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ABSTRACT: Classical Lewis pairs (LPs) between unhindered electron-poor Lewis acids (LAs) and electron-rich Lewis bases (LBs)
present an overlooked motif with tremendous potential as dynamic crosslinks in transient polymer networks (TPNs) for self-healing
and stimuli-responsive applications. We demonstrate that simple and intuitive matching of weak/strong organoborane LA and amine
LB pairs offers access to a large set of binding equilibrium constants, K.q, that span ~6 orders and dissociation rate constants, Agiss,
that span ~7 orders of magnitude. The implementation in polystyrene (PS) / polydimethylsiloxane (PDMS) blends results in dynam-
ically crosslinked networks with bulk thermomechanical properties that are directly correlated with the strength and kinetic parame-
ters for the LP interactions. The LP dynamic crosslink design is highly versatile and broadly applicable to different polymer archi-
tectures as demonstrated in the formation of reprocessible elastomers from Lewis base-decorated high molecular weight PDMS in
combination with Lewis acid-decorated PS, when reinforced with fumed silica as a filler.

Introduction

The success of supramolecular chemistry in revolutionizing
biomedicine, soft materials, molecular machines, sensors, and
catalysis—to name just a few areas impacted by its implemen-
tation—relies on non-covalent interactions that give rise to self-
assembly and stimuli-responsiveness as the most prominent
features.'* Hydrogen bonding, metal-ligand, hydrophobic/hy-
drophilic, host-guest, n-w stacking, and ion-ion or 7t-ion interac-
tions have become essential tools to access the desired proper-
ties and functions by providing a wide variety of binding affin-
ities and responses to external cues (Figure 1a).> New strategies
for supramolecular polymers and networks remain in great de-
mand as they give access to unexplored applications by expand-
ing the range and scope of multi-stimuli-responsive materials
and improving the reversibility of the interactions.®!!

“Classical” Lewis pairs (LPs), in which a reversible non-co-
valent bond is stablished between a Lewis base (e.g., N-contain-
ing electron-donor, LB) and a Lewis acid (e.g., electron-defi-
cient organoborane, LA), are highly attractive supramolecular
synthons because: (1) the binding equilibrium constant (Keq)
can be easily tuned by both electronic and steric modification
of substituents, (2) the dative bond is highly directional and con-
fined, and (3) the physicochemical properties can be modulated
to respond to external stimuli triggered by a reversible ON/OFF
switch (for instance, the absorption/emission between the
bound/free states in a chromophoric LA).'>'* Recent advances
in introducing Lewis acidic triarylboranes into the main-chain
and as pendent groups of linear polymers and into covalent net-
works have enabled applications as polymer-bound catalysts,
chemical sensors, and photoswitchable materials.'*!7 In addi-
tion, the combination of sterically hindered LAs with bulky
LBs, so-called “frustrated” Lewis pairs (FLPs), has been ex-
ploited for constructing dynamic polymer networks in the pres-
ence of small molecule gelators.'®?' However, applications of

LPs in supramolecular polymeric materials remain scarce,*

and scientists have yet to capitalize on the exceptional tunability
and potentially vast range of binding strengths accessible with
LPs (Figure 1a).
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Figure 1. (a) Approximate ranges of binding energies for various
types of molecular interactions (adapted from references 27 2%). (b)
Schematic energy diagram and binding equilibrium for the associ-
ative interaction between LA and LB tethered to polymer chains to
form a LP crosslink.
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Scheme 1. Schematic representation of transient polymer networks formed between LA-containing PS (black lines) and LB-terminated

telechelic PDMS (grey lines). AN = acceptor number (see SI).

