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Introduction

Tuning polymer properties of non-covalent
crosslinked PDMS by varying supramolecular
interaction strengtht

Brigitte A. G. Lamers,® Marcin L. Sleczkowsk| Fabian Wouters,? Tom A. P. Engels,”

E. W. Meijer (2 *® and Anja R. A. Palmans

Non-covalently crosslinked polymeric networks are promising materials towards sustainable and recycl-
able plastics. Here, we present the post-functionalization of poly(dimethy!l siloxane) (PDMS) with supra-
molecular moieties, attached as grafts to the PDMS backbone, to obtain recyclable PDMS networks. We
select three different supramolecular motifs that differ in interaction strength and investigate how these
differences affect the dynamic behavior of the networks. The introduction of dinitrohydrazones (hydz),
which afford weak supramolecular interactions by x-stacking, resulted in a viscous material at room temp-
erature. Stronger self-association was achieved by the introduction of benzene-1,3,5-carboxamides
(BTAs) and ureidopyrimidinones (UPys), which self-assemble via triple and quadruple hydrogen bonding,
respectively. This resulted in a thermoplastic elastomeric material for BTA-based PDMS and brittle
materials for Upy-based PDMS. Time- and temperature-dependent mechanical measurements reveal that
the dynamic nature of the supramolecular bonds becomes slower upon increasing the interaction
strength. The polymers are fully recyclable by solvation or compression molding without the loss of
material properties. Thereby, by using one linear PDMS backbone, we demonstrate how fundamentally
different material properties are obtained by changing the supramolecular interaction strength and type
of non-covalent crosslinks. These molecular insights broaden the scope and application of PDMS-based
sustainable materials.

facile synthesis of these materials permitted to easily vary the
nature of the non-covalent crosslinks, and hereby polymer pro-

Polymer chemistry research has advanced the development of
plastics that show a wide variety of tuneable material pro-
perties. More recently, focus has shifted to the reuse and
reshaping of materials by developing re-organisable polymer
networks using dynamic covalent bonds.'® Apart from
dynamic covalent bonds, dynamic non-covalent bonds have
also been applied in polymeric networks.”® Here, a linear
polymer backbone is typically post-modified to incorporate
supramolecular moieties along the backbone as grafts.
Pioneering work performed by Stadler and coworkers showed
that thermoplastic elastomers and viscoelastic materials could
be accessed from functionalized polybutadienes.'®™** The
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perties were readily tuned. Over the past decades, a variety of
non-covalent interactions has been investigated, which are all
amenable to introduction into polymer materials. Examples
are hydrogen bonding,”® r-stacking,'® ionic paring,"® and
metal-ligand association."®

Polydimethylsiloxane (PDMS) elastomers are of great inter-
est due to their high backbone flexibility, good thermal stabi-
lity and biocompatibility,'” giving rise to applications ranging
from biomaterials to soft robotics."®'® The broad range of
applications owing to the various chemistries available for
functionalization of PDMS has resulted in a variety of sustain-
able solutions for crosslinked PDMS.?°** However, there are
only few examples in literature of post-modified PDMS and
hereby introducing supramolecular moieties as grafts on the
linear siloxane backbone. Bouteiller and coworkers grafted bis-
ureas to PDMS, which resulted in a phase segregated system
with good tensile properties due to the strong hydrogen
bonding.>® Brook and coworkers attached coumarin groups,
which afford a much weaker interaction, to the PDMS back-
bone. Also in this case, the self-association of coumarin
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groups by n-stacking resulted in a thermoplastic elastomer.>®
These examples show that modifying PDMS, even with weakly
associating groups, can dramatically affect the material’s
properties.

Recently, we studied the supramolecular interactions and
morphologies of discrete length oligodimethylsiloxanes func-
tionalized with dinitrohydrazones (hydz).>” Highly aligned and
long-range ordered cylinders of hydrazone were obtained orig-
inating from weak self-association via n-stacking. In addition,
the stacking and hydrogen bonding of benzene-1,3,5-carboxa-
mides (BTA) has been extensively studied in solution as well as
in the liquid crystalline phase.*® Furthermore, we showed the
cooperative formation of multi-chain copolymer aggregates in
solution when the BTAs are grafted to PDMS.*® Finally, very
strong supramolecular interactions have been introduced by
quadruple hydrogen bonding of ureidopyrimidinones (UPy).*
The donor-donor-acceptor-acceptor array results in a bond
dissociation barrier of 70 + 2 k] mol™" for the UPys in chloro-
form. Hence, the high dimerization constant gives rise to the
use of UPys in many types of polymers among which are also
siloxanes.>® However, post-functionalization of UPys as
grafts onto linear PDMS have not been reported to date.

