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TOC abstract: Correlation between chemical composition and temperature-dependent rheological
properties in a series of poly(1,2,3-triazolium)-based covalent adaptable networks shows that

relaxation dynamics are mostly dependent on the chemical structure of the N-substituents.
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ABSTRACT. A designed library of covalent adaptable networks (CANSs) having 1,2,3-triazolium
dynamic cross-links are obtained through the combination of solvent- and catalyst-free thermally
induced azide-alkyne cycloaddition and N-alkylation reactions. The use of rigid heterocyclic or
aromatic segments affords CANs with greatly extended range of thermomechanical profiles, with
Tes up to 146 °C, dramatic changes in relaxation times (from 1.5 h to less than 2 min at 150 °C)
depending on the chemical structure of the N-substituents of 1,23-triazolium cross-links, and
tunable rubbery plateaus, with nearly constant elastic moduli up to ca. 160 °C. A detailed
correlation between the rheological properties and the chemical compositions of these CANs
shows that the relaxation dynamics of the networks are mainly determined by the chemical
structure of the N-substituents of the 1,2,3-triazolium cross-links, and are independent both from
the composition of the surrounding polymer networks and the corresponding 7,, at temperatures

ranging from 7, +20 °Cto ca. 180 °C.



INTRODUCTION

Thermosetting polymers made of permanently cross-linked three-dimensional networks are
essential in a broad variety of applications requiring high creep and solvent resistance, at ambient
temperatures such as elastomers, or at high temperatures such as composite materials for coatings,
adhesives, sealants, consumer goods, wind-energy, automotive, aeronautics or aerospace
applications.! However, their inability to be recycled or reprocessed results in considerable
production wastes and, together with difficulties in sorting mixed plastics sources, represents a
serious bottleneck for the future circular economy of plastics. Meanwhile, public and private
stakeholders multiply directives and ambitions to reach desired recycling and reusing of
thermosetting materials.? Classical alternatives to thermosets aim at controlling the temperature
dependence of the viscosity profiles of functionalized thermoplastics by strongly increasing their
viscosity at low temperatures while margnally affecting their processability at higher
temperatures. All strategies developed over the years rely on the formation of a transient network
that maintains a mechanical continuity through the material, but these strategies differ by the length
scales associated with this network. Thermoplastic elastomers rely on the formation of semi-
crystalline or glassy polymer phases at the 5-100 nm range,®> while supramolecular networks
relying on hydrogen bonding or metal coordination caninvolve a large range of length scales, from
molecular pair-wise associations to segregated microdomains.*> Interestingly, it is possible to
combine these distinct strategies, provided that the corresponding length scales strongly differ,
which results in a hierarchical organization and complex dynamics.®7-8

Covalent adaptable networks (CANs) essentially involve dynamic covalent cross-links at the
molecular scale, and as such can ecasily combine multiple exchange chemistries®, or also be

combined with previously described supramolecular organisations!%-!! or phase separation.8:12.13



Most of them feature timescales for covalent exchanges much longer than segmental mobility, as
a consequence, these materials display well separated thermomechanical transitions with distinct
temperature dependences for i) the glass transition, related to cooperative motion at the segmental
scale, and i) non-correlated bond exchanges at the scale of network segments.!415 Although these
two transitions canbe tuned somewhat independently, high glass transition thermosetting materials
are typically obtained from networks highly cross-linked or containing rigid aromatic or polyclic
backbones, and their limited variety has restricted the development of high 7, CANs (above 140
°C) to a limited set of examples.!6:17.18 The ever-increasing dynamic chemistries implemented in
covalent bond exchanges give rise in contrast to a very wide range of thermomechanical behaviors;
reviews on associative and dissociative dynamic networks are reported in many complementary
papers.!27 The two key features characterizing these dynamic networks are their relaxation
dynamics and their effective cross-link densities, both can be thermally or photochemically??
varied depending on the chemistry involved.

There are mainly two classes of exchangeable networks that constitute the realm of CANS.
Vitrimers, based on associative exchange mechanisms maintain a constant connectivity regardless
of temperature.?? Set aside specific cases involving complex structuration of the materials
(composites, microphase separation), the temperature dependence of their viscosity is solely
controlled by the rate of exchange reactions and consequently varies weakly in accessible
temperature ranges. In contrast, dissociative networks rely on the formation and disruption of
adducts by exothermic equilibrated reactions and consequently show a decrease in cross-link
density when temperature is increased. The temperature dependence of their viscosity, controlled
both by the rate of exchange and the variation of cross-link density, is consequently much higher.

A few systems based on dissociative exchanges demonstrating an intermediate behaviour typical



of associative CANs have also been recently reported.?!:27.30-34 Although being based on
dissociative exchangeable cross-links as demonstrated by experiments on model compounds, the
corresponding chemical equilibrium and cross-link density can remain unchanged in a large
temperature range in which these specific CANs demonstrate rheological properties indiscernible
from vitrimers. However, we have recently proposed a thorough rheological characterization
methodology based on time-temperature superposed stress relaxation experiments (TTS-SR) that
enables clearly differentiating and comparing all type of CANs,'* emphasizing that in certain
conditions dissociative networks might display a more advantageous balance between creep
resistance at low temperatures and processability at high temperatures compared to purely
associative CANs.