Transient polymer networks (TPNs) have become an enticing
platform for exploiting supramolecular interactions since the
unique molecular dynamics that govern the reversibility of the
network nodes, i.e. the rate of crosslink dissociation (kiss), dic-
tates the materials bulk physical properties (Figure 1b).*3! If
the non-covalent bonds holding together the supramolecular
network are sufficiently weak and readily reversible at room
temperature, the materials can self-heal without further stimulus
due to the rapid reorganization of the crosslinks. However, these
materials usually exhibit what might be considered undesired
creep. Conversely, much stronger dynamic covalent chemis-
tries, such as Diels-Alder or transamination reactions, typically
require high temperatures to undergo the stress-relaxation nec-
essary for mending and reprocessing, a concept widely explored
in vitrimers.*>7 In this context, the tunable rates of transesteri-
fication between covalently linked boronic esters in TPNs ex-
citingly illustrates the efficacy of small molecule organobo-
ranes for designing new dynamic materials.’®** Thus, strategies
that directly control the temperatures at which dynamically
crosslinked materials become malleable remain highly desira-
ble for expanding the range of applications.*

In this work, we set out to exploit the large variations in bind-
ing strength that can be achieved with LPs to tune the properties
of TPNs (Scheme 1). To that end, we employ organoborane
LAs and amine LBs that form adducts with K.q and kqiss values
that span over 7 orders of magnitude. We then show for the first
time that this exceptional variability of LP strength translates
into drastically different thermomechanical bulk properties of
otherwise structurally similar TPNs. In addition, we demon-
strate how this concept can be directly applied to generate novel
silicone rubbers as industrially relevant materials.

Results and Discussion

Thermodynamic and Kinetic Parameters of Molecular
Lewis Acid-Base Model Complexes. An accurate description
of the kinetic and thermodynamic parameters for the formation
of the dative bond between the LB and LA groups is crucial to
gain a detailed understanding of the chemical equilibrium and
association/dissociation dynamics of the LP crosslinks. By us-
ing isolable small molecules these non-covalent interactions
can be more accurately quantified, and the adoption of such
binding motifs into a supramolecular polymer network will then
allow correlations with the macroscopic properties. The famil-
iar and intuitive description of “strong” and “weak” LPs typi-
cally relies on monitoring spectroscopic changes observed upon
adduct formation with reference Lewis bases.** ** Accordingly,
a strong LP has a large thermodynamic driving force (Gibbs

free energy), which can also be verified using computational
methods.*** While extensive data are available for the com-
plexation of anions to organoborane LAs,* quantitative binding
data for neutral complexes are sparse. As Lewis acidic tricoor-
dinate boranes to partake in the LP binding motifs, we selected
[4-(tert-butyl)phenyl]catecholboronate (BCat) and (4-(fert-bu-
tyl)phenyl)di(thiophen-2-yl)borane (BTh,). In the former, the
presence of catechol decreases the Lewis acidity by partially
populating the empty p-orbital of the boronate ester via & dona-
tion.** ° The Lewis acidity of the latter is expected to be signif-
icantly higher, as qualitatively shown by the larger acceptor
numbers, AN (see SI).’'"3 As model LBs we selected 4-ethyl-
pyridine (¥Py) and N-ethyl-imidazole (¥‘Im) which, not ac-
counting for steric factors, may be considered relatively
“weaker” and “stronger” N-donors based on their reported
Bronsted basicity (pK, = 5.98 for 4-picoline and 7.33 for 1-me-
thyl imidazole).*
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Figure 2. (a) LP binding equilibrium between model tricoordinated
organoboranes (LAs) and N-heterocyclic LBs. (b) Schematic free
energy diagram (as described in Figure 1b) derived from the exper-
imentally determined equilibrium constants (AG°, Table S4) and
activation energies (AG;,, Table S5) of the model LP adduct for-
mation, AGY = AG® — |AG|.



