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ABSTRACT: Polymer networks built out of dynamic covalent bonds offer the potential to translate the control and tunability of
chemical reactions to macroscopic physical properties. Under conditions at which these reactions occur, the topology of covalent
adaptable networks (CANs) can rearrange, meaning that they can flow, self-heal, be remolded, and respond to stimuli. Materials with
these properties are necessary to fields ranging from sustainability to tissue engineering; in these contexts, however, the conditions
and timescale of network rearrangement must be compatible with the intended use. The mechanical properties of CANs are based on
the thermodynamics and kinetics of their constituent bonds. Therefore, strategies are needed that connect the molecular and macro-
scopic worlds. In this Perspective, we analyze structure-reactivity-property relationships for several classes of CANSs, illustrating both
general design principles and the predictive potential of linear free energy relationships (LFERs) applied to CANs. We discuss op-
portunities in the field to develop quantitative structure-reactivity-property relationships and open challenges.

1. INTRODUCTION

Over a century of polymer science has enabled materials to be pro-
grammed with unprecedented control. The addition of chemical
(covalent) linkages between polymers, or crosslinking, leads to the
formation of polymer networks with distinct properties. During
crosslinking, individual polymer strands with discrete molecular
weights are jointed into a network structure of effectively infinite
molecular weight, where the motion of polymer segments becomes
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limited by the introduction of permanent multifunctional junctions.
The discovery of synthetically-crosslinked polymers that rivaled
natural materials has enormous historical significance and led to
the ubiquity of polymer networks in modern society, a notable ex-
ample being the synthetic vulcanization of harvested latex with sul-
fur to produce natural rubber (Figure 1a).! Crosslinking is not lim-
ited to synthetic networks. Nature’s crosslinking of fibrillar colla-
gens is essential for proper development of connective tissues, and
mutations affecting the enzymes responsible (e.g. lysyl oxidase)

lead to impaired tissue integrity (Figure 1b).2
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Figure 1. Crosslinking polymer strands produces polymer networks in (a) synthetic (b) and natural systems. Micrograph reprinted with
permission under a Creative Commons Attribution (CC BY4.0) License from ref. 3. Copyright David Gregory and Debbie Marshall.
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Figure 2. (a) Classification of network crosslink chemistries. (b) Examples of molecularly well-defined physical bonds that have been applied
to dynamic networks. (c) Representative mock reaction landscapes of crosslink chemistries. Permanent covalent chemistries undergo irre-
versible single-step or multistep mechanisms. Physical bonds are reversible, often through low-barrier, single-step mechanisms. Dynamic
covalent chemistries are reversible, and many undergo multi-step exchange mechanisms. A representative landscape for Lewis acid-catalyzed
transesterification is depicted with steps corresponding to Lewis acid activation, nucleophilic attack, elimination, and Lewis acid decom-

plexation.

Experimental and theoretical research has demonstrated that
the physical properties of polymer networks are intimately
linked to their composition and topology.* Networks comprised
of permanent covalent crosslinks are strong and durable, but the
irreversible nature of their crosslinking renders them unable to
rearrange molecularly. These materials cannot be repaired or
remolded because their topologies are static, and they cannot
adapt to applied forces (Figure 2a). Introducing crosslinks
based on dynamic interactions has expanded the functions of
polymer networks. These networks can rearrange over time,
leading to viscoelasticity, characterized by both solid-like and

fluid-like properties. Viscoelasticity enables behaviors such as
self-healing, moldability, injectability, and stimuli-responsive-
ness. There are a wide variety of dynamic crosslinks with a
broad range of binding strengths, temperature dependences, and
exchange timescales, rendering them suitable for many poten-
tial applications.’> The focus of this Perspective is networks
based on dynamic covalent bonds, which have been coined co-
valent adaptable networks (CANs)® or dynamic covalent poly-
mer networks (DCPNs).’

Structure-reactivity-property relationships relate crosslink
structure to its reactivity and thus to the mechanical properties



of the corresponding network. Ideally, these relationships could
be applied predictively to engineer a network to target stiffness,
temperature dependence, and timescale of rearrangement that
match the intended application. For example, a plastic with im-
proved recyclability should exhibit flow at elevated tempera-
tures but undergo minimal rearrangement at room temperature.®
Similarly, a dynamic hydrogel for biomimetic cell culture
should match the mechanics of the native tissue of interest at 37
°C and cannot employ cytotoxic catalysts.