Modulating the viscosity profiles of CANs with temperature can thus be achieved through two
distinct handles: i) the rate of chemical exchange reactions, and ii) the respective connectivity of
permanent and transient bonds across the network. Understanding the interdependence between
these two parameters is thus of paramount importance to understand the viscoelastic behaviour of
dynamic networks and to define a clear set of rules to design and formulate CANs for dedicated
applications. The recent review of Guerre, Winne, Du Prez and coworkers?? details the many
parameters that have been found, to-date, to alter the dynamics of CANSs: i) internal and external
catalysis including the variable stoichiometry of reactive groups, i) chemical environment of the
exchangeable reactions (solvent effect) affected by the nature of polymer backbone or possible
phase separation, and ii)) the topology of the networks that can be varied through the cross-link
density, the presence of dangling chains or sol fraction as well as the combination of permanent
and transient cross-links in copolymer or interpenetrated networks.33 The effect of the last feature

on the relaxation dynamics, that we consider as the most relevant in terms of generalizable design



rules as it is not related to any particular chemistry, follows however different trends depending
on the system considered experimentally so far. It must also be noted that it is rather challenging
to truly measure dynamics specifically due to network rearrangement and separate them from
additional chemical and physical effects. Some studies focused on changing the stoichiometry of
reactants to modify the network topology,3¢ yet this strategy inevitably led to question whether
variations of the dynamics are of chemical nature (reactivity variations of associative exchanges
in which a rate-limiting bimolecular reaction step is involved and the corresponding reactants are
present in various concentrations) or of purely topological nature.

Nicolay and coworkers recently reacted short poly(1,2-butadiene)s with different contents of
bis-dioxaborolane-functionalized dithiols acting as dynamic cross-linkers using thiol-ene
chemistry.3” They found that the dynamic networks with lower cross-link densities displayed
considerably faster stress relaxation, with relaxation times varying from ca. 700 s to 130 s at 140
°C for networks obtained from linear precursors having an average of 7 and 3 functionalities per
chain, respectively. NB: the corresponding number of units between dynamic cross-link are 10 and
24, respectively. Although they acknowledged that a considerable part of the overall stress
relaxation was due to network defects (dangling chains or soluble fraction due to lLmited
connectivity of the network), it remained challenging to distinguish their contributions from those
of the dynamic exchanges of cross-links during stress relaxation experiments. Torkelson and
coworkers,’® synthesized thiol-epoxy polymer networks using an A;+B, polyaddition strategy that
incorporates different contents of alkylated (permanent) and diester (dynamic) segments resulting
from the corresponding dithiol precursors. They found that fractions of dynamic diester segments
above 60-80 mol% led to the percolation of dynamic bonds across the network and enabled

complete stress relaxation. The corresponding relaxation times increased moderately with the



fraction of permanent alkylated segments, which tends to indicate fasterstressrelaxation for higher
densities of dynamic cross-links and conflicts with the findings of Nicolay and coworkers. Finally,
Hayashi and coworkers synthesized polyesters (M, ~ 15 kg mol'!) bearing various amounts of
pendent carboxylic acid groups, that were further cross-linked by catalysed epoxy-acid addition
using bisepoxydes.3® They found that the transesterification exchanges afforded faster stress
relaxation for networks with higher cross-link densities. They later meticulously compared
networks with the same chemical composition but different cross-link densities by curing the same
carboxylic-acid side-functionalized polyester with various amounts of bis-epoxydes (elastically
active cross-links) and mono-epoxydes (elastically inactive).*® For networks comprising between
3.5 and 7 monomer units between cross-links, they found only weak differences between the
relaxation dynamics of the networks.

Dissociative CANs having 1,2,3-triazolium cross-links constitute a particularly versatile
platform as all difunctional building blocks (ie. alkynes, azides and halides) are either
commercially available or can be easily mtroduced on a broad variety of molecular or
macromolecular precursors through highly efficient and selective chemical reactions. Polymer
networks comprising 1,23-triazolium  cross-links and either aliphatic,*!  polyether,*?
perfluoroether,*® aromatic,** or polystyrene segments,!# have been reported so far. Besides, we
recently reported that the covalent exchange dynamics of the 1,2,3-triazolium cross-links were
accelerated by a factor 50 in the case of polystyrene networks. This feature was attributed to the
chemical structure of the exchangeable N-substituents of 1,23-triazolium cross-links, which
consisted exclusively in benzylic groups.

The present manuscript aims at expanding further the scope of poly(1,2,3-triazolium) CANs

obtained through AB+AB or AA+BB thermally initiated alkyne-azide cycloaddition (TAAC) and



investigating the correlations between the structural features of the resulting networks and their
relaxation dynamics. Two key features were investigated: i) the introduction of heterocyclic and
aromatic segments, that affords CANs with 7,s ranging from 46 to 146 °C, and ii) the structural
variation of the exchangeable substituents at the N-1 and N-3 positions (aliphatic or benzylic
groups) that enables achieving fast relaxation times (down to 30 s at 160 °C) while maintaining a
thermomechanical behaviour typical of associative CANs. From the perspective of CAN design,
thorough analysis of rheological experiments shows that at temperatures above 7, (that can reach
as low as 7T, + 20 °C), the relaxation dynamics in these 1,2,3-triazolium-based dissociative CANs
are exclusively driven by the chemical structure of the N-substituents and do not depend on the
chemical composition or topology of the polymer networks. However, we demonstrate that the
topology of the networks, and more particularly the density of dynamic cross-links has a strong

influence on the temperature-dependence of the cross-link density.