When mixing equimolar amounts of these model LBs and
LAs at room temperature LP equilibria were established instan-
taneously, indicative of a low kinetic barrier for the associative
process (Figure 2a). The ''B NMR chemical shifts of the mix-
tures (0.1 M in CDCl;) experienced an upfield shift (new reso-
nances between 15.8 and —3.8 ppm) accompanied by a signifi-
cant line narrowing, both clear indications of (at least partial)
formation of tetracoordinated borate complexes (Table S3 and
Figures S77-S88). Notably, the magnitude of the shifts fol-
lowed the anticipated relative strength of the components. Thus,
the "B NMR resonance of the boronate in BCat experienced
smaller shifts compared with the more Lewis acidic arylborane
in BThy; complexes with the weaker *'Py provoked smaller
shifts than the stronger ®'Im (Table S3). The poor solubility of
the Lewis pairs in non-polar hydrocarbons, such as hexanes and
pentane, allowed their isolation and complete spectroscopic
characterization (see SI). Single crystal X-ray analyses con-
firmed the expected distorted tetrahedral geometry of the tetra-
coordinated catecholborates and the B-N distances were in the
typical range of dative bonds (Table S3 and Figures S1-S2). To
quantify the adduct formation, binding constants were deter-
mined by UV-titration experiments for each of the LPs (Table
1, see SI for experimental details). The K., differed by over 6
orders of magnitude from 6 x 10> M~ to 3 x 108 M~! (BCat-*'Py
< BCat-*Im < BTh,-E'Py < BTh,-%Im). These results high-
light the impact of the combined LA and LB strength in the
binding equilibrium, generating a wide range of binding ener-
gies (AAG® = 32.6 kJ mol ™', Figure 2b and Table S4) that covers
much of that for typical non-covalent bonds achieved by hydro-
gen bonding, metal-ligand, or host-guest interactions in one sin-
gle system.>*' Within the specific models tested in this study,
it is mainly the nature of the LA rather than the LB that deter-
mines the overall magnitude of the binding affinity, while the
LB serves as a modulator to further tune the level of K.q. We
anticipate that higher Lewis acidities, for instance by introduc-
ing electron-withdrawing fluoroaryl substituents, could lead to
even larger values of Keq.4% %

Not only the equilibrium constants, but also the kinetics of
crosslink formation and cleavage are expected to have a dra-
matic impact on the network dynamics. To verify the dynamic
nature of the LP adduct formation and to deduce the respective
kinetic parameters we performed variable temperature "H NMR
experiments on mixtures containing the LPs with one additional
equivalent of LB ([LB]/[LA] = 2:1, see SI). The collected spec-
tra clearly demonstrate that an exchange equilibrium between
free and bound N-donor is established and permit the quantita-
tive determination of kgiss values by lineshape analysis (values
at 25 °C are summarized in Table 1 and Table S5). The data
thus obtained confirms the expected reciprocity between Keq
and kqiss, 1.€., the lowest binding affinities provide for the fastest
exchange dynamics and vice versa. Remarkably, the exchange
rate of the weakest LP with additional LB (BCat-*Py and
EPy* | kyiss = 6.5 x 10%s7!) is almost 7 orders of magnitude faster
than that of the strongest LP (BTh,-*Im and ®Im*, kqiss = 6.9
x 107" s71). The calculated associative rate constants, k, = Keq X
kdiss, indicate that the formation of the unhindered LPs is in fact
diffusion controlled in all cases (k, > 10% s7!), and this explains
the inverse correlation between Koq and kgis. A glance at the
thermodynamic landscape constructed with the experimental
binding free energies, AG®, and activation free energies of the
dissociation process, AGj;ss, further illustrates how the low ac-
tivation barrier of the forward reaction (18.3-25.5 kJ mol™)

permits the instantaneous establishment of the binding equilib-
rium at room temperature (Figure 2b). Thus, with little to no
steric hindrance and complementary tunability of both the bo-
rane Lewis acidity and N-donor basicity, the LP design offers
direct control of the exchange dynamics over a remarkable
range of dissociation rates by simple and intuitive chemical tun-
ing of the LA-LB affinity.

Table 1. Dynamic parameters of model Lewis pairs and se-
lected rheological properties of corresponding polymer net-
works prepared at [LA]/[LB] =1.