In this work, we post-functionalize a PDMS backbone with
hydz, BTA or UPy moieties to systematically vary the interaction
strength of the non-covalent crosslinks in the polymeric
material (Scheme 1). This gives rise to three distinct polymers
with mechanical properties varying from viscous to brittle. A
molecular explanation gives more insight into designing
polymer properties depending on the supramolecular inter-
action strength and dynamics.

Results and discussion
Synthesis and characterization

Three functional PDMS polymers were synthesized by
reacting alkene-functionalized supramolecular moieties to
commercial poly(dimethylsiloxane-co-methylhydrosiloxane)
(PDMS-co-PHMS) with an average molecular weight of 25 kg
mol™" and PHMS content of 5% (Schemes S1 and S27). The
synthesis of the dinitrohydrazone and BTA moieties has been
described previously.””?° The UPy moiety was synthesized
from isocyanatodecene and methylisocytosine in good yield
(64%) (Scheme S27t). Direct hydrosilylation of the hydrazone,
BTA and UPy onto the PDMS-co-PHMS using Karstedt’s catalyst

u_.u@w_,

N
.
N

(,
A
::)\Nd

P Ao
| |}K | (1 It’% ! \:\H (! ?S |
/\.i){\n{y}:d\:%};‘: ,\()l\.;fh.d\‘;l;( /\,(l,sqyl\;g){x.;)}:;[,\{d};.:
PDMS-g-hydz PDMS.g-BTA PDMS-g-UPy

Scheme 1 Molecular structures of PDMS-g-hydz, PDMS-g-BTA and
PDMS-g-UPy.
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resulted in PDMS-g-hydz, PDMS-g-BTA and PDMS-g-UPy,
respectively (Scheme 1).>° The molecular structure of PDMS-g-
UPy is slightly different from the hydrazone and BTA functio-
nalized polymers. Here, only part of the hydrides was reacted
with the UPy moiety, and the rest with hexene resulting in a
UPy graft density of 0.5 mol%. PDMS with a higher UPy
density (4 mol%) yielded a material which was too brittle, pre-
cluding analysis of its mechanical properties. Therefore, the
number of UPy grafts was lowered by including hexyl groups to
the polymer backbone. These groups are necessary to prevent
the hydride-containing PDMS from crosslinking covalently in
atmospheric humidity via intermolecular dehydration as was
shown by Opris et al.**

Attaching the supramolecular moieties to the PDMS back-
bone resulted in dramatic changes of the material properties
such as viscosity, elasticity and brittleness of the materials.
Whereas PDMS-co-PHMS is a liquid, all functionalized sili-
cones appear as solids. Hence, the supramolecular moieties
act as non-covalent, intermolecular crosslinks between the
linear PDMS chains. Films of the polymers could be dissolved
in THF, demonstrating the reversibility of the network (Fig. 1).

The polymers were fully characterized by size exclusion
chromatography (SEC) and 'H and *°Si NMR spectroscopy
(Fig. S1-S6%1). The results are summarized in Table 1. The
number average molecular weight (M,) and dispersity (D) of
the polymers were obtained by SEC (Fig. S1f). The M, of
PDMS-g-hydz and PDMS-g-UPy, 27.9 and 29.5 kg mol™,
respectively, were similar to the molecular weight of the
PDMS-co-PHMS given by the supplier. In contrast, the M, of
PDMS-g-BTA was much higher (42 kg mol™"). Most likely the
higher apparent M, is caused by interactions of the BTAs with
the SEC column. Therefore, multiple polymer chains cluster
together resulting in a higher average molecular weight
measured. The absence of covalent crosslinks was revealed by
*%Si NMR where only one peak was observed at § = 22 ppm
(Fig. S4-67). This signal is indicative for the presence of only
double oxygen-bonded silicon atoms since triple and quadru-
pole oxygen-bonded silicon atoms appear at § > —55 ppm. The
graft density was calculated by "H NMR and was 5, 3 and
0.5 mol% for PDMS-g-hydz, PDMS-g-BTA and PDMS-g-UPy,
respectively (Table 1, see ESI for detailst). For the latter, only
the UPy grafts were included in the graft density, the hexyl
groups are included in the dimethylsiloxane content.