EXPERIMENTAL SECTION

Materials. Sodium azide (NaN3, 99%), sodium hydride (NaH, 99%), propargyl bromide (80
wt% in toluene), 1,2-dibromoethane (>99%), potassium carbonate (>99%), 18-crown-6 (99%),
1,8-diilodooctane (7, 97%), 1,2-bis(2-iodoethoxy)ethane (8, 96%) and solvents (tetrahydrofuran
(THF), ethyl acetate, petroleum ether, N,N-dimethylformamide (DMF), acetone, dichloromethane
(DCM)) with the highest purity were purchased from Merck and used as received. 4-
(Azidomethyl)benzyl alcohol 1, 4-(1-methyl-1-(4-prop-2-ynyloxy-phenyl)-ethyl)-phenol 3, a-
azide-o-alkyne 1,4:3,6-dianhydrohexitol 6,* 1,6-bis(2-propyn-1-yloxy)hexane 9 and o.0’-
diazido-p-xylene 10 were synthesized as reported previously.*® Please note that extreme caution
is advised when handling organic azides with v y= (nc + no)/nnvalues ranging from I to 3 whereas
compounds with ry < I can be extremely instable and their isolation should be avoided .*°

Nuclear magnetic resonance. 'H NMR (400 MHz) and 3C NMR (100 MHz) spectra were
recorded on Bruker Avance 300 or 400 spectrometers in CDCl; using a 5-mm QNP probe at 363
K. Chemical shifts (d) are given in ppm in reference to residual hydrogenated solvent for 'H NMR
(6 =7.26 ppm) and to deuterated solvent for 13C NMR (6 = 77.0 ppm).

Thermal characterizations. Differential scanning calorimetry (DSC) was performed using a
DSC Q200 (TA Instrument) calibrated with an indium standard. The samples were prepared using
hermetic pans and the experiments were conducted under a helum purge of 25 mL min~! on ca. 8
mg. The sample was first heated to 200 °C at a rate of 10 °C min~! and isothermally annealed for
2 min. Then, the temperature was decreased to —80 °C ata rate of 10 °C min~! followed by a second
heating to 200 °C at arate of 10 °C min!. The glass transition temperatures (7,) were measured
at the mid-point of the transition (on the second heating cycle) using the TA Thermal Analysis

software. Thermogravimetric analysis (TGA) was performed using a TGA Q500 (TA



Instruments). A heating ramp from 20 to 600 °C was applied at 10 °C min~! under a helium purge
of 60 mL min! to ca. 8 mg.

X-ray photoelectronspectroscopy. X-ray photoelectron spectroscopy (XPS) experiments were
carried out using a K-Alpha X-ray Photoelectron Spectrometer from Thermo Fisher Scientific
equipped with a micro-focused mono-chromatic Al Ka X-ray beam source (1486.6 ¢V, 400 x 400
um? spot size) and a flood gun to compensate for the static charge build-up. Ca. 200 um thick
slices of TPIL dynamic networks 11-14 were cut parallel to their surface using a razor blade and
clipped on the sample holders. The samples were then outgassed in the fast entry airlock at2 x 10~
"mbar before being transferred to the analysis chamber. All data were acquired at the normal with
respect to the plane of the surface. High-resolution core-level spectra of Ci, f34, Nis, Sinp wWere
recorded with a 80 eV pass energy and 0.1 eV step size. The peaks were referenced to C; at 284.6
eV. The Avantage software was used for digital acquisition and data processing. The N, high
definition spectra were fitted using a combination of Lorentzian and Gaussian line shapes. The
details for data processing are described in the ESI.

Dynamic mechanical analysis. Dynamic mechanical analysis (DMA) was performed on a
DMA Q800 (TA Instrument) in the tension film mode under a dry nitrogen atmosphere.
Rectangular samples of 5.0 x 1.5 mm? cross-section and ca. 25 mm length were tested at a
frequency of 1 Hz, an amplitude of 5 pm and a heating rate of 3 °C min~! from —80 °C to 200 °C.
T, values were taken at the maximum value of the loss modulus. Elastic moduli at the rubbery
plateau (Gy) were given as the value of £ at 150 °C.

Rheology. Rheological measurements were performed on a MARS 60 rheometer
(ThermoScientific) using 8 mm melt-pressed disks glued to the geometries as previously

described.! A succession of measuring steps within the linear viscoelastic domain were conducted

10



at temperatures above the 7, of TPIL dynamic networks ranging from 120 to 180 °C and involving

for each temperature: equilibration for 30 min and stress relaxation experiments (0.5% strain for
1h). Construction of the relaxation master curve G (t) ata common reference temperature 7p = 130
°C was carried out by time-temperature superposition using G(t,Ty) = br-G(t/ar,T) and a

methodology previously described in details.!4

11



Synthesis of 4-(2-propynyloxy)-benzyl azide 2. Sodium hydride (3.60 g, 150 mmol) was
added in small portions to a stirred solution of 4-(azidomethyl)benzyl alcohol 1 (10.6 g, 65.0
mmol) and 18-crown-6 (20 mg, 0.08 mmol) in dry THF (80 mL) maintained at 0 °C under argon.
After hydrogen was entirely emitted, propargyl bromide (14.5 mL, 130 mmol) was added
dropwise. The mixture was stirred overnight at room temperature and after neutralization of
residual NaH by adding distilled water (100 mL) THF was removed under reduced pressure. The
aqueous suspension of the product was then extracted with DCM (4 x 250 mL). After drying the
organic extracts with Na,SO,4 and evaporation of the solvents under reduced pressure, the crude
product was purified by flash chromatography eluting with a 96:4 mixture of petroleum ether and
ethyl acetate to yield 2 as a slightly yellow liquid (10.3 g, 78.6 %). 'TH NMR (CDCL) 6 (ppm):
7.38 (d, J = 8.1 Hz, CH-2, 2H), 7.31 (d, J = 8.1 Hz, CH-3, 2H), 4.62 (s, CH,OCH,C=CH, 2H),
4.34 (s, CH,N;, 2H), 4.18 (d, J = 2.4 Hz CH,0OCH,C=CH, 2H), 2.48 (t, J = 2.4 Hz
CH,OCH,C=CH, 1H). BC NMR (CDCL) 6 (ppm): 137.49 (C-4), 134.98 (C-1), 128.47 (C-3),
128.31 (C-2), 79.48 (CH,OCH,C=CH), 74.72 (CH,OCH,C=CH), 71.07 (CH,OCH,C=CH), 57.19
(CH,OCH,C=CH), 54.48 (CH;N3). HRMS (ESI) m/z: [M + Na]" calculated for C,;H;;N;3;NaO,
224.0794; found, 224.0789.