Keq “ kdiss b PS o€ T4 Teross
Gel LB LA ;
™M™ s wt% (Pas) (s) (°C)
Py-PBC Py BCat 6x10> 6.5x10° 11.1 8.4x10? 0.14 —4.2
Im-PBC Im BCat 8x10° 3.4x10° 11.1 4.6x10* 4.6 29.6
Py-PBT Py BTh, 6x10° 1.3x10> 11.6 1.1x10° 79 41.2
Im-PBT Im BThy, 3x10% 6.9x107" 11.6 1.9x107 >628 66.0

“Determined by UV-vis titration experiments in CH>Cl, at 25 °C;
data for Py-PBT and Im-PBT were obtained by competitive dis-
placement of a weaker Lewis acid (see SI). “Determined by line-
shape analysis of 'H NMR traces at varied temperatures. “Taken
from the low frequency plateau of time-temperature-superposition
(TTS) mastercurves (referenced to 25 °C) in oscillatory shear meas-
urements. %t = 2/, in oscillatory frequency sweeps (25 °C, 1%
strain). “Obtained from a temperature ramp of 1 °C/min (1% strain,
1.0 rad/s).

Preparation of LP Polymer Formulations. The implemen-
tation of the LPs as transient crosslinks in polymer networks
requires two complementary polymers carrying, respectively,
the LB and LA recognizing units (Scheme 1). As flexible net-
work bridges, we selected telechelic polydimethylsiloxane
(PDMS) below its critical molecular weight (M, < 10 kDa)*"» 38
to connect two LB units situated at the chain terminus, pyridine
(Py) or imidazole (Im). As the network nodes, we chose linear
polystyrene functionalized with pendant catecholboronates
(PBC) or di(thiophen-2-yl)boranes (PBT) randomly distributed
along the backbone (on average ca. 17 LA units per chain), ca-
pable of acting as multi-crosslinking strands. The advantages of
using PDMS/PS polymer blends are multiple-fold: (1) the low
melting transition of the PDMS chains ensures the viscous flow
necessary for the rheological response of the network while al-
lowing the diffusion of the recognizing units without the use of
organic solvents, (2) the high glass transition temperature of the
PS chains provides added stiffness to the resulting viscoelastic
materials and offers an opportunity for the fabrication of me-
chanically robust elastomers, (3) the inherent immiscibility of
the two polymers exerts an entropically driven microstructure
that seeks to minimize the PS/PDMS interface. The use of post-
functionalization methods to prepare the PS and PDMS poly-
mers from common parent precursor polymers ensured that the
number average molecular weight (M), polymer dispersity (D),
and the average number of functional groups per chain (F), is
comparable across the chosen LA and LB polymers, maximiz-
ing reliability of comparative studies on the rheological and
thermomechanical properties. Table S1 summarizes the charac-
teristics of the polymers employed in this study and a full de-
scription of polymer synthesis and characterization is provided
in the SI.
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Figure 3. Representative photographs taken during the preparation of formulations: (a) Im-PBT (notice the toluene/CH>Cl, mixture phase-
separated from the organogel) and (b) Im-PBC (homogeneous free flowing solution) before and after solvent evaporation; viscoelastic
moduli G’ (filled circles) and G** (empty circles) for PS/PDMS networks Im-PBT (olive), Py-PBT (blue), Im-PBC (red), and Py-PBC
(green) measured by (c, d) dynamic stress sweep (25 °C, 1.0 rad/s), (e, ) temperature sweep (1 °C/min, 1% strain, 1.0 rad/s, and (g, h)

frequency sweep (25 °C, 1% strain) experiments.

The differences in the dynamics of supramolecular crosslink-
ing, modeled by the interactions described above, became im-
mediately apparent when polymer solutions (CH,Cly/toluene
solvent mixture) containing the recognition units in a 1:1 molar
ratio of [LA] to [LB] were mixed at room temperature. At the
polymer concentrations employed (~ 4-5 g dI™"), formulations
Py-PBT and Im-PBT, containing the more highly Lewis acidic
BTh; binding sites, instantaneously gelled. Contrarily, formu-
lations Py-PBC and Im-PBC, containing the weaker BCat
sites, remained free flowing (Figures 3a,b). These employed
semi-dilute conditions accentuated the differences between the
binding equilibria established at room temperature. The lower
binding affinities and faster exchange rates associated with
BCat created fewer crosslinking points and the rapid dissocia-
tion of the network nodes resulted in relatively low viscosities.
On the other hand, the much higher K., and lower k4is; of PBT
complexes effectively locked the polymer chains to create a dis-
ordered three-dimensional network. Upon relaxation, acceler-
ated by high temperature annealing at 60-80 °C, mixtures of
PBT and Py/Im became highly viscous. Finally, after solvent
evaporation, all polymer blends, containing 11.1-11.6 wt% PS,
appeared as homogeneous, transparent, and lightly yellow col-
ored gels of varying stiffness.