In this Perspective, we illustrate how the same physical or-
ganic strategies that are used to understand and manipulate
small-molecule reactions can be applied to polymer networks
built upon dynamic covalent reactions. We contend that quanti-
tative structure-reactivity-property relationships for dynamic
networks will allow researchers to predictably design materials
with targeted mechanical properties. However, we also discuss
the complicating factors inherent to polymer networks that oc-
clude straightforward analysis of these relationships. The exam-
ples we highlight will range from solvated, soft gels to stiff ther-
mosets, with the common factor being dynamic covalent cross-
links. For researchers seeking to apply CANs in specific con-
texts, we hope this Perspective serves as a user’s guide to se-
lecting and tuning dynamic crosslinks. For synthetic chemists
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incorporating new dynamic chemistries into CANs, we discuss
how molecular reactivity translates to network properties and
how to characterize these materials. For existing experts in this
field, we provide recommendations about how small-molecule
and polymer systems can be designed and analyzed to best yield
quantitative relationships. Finally, for theorists and measure-
ment scientists, we describe critical gaps in knowledge and
tools and how their contributions could advance this field.

1.1 TYPES OF DYNAMIC BONDS

Non-covalent interactions such as hydrogen bonding, m-m
stacking, ionic interactions, protein-protein interactions, metal-
ligand interactions, and host-guest chemistry, among others, are
the foundation for physical bonds (Figure 2b). These non-co-
valent interactions are readily tuned by modifications such as
changing the guest molecule in a host-guest complex or the
metal ion in a metal-ligand complex. Network properties are
controlled by selecting binding partners with desired binding
strengths and association and dissociation kinetics. These inter-
actions have enabled seminal developments in structure-reac-
tivity relationships in polymer networks.’!> Supramolecular
networks have been reviewed elsewhere.!!8
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Figure 3. Schematic representation of (a) dissociative and (b) associative crosslinker exchange.

Dynamic covalent bonds couple the exchangeable nature of
physical crosslinks with the strength and directionality of cova-
lent bonds." Both dynamic covalent and physical bonds are
sensitive to changes in structure and environmental factors in-
cluding pH, temperature, and concentration, conferring the po-
tential for stimuli-responsiveness. The use of light as an exter-
nal stimulus to alter the reactivity of dynamic covalent bonds is
of particular interest to our group (Section 3.3). While both
types of bonds are reversible, exchange with dynamic covalent
bonds is often mechanistically more complex, occurring
through multi-step processes with one or more intermediates
(Figure 2¢). For comprehensive lists of dynamic bonds and data
that demonstrate the range of reactivity achievable by dynamic
covalent chemistry, we direct readers to reviews and perspec-
tives by Sumerlin, Konkolewicz, Xie, Bowman,'® and
Dichtel 2024

1.2 EXCHANGE MECHANISMS

Dynamic exchange occurs through associative or dissociative
mechanisms. Dissociative dynamic crosslinks first break apart
before rebonding with the original or a different unoccupied
partner (Figure 3a). In comparison, crosslinks that exchange
through an associative mechanism undergo displacement of one
partner for another, often through an addition-elimination se-
quence (Figure 3b).® Dry networks that rearrange through as-
sociative mechanisms have been termed vitrimers.> %’ Because
both classes of CANs are based on chemical reactions, they
share many attributes, such as Arrhenius behavior, and both
mechanisms offer substantial molecular tunability.”* A key dis-
tinction is that dissociative networks tend to exhibit a gel-sol
transition at temperatures where debonding becomes entropi-
cally favorable, while the crosslink density of vitrimers is con-



served and the stiffness should increase as a function of temper-
ature due to entropic elasticity.>?® Furthermore, associative net-
works are considered more solvent-resistant than dissociative
ones, although dissolution through an associative mechanism is
possible.?’32 In practice, holistic considerations about the target
application and use conditions (e.g. dry network vs. gel, tem-
perature, pH, chemical compatibility) should inform the type of
dynamic chemistry that is selected.