Synthesis of a-bromide-m-alkyne 4. Potassium carbonate (124 g, 900 mmol), 1.2-
dibromoethane (77.6 mL, 900 mmol) and 18-crown-6 (50 mg, 0.2 mmol) were added to a solution
of 4-[1-methyl-1-(4-prop-2-ynyloxy-phenyl)-ethyl]-phenol 3 (24.0 g, 90.1 mmol) in acetone (400
mL). The reaction mixture was refluxed under argon for 72 h, filtered and evaporated to dryness.
The residue was extracted from water (25 mL) with dichloromethane (3 x 100 mL). After drying
the organic extracts with Na,SO,4 and evaporation of the solvents, the crude product was purified

by flash chromatography eluting with a 9:1 mixture of petroleum ether and ethyl acetate to yield
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4 as a white solid (26.3 g, 78.2%). 'THNMR (CDCL) é(ppm): 7.06 (d, J =9.0 Hz, CH-3 and CH-7,
4H), 6.79 (d, J=8.8 Hz, CH-8, 2H), 6.72 (d, J=8.8 Hz, CH-2, 2H),4.56 (d, /= 2.4 Hz, CH,C=CH,
2H), 4.17 (t, J= 6.2 Hz, CH,CH,Br, 2H), 3.52 (t,J = 6.2 Hz, CH,CH,Br, 2H), 2.42 (t,J = 2.4 Hz,
CH,C=CH, 1H), 1.55 (s, CH3, 6H). BCNMR (CDClL) &(ppm): 155.85 (C-1), 155.39 (C-9), 143.84,
143.74 (C-4 and C-6), 127.79, 127.67 (C-3 and C-7), 114.15, 114.08 (C-2 and C-8), 78.74
(CH,C=CH), 75.34 (CH,C=CH), 67.77 (CH,CH,Br), 55.72 (CH,C=CH), 41.69 (C-5), 30.94
(CH3), 29.21 (CH,CH;,Br). HRMS (ESI) m/z: [M + Na]* calculated for C,oH,;BrNaO,, 395.0617;
found, 395.0610.

Synthesis ofa-azide-m-alkyne 5. a-Bromide-w-alkyne 4 (26.3 g, 70.5 mmol) and sodium azide
(13.7 g, 212 mmol) were added to a round-bottom flask containing DMF (250 mL). The mixture
was stirred in the dark for 16 h at 60 °C. The solvent was evaporated under reduced pressure and
the residue was extracted from water (50 mL) with ethyl acetate (3 x 200 mL). After drying the
organic layers with Na,SOy, filtration and evaporation of the solvents under reduced pressure, the
crude product was purified by flash chromatography eluting with a 9:1 mixture of petroleum ether
and ethyl acetate to yield 5 as a white solid (16.4 g, 69.6%). 'THNMR (CDCl;) (ppm): 7.17 (d, J
= 8.8 Hz, CH-3 and CH-7, 4H), 6.89 (d, J = 8.8 Hz, CH-8, 2H), 6.83 (d, / =9.2 Hz, CH-2, 2H),
4.67 (d, J = 2.4 Hz, CH,C=CH, 2H), 4.13 (t, J = 5.0 Hz, CH,CH,Br, 2H), 3.58 (t, J/ = 5.0 Hz,
CH,CH;Br, 2H), 2.52 (t,J = 2.4 Hz, CH,C=CH, 1H), 1.65 (s, CH3, 6H). 3CNMR (CDCl;) &(ppm):
156.03 (C-1), 155.41 (C-9), 143.90,143.69 (C-4 and C-6), 127.79,127.70 (C-3 and C-7),
114.17,113.93 (C-2 and C-8), 78.76 (CH,C=CH), 75.33 (CH,C=CH), 66.87 (CH,CH,N3), 55.75
(CH,C=CH), 50.15 (CH,CH;,N3), 41.71 (C-5), 30.96 (CH3). HRMS (ESI) m/z: [M + Nal*

calculated for C,0H,;N3NaO,, 358.1526; found, 358.1516.
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General procedure for the preparation of TPIL dynamic networks.Synthesis of11. A fully
miscible mixture of a-azide-w-alkyne monomer 2 (1.91 g, 7.60 mmol) and 1,8-diiodooctane cross-
linker 7 (695 mg, 1.90 mmol) was poured into a silicon mould and was gradually heated from 50
°C to 110 °C over a period of ca. 6h increasing the temperature by 5 °C increments every 30
minutes. The resulting ca.2 mm thick network was unmoulded and annealed further under vacuum
for 48 hat 110 °C in order to achieve equilibration of the material and to ensure complete curing
of the system. TPIL dynamic network 11 was obtained as a transparent and homogeneous dark
brown solid, and was cut into dimensions suited for rheological and thermomechanical
measurements.

Synthesis of 12. The general procedure for the preparation of TPIL dynamic networks was
applied to a mixture of a-azide-w-alkyne 5 (2.20 g, 6.57 mmol) and 1,8-diiodooctane 7 (601 mg,
1.64 mmol) that was annealed for 24 h at 110 °C, 2 h at 130 °C and 2 h at 150 °C to yield 12 asa
transparent and homogeneous yellow solid.