The homogeneity and transparency of the formulations points
to the advantageous role of the LPs as supramolecular compat-
ibilizers, allowing the solubilization of PS chains into the
PDMS domains and thus forming a single homogeneous melt
phase (Scheme 1). Other blends of PS/PDMS with supramolec-
ular bonds have been reported to spontaneously self-assemble
into complex architectures due to the high immiscibility of the
two polymer types when carefully selecting the topological con-
nectivity.*-¢! In our case, wide-angle X-ray scattering (WAXS)
and small-angle X-ray scattering (SAXS) diffractograms of Py-
PBT and Im-PBT networks displayed similar broad and iso-
tropic patterns, indicative of amorphous and homogeneous

phases that are not dependent on the nature of the LP (Figures
S65-S66 and Table S6).5* % In addition, differential scanning
calorimetry (DSC) thermograms of the dry networks (Figures
S55-S58) during the first heating scan (—90 °C to 200 °C) re-
vealed a characteristic melting transition, 7, at =50 °C due to
the PDMS domains but no distinct glass transition, 7, that
could be attributed to a separate PS domain (7, of borylated PS
occur at 117-118 °C).

If the stability of the PS/PDMS single-phase is concomitant
to the strength of the Lewis adduct, then sufficient weakening
of the LP interaction should render the two phases incompatible
as the unfavorable free energy of mixing overcomes that of the
supramolecular network. Indeed, elevated temperatures pro-
moted macroscopic phase-segregation in dry networks contain-
ing the weaker LPs (150 °C and 200 °C for Py-PBC and Im-
PBC, respectively, Figures S60-S61). In contrast, formulations
containing a stronger LA remained transparent (Im-PBT) or al-
most completely homogeneous (Py-PBT) at temperatures
closer to 200 °C due to higher concentration of effective cross-
links provided by the stronger LPs (Figures S62-S63). Such ir-
reversible and thermally induced phase-separation explains the
appearance of a weak 7, (~120 °C) in the second heating scan
of the DSC thermograms of formulations containing BCat
binding sites, but not those containing the stronger BTh,. A
control experiment with a competing molecular LB illustrated
a similar network weakening effect. Adding a few drops of *Im
to a solution containing Py-PBT generated a phase segregated
mixture of solid PS and liquid PDMS after removing the sol-
vent. Thus, complexation of the pendant triarylboranes in the
PS chains with the untethered *Im, whose binding affinity is
ca. 50 times larger than that of pyridine, rendered the two poly-
mers macroscopically incompatible and their mixture hetero-
genous.



To further verify the Lewis pair formation within the polymer
network, Py-PBT organogels in CDCl; (15 g dI'") were pre-
pared in 2:1 and 1:1 [LA]/[LB] ratios. Comparing the ''B NMR
signals with those of a mixture of polymer PBT with the mo-
lecular LB, Py, under otherwise identical conditions, provided
further evidence of the binding between the pendant BTh; units
in the PS chains and the pyridine groups at the PDMS termini
(Figure S91). The broad signal of PBT centered at 52.8 ppm
almost completely disappeared with only 1 equivalent of LB
added, indicating a high degree of capping of the organoborane
binding sites. Considering the associative K4 of the binding
pairs (> 10> M") and the concentration of LP sites in the final
formulations (ca. 0.09 M), the expected degree of B«—N bond
fulfillment after solvent evaporation is high in all cases (~90%
for the weakest pair, Py-PBC, and >96% for all others).*
Hence, the degree of crosslinking in the formulations is ex-
pected to be comparable and high in all cases.