Non-covalent interactions and phase segregation between hard
and soft segments

Fourier transform infrared (FT-IR) spectroscopy was applied to
investigate the presence of hydrogen bonds in the polymers
(Fig. 2A). First, the PDMS-g-hydz shows an absorption band at
3280 cm™', representing an intramolecular hydrogen bond
between the nitro and amine group according to previous
studies.””*® The presence of intermolecular hydrogen bonding
between the amides of the BTAs in PDMS into helical aggre-
gates was confirmed by an NH stretch band at 3238 cm™" and
CO stretch and amide II band at 1640 and 1560 cm™", respect-
ively.* Finally, dimerization of the UPy units was corroborated

This journal is © The Royal Society of Chemistry 2020
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Fig. 1

(A) PDMS-g-hydz polymer film in THF and (B) dissolved in THF after 1 minute at room temperature. (C) PDMS-g-BTA polymer film in THF and

(D) dissolved in THF after 1 minute at 40 °C. (E) PDMS-g-UPy polymer film in THF and (F) dissolved in THF after 10 minutes at 65 °C.

Table 1 Number-average molecular weight, dispersity, polymer com-
position, glass transition and melt transition temperature of the hydra-
zone, BTA and UPy grafted PDMS

M,® Mol% T, T
Polymer [kgmol™] »* graft’ & ¥ [°C]  [°C]
PDMS-g-hydz 29.5 22 5 320 17 =105 -4
PDMS-g-BTA 42.1 2.1 3 440 14 -104 27
PDMS-g-Upy  27.9 1.5 0.5 380° 2 —113 100

“Determined by SEC in THF, calibrated with polystyrene standards.
b Determined by 'H NMR, see ESIf for calculation. “ x is the number of
siloxane units, y is the number of siloxane units with a supramolecular
moiety attached. Calculated using the M, mol% supramolecular cross-
link and average molecular weight of a monomer.  Determined by
DMTA. “Includes both the number of dimethylsiloxane as well as
methyl-hexyl-siloxane (x and x, in Scheme 1).

a POMS-g-hydz B

PDMS-g-BTA
§ g
£
= €

% -

3500 3000 2500 2000 1500
Wavenumber (cm™) q(Om")
Fig. 2 (A) FT-IR spectra and (B) 1-D transmission scattering profiles of

PDMS-g-hydz, PDMS-g-BTA and PDMS-g-UPy. Data is shifted for
clarity.

by the presence of hydrogen bonded carbonyl groups at 1707
and 1672 cm™".*° Due to the low concentration of UPys in the
material, a weak stretching band for the hydrogen bonding NH
groups was observed in the region at 3212 to 3147 cm ™.

In addition, medium and wide angle X-ray scattering experi-
ments showed the presence of a microphase segregated state
for all grafted polymers (Fig. 2B). The phase segregation of
PDMS-g-hydz is most pronounced and can be assigned to a

hexagonally packed cylindrical phase by the presence of g* fol-

This journal is © The Royal Society of Chemistry 2020

lowed by \/3q* and \/4q*. The BTA- and UPy-grafted PDMS
polymers are only weakly segregated as indicated by the weak
principal scattering peak (g*). The wide angle region (g >
6 nm™') shows the presence of n-stacking for both PDMS-g-
hydz and PDMS-g-BTA by the appearance of a scattering peak
at a spacing of 0.3 nm.

Mechanical properties

The (thermo)mechanical properties of the polymers were
examined by dynamic mechanical thermal analysis (DMTA)
and tensile tests. Films of PDMS-g-hydz and PDMS-g-BTA were
produced by drop casting a concentrated solution of the copo-
lymers in THF (~1 g mL™") into a Teflon mold. The THF slowly
evaporated and the films were annealed in the oven at 40 °C
overnight. In contrast, we could not obtain uniform films of
PDMS-g-UPy by drop casting, thus uniform films were
obtained by compression molding at 130 °C. The films were
annealed overnight in the oven at 80 °C to ensure equilibrium
in the polymeric system and that no stresses remain from
compression.