Synthesis of 13. The general procedure for the preparation of TPIL dynamic networks was
applied to a mixture of a-azide-w-alkyne monomer 6 (2.60 g, 12.4 mmol) and 1,2-bis(2-
iodoethoxy)ethane cross-linker 8 (1.14 g, 3.10 mmol) that was annealed for 15 hat 110 °C, 2 h at
130 °C, and 30 min at 150 °C to yield 13 as a dark brown solid.

Synthesis of 14. The general procedure for the preparation of TPIL dynamic networks was
applied to a mixture of diazidle monomer 9 (1.16 g, 7.21 mmol), dialkyne monomer 10 (1.40 g,
7.21 mmol) and 1,8-diiodooctane cross-linker 7 (1.32 g, 3.60 mmol) that was annealed for 18 h at

80 °C,24 hat 110 °C and 1 h at 130 °C to yield 14 as a dark red solid.
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RESULTS AND DISCUSSION

Synthesis of o-azide-mw-alkyne, dialkyne and diazide monomers. o-Azide-o-alkyne
monomer 2 was synthesized in 78.6% yield by O-akylation of 4-(azidomethyl)benzyl alcohol 1
using propargyl bromide (Scheme 1). a-Azide-w-alkyne monomer S was synthesized in two steps.
First, O-alkylation of 4-[1-methyl-1-(4-prop-2-ynyloxy-phenyl)-ethyl]-phenol 3 using a tenfold
excess of 1,2-dibromoethane afforded a-bromide-w-alkyne precursor 4 in 78.2% yield. Further
azidation of the bromomethylene group of 4 afforded a-azide-w-alkyne monomer 5in 69.6% yield.
Compounds 2,4 and 5 were purified by column chromatography and asunprecedented compounds
their structure and purity were confirmed by 'H and 3C NMR spectroscopy (Fig. S1-S6 in the
ESIt) as well as by high-resolution electrospray ionization mass spectrometry. a-Azide-w-alkyne
monomer 6 was synthesized as described previously in three steps starting from isosorbide. 47
Dialkyne 9 and diazide 10 were synthesized in one step as described previously by O-alkylation
and azidation of the corresponding diol and dibromide, respectively.#* The purity and inherent
stoichiometry of a-azide-w-alkyne monomers 2, 5 and 6 are crucial to maximize the
polymerization degree (X,) of the poly(1,2,3-triazole) mtermediates involved i the synthesis of
TPIL dynamic networks 11-13. Stoichiometry between 9 and 10 was adjusted using 'H NMR
spectroscopy before preparation of TPIL dynamic network 14.

Synthesis of TPIL dynamic networks 11-14. TPIL dynamic networks 11-14 were
synthesized by solvent- and catalyst-free thermally mitiated TAAC polyaddition using either
AB+AB or AA+BB approaches and concomitant N-alkylation of the resulting linear poly(1,2,3-
triazole) chains using diiodide cross-linkers (Schemes 2 and 3). Initially, TAAC polyaddition of
a-azide-w-alkyne monomers 2 and 5 in the presence of 1,8-diiodooctane cross-linker 7 afforded

TPIL dynamic networks 11 and 12, respectively. Since isosorbide-based a-azide-w-alkyne
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monomer 6 and 1,8-diiodooctane 7 are not miscible and that the use of co-solvents for synthesizing
CAN:Ss is highly undesirable, TPIL dynamic network 13 was obtained from a miscible mixture of
a-azide-w-alkyne monomer 6 and 1,2-bis(2-iodoethoxy)ethane cross-linker 8. Finally, TPIL
dynamic network 14 was obtained by TAAC polyaddition between a stoichiometric amount of
dialkyne 8 and diazide 10 in the presence of 1,8-diiodooctane cross-linker 7 (Scheme 3). In all
cases the ratio between precursors of 1,2,3-triazole (i.e. 1:1 azide and alkyne functionalities) and
iodide groups was equal to 0.5. Due to the highly exothermic nature of the TAAC polyaddition
reaction (AH ranges from —250 to —200 kJ mol1),47 the synthesis of TPIL dynamic networks 11—
14 was carried out by cautiously increasing the curing temperature from 50 °C to 110 °C by ca. 5
°C increments every 30 min. CAUTION! This progressive heating procedure is strongly suggested
as a direct heating of these azide-containing reactive mixtures at 110 °C may induce thermal
runaway and carbonization of the samples. Azide-containing monomers involved in the synthesis
of TPIL dynamic networks 11—14 can be considered as rather stable at room temperature, i.e. rNy =
(nc + no)/nn = 4.00, 7.33, 4.00 and 1.33 for 2, 5, 6 and 10, respectively. Even after significant
dilution with the cross-linker (and also the dialkyne comonomer in the case of the most reactive
diazide monomer 10), the direct heating at ca. 110 °C of multi-gram batches could occasionally
induce a thermal runaway. Once a conversion past the gel point was reached, TPIL dynamic
networks 11-14 were unmoulded, further cured above their glass transition temperature (7,) for
24h to 48h and finally obtained as homogeneous solids with colours ranging from orange to dark
brown (Fig. 1). The full consumption of azide groups after full curing of TPIL dynamic networks
11-14 was verified by ATR-FTIR (Fig. S7 in ESIt) through the total disappearance of the intense

asymmetric stretching vibration band of azide groups atca.2100 cm!.
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11 12 H3H 14
Fig. 1 Optical images of ca. 2 mm thick TPIL dynamic networks 11-14 (Dimensions of the tiles

are 0.5 x 0.5 cm2).