When multiple mechanisms are available, the environment
and crosslink structure will determine the dominant pathway
and must be carefully considered.*® For example, boronic esters
and imines** exchange through different mechanisms depend-
ing on the presence or absence of aqueous solvent (Figure 4a).
In aqueous or humid environments, these bonds exchange pri-
marily through a dissociative mechanism consisting of hydrol-
ysis and condensation. Moreover, the speciation of boronic ac-
ids and esters between more-reactive trigonal and less-reactive
tetrahedral forms depends on solution pH and the structure of
the boronic acid and diol.***® In dry networks, boronic esters

exchange associatively through either transesterification with
free diol. In the absence of excess diol, a metathesis mechanism
has been proposed.?* Mechanistic ambiguity is a common chal-
lenge in CANs due to the many factors that can influence reac-
tivity and obstacles to direct mechanistic studies in the material.
In a triazolium CAN developed by Drockenmuller, the origi-
nally proposed concerted transalkylation mechanism was ulti-
mately revealed to occur through counterion-mediated dissoci-
ative exchange (Figure 4b).**! Using this insight, Winne and
Du Prez developed an analogous ionic vitrimer based on sul-
fonium-thioether transalkylation, using a non-nucleophilic aryl-
sulfonate counterion to promote concerted exchange.*?
Konkolewicz demonstrated that the anilinium CAN exhibited a
high degree of association within the temperature range studied,
with a virtually constant crosslinking density despite a dissoci-
ative mechanism.*® As the stress relaxation measurements took
place below the gel temperature at which entropic factors favor
substantial debonding, minor elasticity losses that are hypothe-
sized to arise from heating a dissociative network were not de-
tected.
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Figure 4. Examples of dynamic bonds with multiple exchange mechanisms. (a) Boronic esters exchange through a dissociative mechanism
in aqueous environments and associative transesterification or metathesis (proposed) in dry networks. (b) 1,2,3-Triazolium CANs exchange
through a dissociative counterion-mediated stepwise rearrangement, not the originally proposed associative transalkylation.

The upside of this complexity is tunability. Across diverse
dynamic covalent bonds, certain unifying principles can help
users select, analyze, and tune the appropriate system for a
given study or application. In Section 2, we discuss theories that
have been developed to describe the relationships between
crosslink reactivity and network mechanics in dynamic net-
works. We also review how relevant properties are commonly
probed in both small molecules and materials. In Section 3, we
showcase examples of systematic structure-reactivity-property
studies from the literature including electronic and steric varia-
tion, internal catalysis, and photoswitchable reactivity. In Sec-
tion 4, we outline recommendations and our outlook for the
field.

2. THEORIES AND ESTABLISHED RELATIONSHIPS

Relationships between network viscoelasticity and crosslink
reactivity and stability that have been established over the last
several decades were developed based on systems with physical
(non-covalent) crosslinks.*%%1® Here, we seek to describe
these theories in relation to CANs at a level accessible to syn-
thetic chemists. For a more thorough discussion of the polymer
physics of dynamic networks, the reader is directed to a review
by Webber and Tibbitt.?

There has been a recent push to develop theories for CANS,
with vitrimers attracting significant attention.’'~> The study of
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CANSs poses additional challenges because unlike the single-
step dissociative mechanisms exhibited by many supramolecu-
lar crosslinks, dynamic covalent bonds may exchange through
multi-step mechanisms, each step with its own associated ener-
gies and barriers. Experimental analysis is limited to the rate-
limiting step, which can vary as the crosslink structure or envi-
ronment change. Nevertheless, CANs can still be systematically
studied using the principles established for physical networks,
yielding useful insights to tune network properties.