Rheological Studies of LP Crosslinked Polymer Networks.
We first examined the viscoelastic properties of the dry gels by
dynamic oscillatory rheology in the region of linear response.
An excellent correlation of the reversible dynamics of LP dis-
sociation with the observable mechanical properties was found.
The zero shear viscosities, 7o, a measure of the material viscos-
ity at rest, exponentially increased over 4 orders of magnitude
from 840 Pa-s for Py-PBC to 19 MPa-s for Im-PBT (Table 1),
despite the only marginal variations in PS content (~0.5 wt%).
The impact of the LP binding affinity and LB exchange kinetics
on 7 is remarkable and essential to explain the observed trends,
considering that almost 90 wt% of the gels consist of low vis-
cosity unentangled PDMS chains (in comparison, the 7, of Py
and Im are 0.17 and 0.23 Pa-s, respectively). A closer look at
the storage (G’) and loss (G’”) moduli, the elastic and viscous
components of the viscoelastic modulus, offers further insight
into the solid-like or fluid-like behavior of the materials (Fig-
ures 3c,d). The observation that G > G’’ for Im-PBT and Py-
PBT signifies the ability of the polymer network to reversibly
store the deformation energy during the oscillatory stress, sim-
ilar to the purely elastic response of covalently crosslinked rub-
bers. The solid-like nature of the networks derived from the
strongest LPs arises from structural nodes of the network with
lifetimes that are greater than the time-scale of the oscillatory
deformation. Conversely, the relaxation of the Py-PBC net-
work, containing the weakest of the LPs tested, is clearly dom-
inated by viscous dissipation as shown by G’’>G’, a character-
istic of fluid-like materials. In this case, the nodes break and
reform more frequently than the stress is applied. Interestingly,
Im-PBC presents a unique case in which G’~G”’—it stores as
much elastic energy as it dissipates by viscous flow—since the
reciprocal time scale of the network relaxation (vide infra) ap-
proximately coincides with the frequency of the oscillatory ex-
periment (1.0 rad-s™).

Since the dynamics that determine the crosslink relaxations
are governed by the activation energy of the LP dissociation,
the response of the networks must be also temperature depend-
ent. Indeed, G and G decrease upon heating (1 °C min',
strain 1%, 1 rad s™') as the kinetic energy provided to the supra-
molecular bonds allows faster exchange between crosslinks and
results in lower moduli (Figures 3e,f). Modulus crossovers (G’
= G”") were clearly detected for all the PS/PDMS formulations,
with the highest temperatures achieved for the strongest LPs in
Im-PBT (Teross = 66.0 °C), followed by Py-PBT (Tcross = 41.2
°C), Im-PBC (Tross = 29.6 °C), and Py-PBC (7105 = —4.6 °C).
For comparison, the coalescence temperatures in the variable

temperature 500 MHz 'H NMR experiments of the competing
binding equilibria decrease in the same order, approximately
from 80 °C, 35 °C, —20 °C, to —55 °C for BTh,-*Im,
BTh,-*Py, BCat-*Im, and BCat-*Py respectively, albeit
spread over a larger temperature range. A low temperature plat-
eau in the G* modulus was observed for Im-PBT (230 kPa),
where the slow dissociation rates give rise to a network with
characteristics typical of fixed covalent crosslinks. Values of G’
between 10-100 kPa are measured for the other networks at low
temperature without reaching a plateau under the conditions
tested. Importantly, we find a good overlap of the modulus
curves in consecutive heating and cooling ramps, indicating ex-
cellent recovery of the mechanical properties and air/thermal
stability of the polymer networks (Figure S42).

The transition from a solid-like behavior under deformations
on the short time-scales (high frequencies) to a viscous-like re-
sponse on the longer ones (low frequencies) is a staple of TPNs,
as these macroscopic characteristics originate from the time-de-
pendency of the non-covalent crosslink cleavage and refor-
mation. Indeed, oscillatory frequency sweep experiments (100—
0.01 rad s™!, 1.0% strain, 25 °C) confirmed the dependence of
the PS/PDMS viscoelastic properties on the dissociation rate of
the LP bonds (Figures 3g,h). The modulus crossover, which
correlates the experimental oscillatory frequency with the relax-
ation time of the bulk material, T, dramatically decreases with
increasing binding affinity: Py-PBC (45.7 rad's '), Im-PBC
(1.36tad's™), Py-PBT (0.075 rad-s!), and Im-PBT falls below
the instrument limit (< 0.01 rad-s").%® Time-temperature-super-
position (TTS) allowed us to explore frequencies beyond those
limited by the rheometer. Indeed, frequency sweeps at 5 °C in-
tervals could be successfully shifted into single mastercurves
(Figures S47-S54). The modulus plateau, G’, at higher frequen-
cies (> 10° rad/s) for formulations Im-PBC, Py-PBT, and Im-
PBT was high and almost identical (1.2-1.4 x10° Pa), ap-
proaching that of a covalently crosslinked network. The weak-
est network, Py-PBC, required lower temperatures than those
achieved experimentally (< —10 °C) to reach a plateau and thus
the highest G’ was somewhat underestimated (6.5 x10* Pa).