DMTA results show a glass transition (Ty) for the three poly-
mers at —104 to —113 °C, which is close to the T, of conven-
tional PDMS (Fig. 3A)."” Therefore, we can conclude that the
T, is mainly governed by the PDMS backbone (Table 1).
Interestingly, the tan(s) peak of PDMS-g-hydz has a shoulder at
—90 °C which we assign to the mobility of the hydrazone
groups. Likewise, the gain in mobility of the BTAs is observed
by the second maximum in tan(s) at —67 °C for PDMS-g-BTA.
The sharp peak in tan(6) below the T, (-118 °C) for PDMS-g-
UPy is most likely attributed to a gamma transition, which
may also involve associations with water. The flow temperature
(T¢), defined as the change from elastic to a viscous response,
is strongly influenced by the supramolecular bond strength of
the grafts (Table 1). Fig. 3B clearly shows that the hydrazone
grafted PDMS flows at the lowest temperature (—4 °C) while
PDMS-g-UPy only flows at 100 °C. Hence, the interaction
strength of the supramolecular moieties increases from hydra-
zone via BTA to UPy. Interestingly, the T¢ of the BTA grafted
PDMS is low compared to liquid crystalline BTAs (120 °C),
measured by DSC.?” Most likely, this is due to the presence of
small BTA stacks in the PDMS, i.e., dimers, trimers, tetramers,

Polym. Chem., 2020, 1, 2847-2854 | 2849
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whereas liquid crystalline BTAs can form infinitely long stacks.
Hence, dissociation of the small stacks in the PDMS costs less
energy yielding a relatively low flow temperature. The storage
moduli at the rubber plateau determined at —40 °C for PDMS-
g-hydz, PDMS-g-BTA and PDMS-g-UPy are 26, 13 and 4 MPa,
respectively. This corresponds well to the number of non-
covalent crosslinks incorporated on the PDMS (Table 1).
Tensile tests of the copolymers were performed at room
temperature and the results are listed in Table 2 and Fig. 4. In
addition, X-ray diffraction measurements were performed on
samples stretched at different strains to attain information on
the alignment of the supramolecular grafts (Fig. 5 and S7-97).
PDMS-g-hydz exhibits only viscous flow as the polymer chains
are only associated by weak n-r stacking. Upon stretching the
polymer sample beyond the yield point, the phase segregated
cylinders are aligned in the direction of the force (Fig. S77).
Herein, the direction of the m-stacking originating from the
hydrazones are found perpendicular to the cylindrical axis.
The alignment of the microphase after stretching is also
observed by polarized optical microscopy (POM) of the
polymer film (Fig. S87). Before stretching, the birefringence is
non-directional while after elongation, the birefringence is
more pronounced in the direction of the force indicating
planar alignment of the cylinders. The stress-strain curve of
PDMS-g-UPy shows a low maximum stress and strain at break
combined with no plastic deformation which is indicative for a
brittle material. PDMS-g-BTA has a yield point of 106% and
elongation at break up to 518%. The order of the Young’s
modulus of the three polymers follow the modulus at room

Table 2 Mechanical properties including Youngs modulus, stress and
strain at yield point, maximum stress and strain at break of the hydra-
zone, BTA and UPy grafted PDMS obtained by engineering stress—strain
curves measured at 0.01s7*

Polymer E[MPa]  oyieia [kPa] éyicia [%] Omax [KPA]  €prear [%]
PDMS-g-hydz 2.4 +0.04 162 +27 25+4 162 +27 467 82

PDMS-g-BTA 5.3 +0.06 1014 +39 106+7 1420+109 518+11

PDMS-g-Upy 3.9+0.01 n.o. n.o. 273 £ 36 7+1

Values were averaged over four tensile tests; n.o.: not observed.
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(A) tan(s) and (B) storage modulus of PDMS-g-hydz (red), PDMS-g-BTA (black) and PDMS-g-UPy (blue) as a function of temperature.
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Fig. 4 Engineering stress—strain curve of PDMS-g-hydz, PDMS-g-BTA
and PDMS-g-UPy, measured at 0.01 s~%. Inset shows the low strain
region.

temperature from the DMTA (vide supra). Hence, the highest
modulus is observed for PDMS-g-BTA, followed by PDMS-g-UPy
and then PDMS-g-hydz (Table 2). In further agreement with
the DMTA results, it follows that the PDMS-g-UPy has a rate
independent modulus at room temperature while the Young’s
modulus of PDMS-g-BTA and PDMS-g-hydz are highly depen-
dent on the rate (Fig. S107).