2.1 CROSSLINK FORMATION AND NETWORK STIFFNESS

Networks may be formed by combining multifunctional
small molecules or crosslinking grafted or star prepolymers
(Figure 5a). Here, we refer to the multifunctional branch points
that provide the network structure as “junctions”, while the
chemical bond used to join monomers or prepolymers into the
network is the “crosslink”. The junctions are connected by pol-
ymer strands. For multifunctional dynamic covalent crosslinks
like borates (B(OR)3), and for bifunctional small molecules that
join grafted polymers, the crosslink is also a dynamic junction
with functionality 3 and 4, respectively. However, when star
polymers are crosslinked by a dynamic bond between two reac-
tive end groups, the junction is instead the non-dynamic central
multifunctional core and the crosslink is part of the strand.
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Figure 5. (a) Representative strategies to form networks. (b) Illustration of elastically active and inactive strands obtained by reaction be-

tween 4-arm and telechelic prepolymers in real networks.

When force is applied to a network (stress = force/area) and
it undergoes deformation (strain), elastically effective strands
are stretched. Extension decreases their conformational degrees
of freedom, and this entropic cost results in an increase in free

energy (Figure 5b).>” Strands that are only attached to the net-
work on one end (dangling ends) or are part of an intramolecu-
lar linkage (primary loops) do not bear stress and are thus elas-
tically ineffective despite being connected to the network. In



ideal networks without dynamic bonds or defects, the affine (eq
1) and phantom (eq 2) network models predict the elastic shear
stiffness G (stress/strain). In both of these models, increasing
stiffness is directly proportional to increasing the number of
elastically effective strands:
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where fis the functionality at a junction, kg is Boltzmann con-
stant, 7' is absolute temperature, and verr is the number density
of elastically effective network strands. An alternative form of
the equations relate G to p, the network mass density, and M,
the number-average molecular weight of a network strand be-
tween junctions. The affine model applies a simplifying as-
sumption that crosslink junctions are fixed as if they are pinned
in elastic space and therefore move identically to the bulk de-
formation of the network. However, this is not the case in real
networks; network junctions fluctuate and the trajectories of in-
dividual junctions vary. The phantom network model captures
this statistical variation and makes the assumption that junctions
move around mean positions in a Gaussian manner albeit inde-
pendently of network strain.’® The modulus predicted by the
phantom network model is always lower than that of the affine
network model for equivalent vefr, approaching that of the affine
model with increasing polymer concentration as junction fluc-
tuation becomes negligible.

Neither the affine nor the phantom network models account
for network defects that lower verr. To quantify loops and calcu-
late their effect on elasticity, Olsen and Johnson developed Real
Elastic Network Theory (RENT).** RENT accounts for primary
(elastically inactive) and higher-order loops (fractionally elas-
tically active), which exist in a one-to-one ratio and decrease
the number of elastically active strands in a network (Figure
5b).% This theory, coupled with experimental primary loops
counting using symmetric isotope labelling disassembly spec-
trometry (SILDaS),*'"%* demonstrates good predictive agree-
ment between calculated and measured elasticity for low frac-
tions of loops.

For associative networks, stiffness may be described by the
models developed for permanent networks because the bonds
exchange without altering the number of crosslinks or junc-
tions. For addition/elimination associative mechanisms, the for-
mation of an intermediate is expected to temporarily increase
the concentration of effectively elastic strands, but this phenom-
enon has not been observed experimentally, likely due to the
short lifetime of these intermediates. Furthermore, associative
mechanisms that proceed by substitution or addition/elimina-
tion (rather than metathesis) require that the network is synthe-
sized with an excess of the nucleophilic partner. Therefore, as-
sociative networks are often synthesized with a fraction of dan-
gling nucleophilic ends that reduce elasticity.

In a network formed from dissociative dynamic crosslinks,
added complexity arises because the number of elastically ef-
fective strands depends on the equilibrium constant (Keq) of the
dynamic bond.* To describe the contribution of dynamic bonds
to network mechanics, Zhao® and Tibbitt* modified the phan-
tom network model to include Keq. At equilibrium, the conver-
sion of formed crosslinks p can be calculated by eq 3:
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where c¢ is the concentration of functional groups. Eq 3 is use-
ful for selecting a relevant dissociative dynamic chemistry
through calculation of a “critical equilibrium constant” Keq..
Flory-Stockmayer theory provides gel point pe, the conversion
at which a polymer solution is crosslinked into a network with
a molecular weight of infinity. For a given concentration ¢, Keq
of the crosslink must exceed a threshold Keqc to produce an in-
finite network, where p from the modified phantom network
model exceeds pc from the Flory-Stockmayer equation. Simi-
larly, this relationship can be combined with a Van’t Hoff anal-
ysis (In(Keq) vs. 1/7) to predict the temperature at which a dis-
sociative network will flow (Tfow). Tibbitt showed that values
of Keq and shear stiffness obtained by the dynamic phantom net-
work model are consistent with experimental measurements. As
with elastic networks, entanglements and network defects will
alter network elasticity, limiting the accurate prediction and
quantitative analysis of dynamic covalent networks.

