ing for the influence of temperature on the segmental dynamics.
On the other hand, the linear responses obtained for temperatures
above Ty are shifted by a7, with a specific emphasis on achieving
superposition in the low-frequency region. In this way, the shift
factors account for both the segmental dynamics and the dynamics
of the stickers. For the systems poor in UPy moieties (i.e. PMA-U5
and PBA-U4), pseudo-mastercurves could not be built, possibly due
to the proximity between the fast and the slow relaxation.

Fig. 17 compares the shift factors ay and a} used to build the
mastercurves and the pseudo-mastercurves shown in Fig. 15
and 16, respectively. The shifts presented in Fig. 17a are scaled
by a free volume correction factor denoted as ar,, akin to ref. 40.

As observed, the shifts a; align closely with the Williams—
Landel-Ferry (WLF) equation®® which can be expressed as follows.

0
Cq (T — Tref‘)
logar = T (T T.0 (1)
(& + ( - ref)
a b
10 10° Letilo
—_ = 10°
£ o & o £
N 7 — s s
:« n:3,.-'! j‘ 10¢
o 5L et e
F - m, = PBA-U8
¥ = PMA-US PBA - U4
“r"' * Reference * Reference
10? K

10° 10'°

10° 10? 10° 10°
arw, dyw [rad/s] arw, dyw [rad/s]

Fig. 16 Pseudo-mastercurves, mastercurve or curves of (a) PMA systems

at T,er = 70 °C and of (b) PBA systems at T,or = 40 °C. The mastercurves of
the references were shifted using the WLF equation (see eqgn (1)).
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Fig. 17 (a) Shift factors of PMA-U15, PMA-U10, and the reference at T =
40 °C. (b) Extraction of the activation energy of PMA-U15 and PMA-U10. (c) Shift
factors of PBA-U9 and PBA-U14 at T, = 40 °C. (d) Shift factors of PBA at T, =
30 °C. The black line corresponds to the prediction of the WLF equation.

In this equation, ¢ and ¢} represent the constants for the PBA and
PMA systems respectively. At the reference temperature Tk, which
is —30 °C and 30 °C for PBA and PMA respectively, the values of ¢}
and ¢ are 7.22 and 61.5 K for PBA, and 7.65 and 67.77 K for PMA.
These constants were calculated based on the linear data of the
reference materials shown in Fig. 15.

In contrast, the relationship of a'T with temperature can be
expressed as follows:>®

. E (1 1
ar = arexp(— T To (2)

The values for E, can be obtained through linear fitting, where

!

log (Z—T) is plotted against 1000/T. By following this procedure,
T

an E, ranging from 36.5 to 44.5 k] mol " was obtained for PMA-
UPy materials. These values can be compared to the values
obtained by Zhang et al.>* who found an activation energy of
E, = 33-37 k] mol™" for PBA-UPy polymer with a molar mass
of 9.8 kg mol '. Additionally, Verjans et al*° reported an

10° 10% 10° 10°
arw, apw [rad/s]

Fig. 18 Linear viscoelastic mastercurves of (a) PMA-U10 and (b) PMA-U15
(b) at T,er = 70 °C. Green corresponds to the model predictions obtained
with the parameters shown in Tables 1 and 2. The contributions from the
KWW model (in orange), the Rouse model (in magenta), and the slow
modes (in cyan) are also presented.

10°
arw, dpw [rad/s]
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Fig. 19 Linear viscoelastic mastercurves of (a) PBA-U8 and (b) PBA-U13 at
Trer = 40 °C. Red lines correspond to the model predictions obtained with
the values shown in Tables 1 and 2. The contributions of the Rouse model
(in magenta) and the slow modes (in cyan) are also presented.

E, ranging from 31.6 to 36 k] mol " for the PB-UPy system with a
molar mass of approximately 5 kg mol . The small differences in
activation energy among the supramolecular polymers based on
UPy groups are not sufficient to conclude any significant effect of
the backbone on the strength of the physical bonds.

Fig. 18 and 19 show the theoretical fits of the pseudo-
mastercurves using the model detailed here above. Linear
viscoelastic data of PB-UPy polymers reported by Verjans
et al.*® were also fitted, and the corresponding figures can be
found in ESL{ The fitting parameters obtained from the
analysis are listed in Table 5.