PDMS-g-BTA shows a typical rubber-like,
response below the yield point. Hence, when tested under
quasi-static conditions at moderate to high strain rates, the
mechanical response of the material resembles that of a ther-
moplastic elastomer. Beyond the yield point (strain >100%),
plastic deformation occurs in which the BTA stacks dynami-
cally break and reform to release stress. The yield point rep-
resents the dynamics of the BTA in the polymer whereas the
yield point of conventional covalent polymers is associated
with the segmental mobility of the main chain. Finally, strain
hardening takes place in which the BTAs align in the direction
of the force (Fig. 5A and B, ring at 18.5 nm™'). Herein, a large
enhancement of the n-stacking is observed (Fig. S97), indica-
tive for larger domains of BTA stacks and hence longer BTA
fibers in the PDMS. POM images of the stretched film con-
firmed the alignment of the BTAs, showing birefringence
under crossed polarizers throughout the whole film after
stretching while before stretching only small birefringent
domains are observed (Fig. S8f). Additionally, the PDMS

elastomeric

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Two-dimensional transmission scattering profile of PDMS-g-BTA after (A) 80% and (B) 400% strain. (C) Schematic representation of phases
during elongation of PDMS-g-BTA. The PDMS chains are represented in gray and the BTAs are represented in red. Initially, the BTAs are randomly dis-
tributed through the material (left) and upon elongation by force, the BTAs move from stack to stack and come closer together forming aligned

helices within the stretched PDMS chains (right).

chains align slightly in the direction of the force observed by
brightening of spots on the ring representing the PDMS
(Fig. 5B, ring at 8.5 nm™"). To clarify the tensile tests at the
molecular level, a schematic representation of the polymer
with BTA stacks before alignment, below 80% and after 400%
strain is shown (Fig. 5C). The polymer starts as random coil
with small crystallites of the BTA as confirmed by the low T
(vide supra). Then the polymer backbone start to elongate
slightly after which the BTAs start to move in and out of the
stacks and finally align into larger stacks in the direction of
the force.

Dynamic properties of supramolecular crosslinks in PDMS

Dynamic properties of the three different supramolecular
interactions in the PDMS networks were examined by stress
relaxation experiments through DMTA. A constant strain of 1%
was applied and the relaxation modulus was followed over
time. The normalized stress relaxation moduli (E/E,) are
shown in Fig. 6 at different temperatures. At room tempera-
ture, full stress relaxation was achieved in 160 and 210 s for
PDMS-g-hydz and PDMS-g-BTA, respectively (Fig. 6A and B).

This journal is © The Royal Society of Chemistry 2020

The UPy grafted PDMS required more than 8 hours at room
temperature to obtain full stress relaxation (Fig. S11f). The
efficient stress relaxation is facilitated by the reversibility of
the supramolecular networks as the bonds can exchange to
relax the polymeric chains that are stressed. Furthermore, the
faster decay of the modulus with increasing temperature for all
polymers indicates an increased dynamics of non-covalent
crosslinks at higher temperatures. The characteristic relaxation
time (¢*) was determined from the stress relaxation curves at
E/E, equals 1/e, assuming the Maxwell model for stress relax-
ation. The temperature dependence of 7* is in good agreement
with the Arrhenius equation arising from dynamic exchange.
The relationship between In(z*) and 1000/T is plotted and
fitted to the Arrhenius law (Fig. 6D) and approximate acti-
vation energies (E,) are obtained (see ESI} for details). The
resulting activation energies are 22, 39 and 69 kJ mol™" for
PDMS-g-hydz, PDMS-g-BTA and PDMS-g-UPy, respectively. As
expected, the E, for PDMS-g-hydz is relatively low as the
material is only crosslinked via weak physical interactions. The
high E, of PDMS-g-UPy originates from the strong hydrogen
bonding of the UPys in the polymer and is in agreement with