2.2 CROSSLINK EXCHANGE KINETICS AND VISCOELASTIC
TIMESCALE

Networks based on dynamic bonds are viscoelastic and can
flow under conditions that allow the bonds to exchange across
macroscopic distances. The temperatures at which this rear-
rangement occurs, and their timescales, determine the utility of
these properties for materials applications and are therefore crit-
ical to understand and manipulate. In dynamic covalent net-
works, the kinetics of bond breaking and formation govern the
dynamic bulk properties of the network.

Semenov and Rubinstein established a theoretical foundation
for this relationship in reversible networks that can be consid-
ered mechanistically dissociative (their “associating polymers”
terminology refers to the tendency of the modeled polymers to
associate, not to exchange mechanism). They demonstrated that
the bond lifetime 1, which is the inverse of bond dissociation
rate ks, determines the rate of stress relaxation of a network
(characteristic relaxation time t*; the time required for the ma-
terial to relax stress to 1/e of its initial value).****%” However, in
systems well above the gel point, crosslinks must break and re-
combine many times before network topology is changed in a
way that results in relaxation, effectively slowing network re-
laxation and increasing apparent activation energy relative to
individual bond dissociation rates and activation energies.®” Ex-
perimental studies in dissociative Diels—Alder-based networks
have demonstrated that this theory is applicable to CANs.%%
Furthermore, Sakai directly observed the bond lifetime of a dis-
sociative boronic acid—diol system using surface plasmon reso-
nance and confirmed that stress relaxation is dominated by
crosslinker dissociation but affected by other processes in the
network like chain dynamics.” For mechanistically associative
networks, an analogous relationship between exchange rate kex
and 7 is expected, but the situation is further complicated by the
fact that stress is proposed to primarily relax through exchanges
that form elastically ineffective network defects.™

On the other hand, the rate of bond formation (k. or kex) de-
termines the rate of gelation®” and self-healing’' after rupture.
To our knowledge, the kinetics of self-healing in CANs have
not been directly measured and quantitatively compared to k. or
kex.” In the supramolecular network literature, Scherman has
demonstrated this quantitative relationship for a host-guest sys-
tem using cucurbit[8]uril ternary complexes.'?
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Figure 6. Common techniques for measuring small-molecule reaction kinetic/thermodynamic parameters and network properties.

2.3 MEASUREMENT TECHNIQUES

To understand the relationships between crosslink reactivity
and network properties, it is helpful to discuss how molecular
and macroscopic parameters are measured. For a comprehen-
sive overview of molecular characterization techniques for pol-
ymer networks, the reader is directed to recent reviews.*” Stud-
ies often begin with designing small-molecule reactions that re-
semble the network crosslink exchange, enabling solution
measurements. Techniques such as UV-Vis absorption, fluores-
cence, Fourier-transform infrared spectroscopy (FTIR), gas or
liquid chromatography (GC or LC), and nuclear magnetic reso-
nance (NMR) are commonly used to quantify the rate (k) and/or
extent (Keq) of bond formation, whereas rapid exchange pro-
cesses at equilibrium can be measured using techniques such as
variable temperature NMR (VT-NMR) or exchange spectros-
copy (EXSY) (Figure 6). In some cases, the extent of crosslink
formation can be measured directly in the network using a solid-
state technique like FTIR,%7* Raman,” or ssNMR"%"7 spectros-
copy.