Encouraged by these results we scaled the viscoelastic param-
eters (G’, G’ and #*) with kais. Such a correlation is viewed as
a hallmark of supramolecular dynamics, as it implies that cross-
link dissociation controls bulk network relaxation.*® ¢7 Gratify-
ingly, the corresponding mastercurve (Figures 4 and S40-S41)
connects the major component of the network relaxation with
the scale of LP dissociation kinetics derived from the molecular
model systems. The match, even though not perfect, is striking
considering the complex and competing melt relaxations by the
immiscible blends of PDMS and PS chains.%® The high but not
quantitative fulfillment of the BCat-Py pairs in the Py-PBC
formulation compared to the other stronger LPs may explain the
slightly lower than expected scaling of the viscoelastic parame-
ters.

A potential application of these networks as self-healing ma-
terials takes advantage of the dynamic nature of the LPs as a
means to repair a macroscopic rupture: as the network breaks
predominantly at the weakest supramolecular bonds, the diffu-
sion of the unbroken soft polymer strands (via viscous flow) al-
lows the reformation of identical supramolecular motifs across
the wound. Step-strain experiments offer clear evidence of the
gels’ ability to regain the initial viscoelastic modulus after a
large shear strain of 200% has been applied (Figures S43-S46).
Temperature-assisted (30-90 °C) shear rheology was employed



to encourage the viscous flow of the PDMS strands and accel-
erate the rate of crosslink dissociation, and the results indicate
excellent and rapid modulus recovery when returning to room
temperature and low strain values. As a result of the slow creep,
two macroscopic pieces of Py-PBT gels ([LA]/[LB] = 1) cut to
approximate square shapes and subsequently placed on a flat
surface with their edges touching spontaneously rejoined after
standing for approximately 2 weeks undisturbed at room tem-
perature (Figure 5).
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Figure 4. (a) Complex viscosity, 7*, of PS/PDMS formulations
with LP crosslinks obtained by frequency sweeps (25 °C, 1.0 %
strain); (b) #* data scaled by kqiss measured for LP model com-
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Figure S. Self-healing visualization of Py-PBT: (a) separated mac-
roscopic pieces (blue formulation stained with crystal violet during
polymer mixing), (b) brought into contact at the flat edge, and (c)
mending of the gap between the pieces after left in contact undis-
turbed for 2 weeks.

Application to Reprocessible Silicone Elastomers. Despite
the appeal that TPNs offer in organo- and hydrogels to control
their relaxation dynamics, the mechanical properties in the
swollen state are typically weak. Such characteristics are in fact
sought in biomedicine, where they have found niche applica-
tions as injectable media, slow release drug carriers, or regen-
erative frameworks.®” However, the utility of new supramolec-
ular motifs for the fabrication of mechanically robust materials,
which could be employed in stimuli responsive and/or mecha-
nosensors, requires their successful implementation into more