At high and intermediate frequencies, the model effectively
captures the flow behavior of the associative polymers. How-
ever, in the terminal regime, it fails to accurately fit the
experimental data, especially at timescales larger than the

sticker lifetime 75 (= g_17 see Table 5). Notably, G’ exhibits a
K

more rapid decrease than predicted by the model. This dis-
crepancy suggests that the amount of active stickers along the
chain is slightly lower than predicted. This may be due to the
presence of defects such as internal loops.

In Table 5, it can be observed that the characteristic time for
the segmental motion of the chains, represented by {/x, tends
to decrease as the amount of UPy groups increases. This is
because the incorporation of the UPy groups tends to increase
the T, and thus slows down the segmental motion of the
chains. To evaluate the evolution of the intrinsic sticker life-

: . . (K

time, a comparison of the ratio ?—0 can be made. As observed,

oK1

this ratio decreases with the addition of UPy moieties, leading

to shorter sticker lifetime. One possible explanation for the
K

decrease of bk could be related to the presence of a larger
oK1

amount of stickers, which would facilitate the exchanges of

partners and thus decrease the sticker lifetime.>”*

3. Conclusion

In this work, the functionalization of conventional poly(alkyl
acrylate) platforms with the quadruple hydrogen bonding UPy
moiety with a branched alkyl side-chain was demonstrated.
PMA and PBA were synthesized via Cu(0)-mediated radical

This journal is © The Royal Society of Chemistry 2024
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polymerization, followed by an end group modification to
convert the reactive bromide to a more chemically resistant
thioether. Building on the results of previous research of our
group, a catalyzed transesterification of the alkyl esters was
employed to partially introduce allylOH in a stoichiometrically
controlled way, resulting in a tailored conversion of methyl and
n-butyl esters into allyl esters. The synthesis of the supramole-
cular polymer networks was concluded by thiol-ene coupling of
the branched UPy-SH units to the previously incorporated allyl
esters. On PMA-allyl, a complete conversion of the allyl esters
was achieved for all functionalization degrees, while for the
PBA alternatives only PBA-U14 was fully functionalized and
PBA-A5 and PBA-A9 were left with 1% allyl esters. Nonetheless,
sufficient conversion of allyl groups was achieved to character-
ize the materials. Although challenging, the purification of the
materials from excess UPy-SH was achieved through prepara-
tive SEC in DMF.

The mechanical properties of the supramolecular materials
were further analyzed by TGA, DSC, DMTA, tensile testing and
rheology. In TGA, a good thermal stability up to 250 °C was
observed, followed by an increased thermal degradation with
higher UPy content in the polymer, while DSC showed a
consistent increase of T, with elevated physical crosslinking
density, indicating that no UPy stacking took place. The DMTA
data demonstrated an increase of the failure temperatures with
higher crosslinking densities combined with a shift of the
rubbery plateau towards higher temperatures and G’. The
tensile measurements at room temperature showed an increase
in the modulus and a decrease in maximum elongation with
increasing UPy crosslinking, which is correlated with the
increase of the T, with crosslinking density. The change from
PMA-UPy to PBA-UPy mostly led to shift in thermal transition
temperatures while the DMTA curves had similar shapes.

The evaluation of the network dynamics by rheology showed
the development of a stable network when the UPy content is
increased. Its terminal regime follows an Arrhenius depen-
dence. We then fitted the linear responses of the supramole-
cular polymers using a modified version of the sticky Rouse
model proposed by Liu et al.** This modified model includes a
random placement of the stickers and a phenomenological
correction for the spatial fluctuations of the supramolecular
junctions in their associated states. Despite some deviations
observed in the terminal regime, the model effectively captures
the experimental data, suggesting that the supramolecular
junctions do not form aggregates. From this analysis, it was
found that an increase of the sticker density has a larger
influence on the segmental dynamics characteristic time than
on the sticker lifetime. This relative decrease of the sticker
lifetime was attributed to the facilitation of the exchanges of
partners with increasing the sticker density.
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