Resulting TPIL dynamic networks 11-14 are amorphous materials having 7, values reasonably
well correlated to the rigidity of the monomers involved in their synthesis (Table 1). BPA- and
isosorbide-based units are known for their high stiffness,’® and consequently afforded high 7,
values of 119 and 146 °C for samples 12 and 13, respectively. Xylylene-based monomer 2 led to
a lower T, value of 84 °C for TPIL 11. TPIL 14 comprising flexible aliphatic dialkyne 10 displayed
an even lower 7, value of 48 °C. TPIL dynamic networks 11-14 exhibit comparable TGA profiles
(Fig. S8 in the ESI{ ), with temperatures at 10% weight loss (7310) in the 250-270 °C range, in par
with those previously observed for networks having 1,2,3-triazolium cross-links (7419 ~ 235-340
°C),!4.21.41.43.44 or more generally for linear poly(1,2,3-triazolium iodides) (7410~ 200-255 °C).>! It
must however be noted that the effective thermal stability in the 170-200 °C range is significantly
lower for isosorbide-based TPIL 13, that undergoes carbonization and foaming over a few hours
above 175 °C (Fig. S9 in the ESIY). It is worth noting that all TPIL networks led to significant

ash residues at 600 °C, i.e. 27, 15, 31 and 12 wt% for 11-14, respectively.
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Extent of N-alkylation reaction in TPIL dynamic networks 11-14. The extents of N-
alkylation reaction (x) after curing of TPIL dynamic networks 11-14, which are related to the
cross-link density and the curing efficiency, were determined by XPS analysis and fitting of the
high resolution Ny spectra (Fig. 2).2! In previous XPS analyses of 1,2,3-triazolium networks from
our group,2l4!l we were able to properly attribute the binding energies of different N signals of
1,2,3-triazole and 1,2,3-triazolium groups using model compounds. In the present networks
displaying a much wider variety of N-substituents, we had to resort to amore global fitting method.
The peak fitting (continuous lines in Fig. 2) was thus realized using Origin 2018 software by
assigning 6 Gaussian functions (corresponding to the different nitrogen atoms of 1,2,3-triazole and
1,2,3-triazolium groups), centered on fully adjustable and independent binding energies, with a
unique width, and identical areas for the three 1,2,3-triazole and the three 1,2,3-triazolium nitrogen
signals. In all cases, it was found that three Gaussians were centered within the 403-401 eV range
characteristic of 1,2,3-triazolium groups while the remaining three Gaussians were centered within
the 400-398 eV range characteristic of 1,2,3-triazole groups. Also, in all cases the peak fitting
resulted in the exact overlap of two Gaussians for 1,2,3-triazoles. The extent of N-alkylation
reaction x was thus calculated from the fractions of 1,2,3-triazolium (T*) and 1,2,3-triazole (T)
groups (o) and the stoichiometric ratio of alkylating agents to azide/alkyne groups (z = 0.5) using

equation 1:

x= o/z=2[T[THT]) (1)
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Fig. 2 High resolution Njs spectra of TPIL dynamic networks 11-14. The spectra are shifted
vertically for clarity. The extents of N-alkylation reaction (x) are calculated from the 1,2,3-
triazolium:1,2,3-triazole area ratios as discussed in the text (eq. 1). Please note that overlapping of

Gaussian signals are indicated by darker shades.

TPIL dynamic networks 11 and 12 displayed high level of cross-linking with extents of N-
alkylation reaction above 90% in good agreement with previously described TPIL dynamic
networks.2!41 TPIL dynamic network 13 exhibited however a significantly lower extent of N-
alkylation approaching 70%. This is most likely due to the premature occurrence of vitrification
during network curing as the limited thermal stability of TPIL dynamic network 13 impeded to
cure the sample at a temperature high enough compared to 7, (i.e. 150 and 146 °C for the curing
temperature and 7, respectively). Surprisingly, XPS characterization of TPIL dynamic network
14 exhibited an even lower extent of N-alkylation reaction of about 50%.

Thermomechanical properties of TPIL dynamic networks 11-14. Thermomechanical
properties of TPIL dynamic networks 11-14 were initially assessed by DMA (Fig. 3). Samples 11-

13 display T, temperatures in fair agreement with 7, values measured by DSC (Table 1), as well
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as symmetric and monomodal tan(d) profiles as characteristic features of homogeneously cross-
linked polymer networks. The corresponding plateau moduli up to 170 °C (£’ plateas = 4—14 MPa)
are typical features of highly cross-linked glassy polymer materials (Table 1). The decrease of
storage moduli upon further heating observed for samples 11 and 12 have been also reported for
other dissociative CANSs exhibiting vitrimer-like properties.!4-30:32 TPIL dynamic network 14 that
showed the lowest extent of N-alkylation by analysis of XPS experiments still behaves as a highly
cross-linked elastomer (£’ pjarea = 6.7 MPa) but displays a dual transition and an asymmetric tan(o)
profile, most likely indicative of an heterogeneous network with broad distribution of cross-link
densities. Possible phase separation of poly(1,2,3-triazole) chains and cross-linker 7 at the early
stage of the curing might explain such an heterogeneous distribution of the cross-linker in the

sample, and could also explain the lower overall extent of N-alkylation reaction calculated from

XPS data.

- ‘ .
0 50 100 150 200
Temperature (°C)

Fig. 3 DMA traces (1 Hz, 3 °C min') of TPIL dynamic networks 11 (solid lines), 12 (dashed

lines), 13 (dotted lines) and 14 (dash-dotted lines).