design-specific architectures. We envisioned that by distrib-
uting pendent LBs along the backbone of a high molecular
weight silicone, a more robust crosslinked rubber could be
achieved in combination with the LA-functionalized PS poly-
mers. This strategy is reminiscent of the vulcanization process:
the transient LP crosslinks act on the short time scales as strong
covalent bonds between elastic (entangled) strands, enabling
the polymer network to sustain large elongations and stresses
without break, but with the added benefit of thermal reversibil-
ity to allow for desirable recycling and reprocessing. To demon-
strate this strategy, a commercially available multivinyl-con-
taining PDMS polymer was quantitatively functionalized with
pendant pyridyl groups using a “click” synthesis approach sim-
ilar to that described for the telechelic polymers (M, =409 kDa,
D =1.48, 0.54 mol% of pyridine, HPy, see SI for experimental
details). Solution processing of HPy with PBT ([LA]/[LB] =1,
8 wt%) and silica nanoparticles (Aerosil R106, 1 wt%) followed
by solvent casting, yielded translucent and elastic films (Figures
6a-c). The result is a silicone rubber that is doubly reinforced
by the combined effect of dispersing the PS and the silica filler
in the polymer network, the latter being an industrial practice to
reinforce rubbery materials. The homogeneity of the polymer
film and uniform distribution of the nanoparticles, indicating
the compatibility of both strengthening agents, is clearly visible
by SEM imaging (Figure 6d). Such (nano)composite materials
can sustain considerable strains (>400%) without breaking nor
significant yielding, as shown by the manual stretching and
elastic recovery of a film specimen (Figures 6b,c). Tensile-test-
ing experiments showed a significant strain-hardening typical
of crosslinked silicone rubbers; in sharp contrast the HPy+silica
blend was permanently deformed (flow) with no increase of the
applied force (Figure 6e). Further characterization by dynamic
mechanical analysis (DMA) of the elastic films confirmed the
presence of a glassy plateau (£> = 3.6 x 10* MPa), a T, (113
°C) and a Tm (36 °C) followed by a rubbery plateau (E* = 0.6
MPa at 25 °C) as expected for a crosslinked elastomer with
PDMS domains (Figure S70). At temperatures closer to 100 °C,
weakening of the LP bonds decreases the measured modulus
and the elasticity corresponds to that of an entangled poly-
mer/silica composite. In comparison, a blend of uncrosslinked
HPy+silica displays a steady decrease of E” above the T, due
to the flow of entangled PDMS chains. Stress relaxation exper-
iments qualitatively showed the temperature dependence of the
relaxation modulus, G(t): only 90 minutes after a rapid 20%
strain spike, G(t) had decreased by 68% (60 °C) and 84% (90
°C) with respect to the value of G(t) at 30 °C (Figure 6f). While
permanently crosslinked silicone rubbers show little stress re-
laxation, the flow of PDMS chains in response to the tensile
deformation becomes possible due to the reversibility of the LP
crosslinks. Finally, small pieces of scrap film material could be
easily melt-reprocessed at 100 °C into a single film (Figure
S68). The excellent recovery of the initial mechanical proper-
ties is illustrated by the regained storage modulus, £”, to almost
the initial values in a DMA frequency sweep experiment (Fig-
ure 6g).
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Figure 6. (a) Composition of HPy+PBT+silica reinforced silicone rubber containing LP crosslinks. (b and c) Photographs of a rectangular
specimen (0.5 mm thick) of (nano)composite silicone rubber at rest and under >400% strain (reference scale in inches). (d) Scanning electron
micrograph of the bulk rubber material HPy+PBT+silica showing the dispersion of the reinforcing silica nanoparticles (1 wt%). (e) Tensile-
testing of HPy+silica(1 wt%) blend and crosslinked rubbers (elastomer specimens did not break under the testing conditions, 10 N min™?).
Dynamic mechanical characterization of HPy+PBT+silica(l wt%) in tensile mode: (f) stress-relaxation (20% strain peak-hold), and (g)

frequency sweeps (1% strain, 30 °C).

Conclusions

In summary, we have shown that the combination of unhin-
dered LPs as crosslinking motifs in the construction of transient
polymer networks allows for the tuning of their mechanical
properties over a wide range. The small energies of activation
of the associative process lead to a close correlation between
the K.q and kqiss values, which in turn dictate the dynamics of
the network relaxations. The application of reversible LPs to
more sophisticated materials only requires the adequate decora-
tion of functional polymers tailored for their desired functions,
as illustrated by the construction of reprocessible nano-rein-
forced silicone rubbers.
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