Polym. Chem., 2020, 11, 2847-2854 | 2851
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Fig. 6 Stress relaxation curves of (A) PDMS-g-hydz, (B) PDMS-g-BTA and (C) PDMS-g-UPy, measured at 1% strain. (D) Arrhenius analysis of the
characteristic relaxation time z* obtained from the stress relaxation values at E/E, = 1/e for PDMS-g-hydz (red), PDMS-g-BTA (black) and PDMS-g-

UPy (blue).

the dissociation energy of UPy dimers in chloroform.** Hence,
the solid state bond exchange at room temperature is slow in
comparison to other non-covalent crosslinked polymers, yet,
comparable to some dynamic covalent bonds in polymer
networks.**™*?

The dynamics of the networks were further verified by creep
experiments in which the polymers were subjected to a con-
stant stress of 2 kPa at room temperature and followed over
time. After 20 minutes, a strain of 0.5% was measured for
PDMS-g-UPy, whereas BTA and hydrazone grafted PDMS
increased to 2 and 8% strain, respectively (Fig. S127).
Consequently, PDMS-g-hydz is the best energy absorbing
material which is in accordance with its viscoelastic properties
at room temperature. In contrast, the energy absorption of
PDMS-g-UPy is negligible, as expected for a brittle material.
The origin of the creep in PDMS-g-hydz and PDMS-g-BTA is
the exchange of supramolecular moieties at room temperature
on the 2-4 minutes time scale, shown by the stress relaxation
experiments.

Recyclability of the non-covalent crosslinked PDMS networks

The supramolecular origin of the three PDMS networks
enables recycling of the polymers, both thermally and via sol-
vation. Polymeric films can be obtained by dropcasting from
THEF solution (vide supra), thus the films can be redissolved in
THF and dropcasted to make new films. Although this method
yielded poor films for PDMS-g-UPy, the material can still dis-

2852 | Polym. Chem., 2020, 11, 2847-2854
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Fig. 7 (A) Photo showing the thermal recycling of PDMS-g-UPy into a

rectangular shape. (B) Tensile tests of PDMS-g-hydz, PDMS-g-BTA and

PDMS-g-UPy after a three times recycling process. Dashed line rep-
resents the original sample. Inset shows the low strain region.
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solve in THF, showing the reversibility and recyclability of the
network. Alternatively, recycling of the polymers is accom-
plished by compression molding of the material, giving homo-
geneous films (Fig. 7A). In this way, the polymers can be repro-
cessed in any shape by either molding or cutting the films into
the desired shape. The recycled polymers still have the same
properties as is shown by the tensile tests (Fig. 7B).

Conclusions

In conclusion, we utilized supramolecular grafts to success-
fully crosslink linear PDMS and obtain strikingly different
mechanical properties by tuning the strength of the non-
covalent interactions. Hereby, we developed a way to finely
tune the PDMS polymer properties only by changing the
nature of the supramolecular interactions. Association of the
hydrazones resulted in a viscous material, which is weakly
crosslinked at room temperature. Hydrogen bonding by BTAs
gives a thermoplastic elastomer, while a brittle material was
obtained by quadruple hydrogen bonding in UPys. Stress relax-
ation experiments revealed that the dynamics of the supramo-
lecular moieties was slowest for the UPy, followed by the BTA
and the hydrazone. The slow dynamics of the UPy due to
strong association results in a lack of elasticity and therefore a
brittle material is obtained. The BTA dynamics in the PDMS
provides an equilibrium of the BTAs reorganizing their super-
structure. Thereby, the stress is reduced due to the dynamic
nature of the crosslinks originating from reversible dis-
sociation and association of the BTAs. Finally, all polymers are
fully recyclable without any loss of the material properties.
These molecular insights into supramolecular crosslinking of
PDMS broadens the scope of applications for PDMS in e.g. the
field of biomaterials. We are confident that this, in combi-
nation with the facile post-functionalization synthesis, will
lead to the further development of recyclable plastics with
novel polymer properties.
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