22



Viscosity profiles of TPIL dynamic networks 11, 12 and 14. The dynamics of network
relaxations for samples 11, 12 and 14 were analyzed by performing stress relaxation experiments
at temperatures from ca. 20 °C above T, up to 180 °C, and by building relaxation master curves
using previously described time-temperature superposition (TTS) (Fig. 4 and Fig. S10,S11 in the
ESI+ for samples 11, 12 and 14, respectively). The temperature dependent dynamic properties of
sample 13 could not be properly characterized due to the narrow temperature range located above
T, and below the degradation temperature. Obtained results for 11, 12 and 14 were compared to
previously reported aliphatic and styrenic TPIL dynamic networks 15 and 16, respectively
(Scheme S1 in the ESIT).1441

The non-normalized stress relaxation moduli (Fig.4a, S10a and S11a in the ESI{) show well-
defined plateau moduli and as expected relaxation times decreasing with increasing temperature.
These relaxation moduli can be shifted through a TTS (using a common reference temperature 7y
=130 °C for all samples) to construct well defined relaxation master curves, at least for samples
11 and 12 over the whole temperature range probed (ie. 115 °C — 175 °C and 130 °C — 175 °C,
resp.), and for sample 14 from 100 °C to 145 °C (Fig. 4b,S10b and S11b in the ESI¥). The proper
superposition of stress relaxation curves in these temperature ranges indicates a common
relaxation mechanism that we can confidently attribute to covalent exchanges of the 1,2,3-
triazolium cross-links. The shift factors ar and bt enable thus to determine with good accuracy the
temperature dependency of relaxation times and zero-shear moduli, respectively (Fig. 4¢, S10¢
and S11c in the ESIY). Therefore, it was found that the ar shift factors of the dynamic networks
all follow an Arrhenius dependence, and that the corresponding kinetic activation energies E,.

range from 126 to 135 kJ mol!.
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Table 1. Chemical and physical properties of TPIL dynamic networks 11-14.

X9 Tgo? T,9 T, B9 God B9 <>WE, )
(%) (°C) (°C) (°C) (MPa) (MPa) () (kJ mol)
11 93 250 84 73 6.1 2.5 0.71 100 126

NO

12 9 270 119 120 3.8 1.0 0.81 4800 135
13 70 270 146 169 - - - -
14 49 235 46 55 67 24 066 110 131

2 Extent of the N-alkylation reaction determined by XPS; ® Temperature for 10% weight loss
determined by TGA; © Glass transition temperature determined by DSC; 9 Alpha transition
temperature determined by DMA; © Elastic modulus at the rubbery plateau (in the 150-160 °C
range depending on the sample) determined by DMA; 9 Plateau shear modulus determined from
rheology (small amplitude oscillations); &M Breadth of distribution, and average value of relaxation
times at 150 °C determined by fitting of the stress relaxation master curves (see eqn. 2); V) Kinetic
activation energy determined from ar shifts of SR-TTS.

24



QD
=

106 -

G(t) (Pa)

10° 4

10* T T T T
10° 10t 10? 10°

t(s)

10° 4

10*

T T
10° 10t 102 10°

0.1
E.. =126 kJ mol*

0.01 +——————F——————————— —— .
2.2 2.3 2.4 25 2.6

1000/T (K1)

Fig. 4 a) Variable-temperature stress relaxation moduli of TPIL dynamic network 11 (from purple
tored: 115 to 175 °C by +5 °C increments), and corresponding b) master curve and c) shift factors

constructed at a reference temperature of 7, = 130 °C. The red line in b) corresponds to a stretched

exponential model (equation 2).
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The br shift factors of samples 11, 12 and 14 remain almost constant below 160 °C with values
ranging from 0.8 to 1.0, essentially indicating that the cross-link density does not vary appreciably
within this temperature range. However, above 160 °C samples 11 and 14 demonstrate anoticeable

decrease in br shift factors and thus in cross-link density.

T(°C)
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T T T T T
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Fig. 5 Temperature dependence of top) the average relaxation times and bottom) zero-shear moduli
for TPIL dynamic networks 11 (red solid circles), 12 (blue open triangles), 14 (green solid
triangles). Additional data for previously reported aliphatic TPIL dynamic network 15 (black open
squares) and polystyrene-based TPIL dynamic network 16 (purple solid diamonds) have been

added for comparison.2!-41,
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All master curves G(t) could be reasonably well fitted using a stretched exponential model

described by equation 2:

t

0 = o)’
G(t) = Goe \T 2)
with B the breadth of distribution of the relaxation times. The average relaxation times <r> and
the zero-shear moduli at all temperatures can thus be extracted from these parameters3? and the

shift factors using equations 3 and 4:

(M) = t".ar.T(5)/8 ©)

Go(T) = EB-bT 4)

The evolutions of <t> and Gy as a function of reciprocal temperature are reported in Fig. S for
TPIL dynamic networks 11, 12 and 14 as well as previously reported TPIL dynamic networks 15
(non-regioregular  1,2,3-triazolium cross-links having aliphatic =~ N-substituents?!) and 16
(regioregular 1,2,3-triazolium cross-links having benzylic N-substituents!4). The kinetics

activation energies E, ;were calculated from the a; parameters using equation 5:

Eaz
ap X e RT %)

In order to establish a precise correlation between the chemical structures of TPIL dynamic
networks and their rheological properties, the various chemical structures of the different
regioisomers constituting the dissociative 1,2,3-triazolium cross-links are represented in Scheme
4. The effective number of monomer units between cross-link, rx, is calculated from the
stoichiometry of the reactants and the extent of N-alkkylation reaction x obtained from XPS
measurements using equation 1. Also, as TPIL dynamic networks 11,12, 14 and 15 are obtained
by copper-free TAAC polyaddition, they contain a ca. 1:1 mixture of 1,3,4- and 1,3,5-trisubstituted

1,2,3-triazolium cross-links. However, as the 1,2,3-triazole-functionalized polystyrene precursor
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of sample 16 is obtained by CuAAC this particular sample contains exclusively 1,3,4-trisubstituted
1,2,3-triazolium cross-links.

The temperature dependence of the relaxation times of TPIL dynamic networks 12 and 15,
having only aliphatic N-substituents atthe 1,2,3-triazolium cross-links (Scheme 4), follow similar
evolutions with comparable kinetic activation energies and average relaxation times at 150 °C of
ca. 4800 s (Figure 5a). The deviation from Arrhenius behavior for 12 at temperatures below 140
°C may be due to experimental issues during the stress relaxation experiments when approaching
the glass transition temperature (7, = 119 °C). Indeed one would rather expect vitrification
phenomena to slow down exchange kinetics and thus increase the network relaxation times. Also,
TPIL dynamic networks 11 and 14 having a ca. 1:1 ratio of benzylic and aliphatic N- substituents
and TPIL 16 having exclusively benzylic N-substituents atthe 1,2,3-triazolium cross-links display
identical relaxation times, i.e. ca. 50 times faster than for TPIL networks 12 and 15, (about 100 s
at 150 °C). It can thus be concluded that the overall relaxation times in these networks are
essentially dictated by the fastest N-substituents at the 1,2,3-triazolium cross-links. This assertion
remains valid even when the cross-link topology significantly differs as TPIL dynamic networks
11, 14 and 16 comprise one dynamic cross-link every ca. 2, 4 and 10 repeat unit, respectively.

The temperature dependence of Gy enables however to put in evidence three distinct behaviors
within this series of TPIL dynamic networks (Fig. Sb). TPIL dynamic networks 12 and 15 that
contain exclusively slower exchangeable aliphatic N-substituents (Scheme 4) display cross-link
densities varying by a factor 1.2 and 1.3 between 120 and 180 °C, i.e. a nearly constant profile
comparable to associative CANs. TPIL dynamic networks 11 and 14 containing one faster benzylic
N-substituent per 1,2,3-triazolium cross-link also exhibit similar properties up to 160 °C but a

noticeable decrease of cross-link density above that threshold. TPIL dynamic network 16
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containing two benzylic N-substituents per 1,2,3-triazolium cross-link, and a significantly lower
cross-link density compared to other networks from the series exhibits however a drastic decrease

of cross-link density above 120 °C a rheological signature typical of dissociative CANS.

1,3,4-trisubstituted 1,3,5-trisubstituted

1,2,3-triazolium cross-links 1,2,3-triazolium cross-links
11: ; %
k=21 Q N o)

CHANE ' SN oy e
N N
(o] R o
14 - N -
ry = 4.1 _ —
*,Q\/ h ) * ,/.\/\\
N
o (o]
15: _ -
=11 S _
"'\/.\;’\‘//.\/\*
16: 1,2,3-triazole precursor
x> 10 obtained by CUAAC

No 1,3,5-trisubstituted
1,2,3-triazolium

Scheme 4 Representation of the different regioisomers of 1,2,3-triazolium cross-links involved in
TPIL dynamic networks 11,12,14-16 highlighting the various exchangeable N-substituents: faster
benzylic N-substituents highlighted by red circles and slower aliphatic N-substituents highlighted

by blue circles. rx is the effective number of monomer units between cross-link.

CONCLUSIONS
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We have demonstrated the versatility and extended the structural variety of the TPIL dynamic
networks platform by synthesizing a series of networks including rigid heterocyclic or aromatic
building blocks that can achieve T,s as high as 146 °C. We also have shown that the careful design
of the substituents at the N-1 and N-3 positions of 1,2,3-triazolium cross-links is critical to reach a
favorable compromise between fast exchange kinetics and moderate temperature dependence of
the cross-link density, a typical attribute of associative CANs. Most importantly we have
distinguished three types of rheological behaviors depending on the chemical structure of the
exchangeable substituents located at the N-1 and N-3 positions of the 1,2,3-triazolium cross-links:
1) two aliphatic N-substituents afford slow exchange kinetics and low temperature-dependence of
Gy indiscernible from associative CANS, i) two benzylic N-substituents afford fast exchange
kinetics and extensive temperature-dependence of G typical of dissociative CANSs, and iii) the
combination of an aliphatic and a benzylic N-substituents affords a favorable compromise and
combines the benefits of the two latter with fast relaxation times of ca. 100 s at 150 °C as in ii) and
a minimal reduction of the cross-link density with the temperature increase as in i). This clearly
highlights that different combinations of distinct N-substituents at the 1,2,3-triazolium cross-links
have a major impact on the networks dynamics. However, the impact of regiochemistry and
position of these different substituents is still an important question that remains. Further work is
currently ongoing to solve this question and provide a precise structure/property relationship
between exchange kinetics and chemical environment of the 1,2,3-triazolium cross-links.

In a more general aspect these results also enable one to draw a few conclusions that may have
important implications in the advanced design of CANs to meet viscosity profiles required for
cutting-edge applications. We found that above their 7, the relaxation time profiles of TPIL

networks were exclusively determined by the chemical structure of the dynamic cross-links, and
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did not significantly vary with the chemical composition of the surrounding polymer network. This
provides further challenges to tune the chemical environment of the 1,2,3-triazolium coross-links.
However, the evolution of the cross-link density with temperature, which is the second parameter
that can be used to modulate the viscosity profiles in the case of dissociative CANSs, appears
strongly affected by the topology of the networks and notably by the density of dynamic cross-
links. Consequently, this powerful and versatile handle that can m most cases be varied
independently of the exchange chemistry at stakes offers wide possibilities to control the viscosity
dependence and tune the reprocessability of CANs. Proper combination of high Tgs, fast
relaxations and most importantly precise control over temperature dependence of the cross-link

density should contribute to the development of next generation CANSs.
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