The mechanical properties of CANs that will be discussed in
this Perspective are measured using dynamic mechanical anal-
ysis as well as rheology at constant strain (stress relaxation) or
stress (creep). These experiments provide information about the
stiffness of the network and the timescale of network rearrange-
ment. Oscillatory shear rheology yields shear storage (G’) and
loss (G’’) moduli, describing the material’s ability to store and
dissipate energy, respectively. In a frequency sweep, the cross-
over between G” and G~ (ax) represents the timescale at which
a material transitions from solid-like (oscillations faster than the
material’s characteristic timescale for rearrangement) to liquid-
like (oscillations slower than that timescale). These measure-
ments provide a significant amount of data, but the timescale of

many CANSs is too slow to reveal crossover within an experi-
mentally accessible frequency range.

As a result, stress relaxation measurements, which measure
the dissipation of energy over time following a step strain, are
commonly used in this field. Stress relaxation experiments in
dry networks typically require elevated temperatures to both
overcome the glass transition temperature (7%), enabling seg-
mental motion, and to achieve crosslink exchange on a reason-
able time scale (seconds to hours). In gels, the presence of sol-
vent (low-volatility solvents such as DMSO or propylene car-
bonate), plasticization lowers the 7, and stress relaxation can be
measured at lower temperatures.

Normalized stress relaxation data may be fitted to one of sev-
eral models to determine a characteristic relaxation time
(Figure 7a). A simple single-element Maxwell model, which
models viscoelastic materials as an elastic spring and viscous
dashpot in series, is often a reasonable starting point (Figure
7b). For systems that do not exhibit Maxwellian behavior, a
Kohlrausch-Williams-Watt (KWW) stretched exponential,
which applies a constant 3 between 0 and 1, may better repre-
sent the data (Figure 7¢). Here, lower B values indicate broader
distributions of relaxation modes. Alternatively, a multi-ele-
ment Maxwell model may be well suited to systems with more
than one type of exchange process (Figure 7d).”® If t* values
are measured at multiple temperatures, the network flow acti-
vation energy (Ea) is determined through the Arrhenius relation-
ship:

Ea

t(T) = Ae rr 4

where R is the ideal gas constant, T is the temperature, and A4
is the pre-exponential factor. The flow activation energy pro-

vides insight into the temperature sensitivity of the network re-
arrangement, and changes in slope may either imply a change



in mechanism for the exchange reaction’® or a change in the re-
arrangement-limiting process (crosslink exchange vs. segmen-
tal dynamics). Evans has observed the latter scenario using
measurements over a broad temperature range (200 °C).”
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Figure 7. Models for stress relaxation in viscoelastic materials. (a) A Maxwell-Weichert model is composed of multiple Maxwell elements
in parallel and captures multiple modes of stress relaxation. (b) Example of data fitted to a single-element Maxwell model. (¢c) Example of
data better represented by a stretched exponential. (d) Example of data better represented by a two-element Maxwell model.

As an alternative to stress relaxation, creep measurements,
which measure the deformation of a material over time in re-
sponse to constant stress, have been recommended for dry net-
works with slow timescales because these measurements are not
limited by the torque resolution of the instrument.®! The result-
ing creep rate (¢) may also be analyzed by the Arrhenius equa-
tion.>>”?

Many studies compare the small-molecule Ea derived from
Arrhenius analysis to the CAN flow E.. While the network Ea is
expected to be higher than the small-molecule value based on
theory,5”%! the magnitude of this difference depends on the pol-
ymer matrix in ways that are not fully understood.®*35 Possible
explanations include matrix hydrophobicity or polarity in the
case of mechanisms that involve charged intermediates, and en-
tropic barriers to rearrangement imposed by rigid backbones.

Several studies of physical networks have demonstrated
time-crosslinker superposition (TCLS), in which the frequency-

dependent mechanical responses of different networks overlap
when they are scaled by molecular parameters such as dissoci-
ation rate or activation energy (Figure 8a).!%!3 This superposi-
tion confirms that networks with different crosslinkers rear-
range through analogous mechanisms and that crosslink disso-
ciation controls rearrangement. It should be noted that the pol-
ymer networks used in those studies are crosslinked with metal-
ligand or host-guest interactions. Time-crosslinker superposi-
tion has yet to be demonstrated for CANs with different cross-
links, which may be ascribed in part to their more complex mul-
tistep exchange mechanisms. We attempted TCLS on frequency
sweeps obtained from four distinct boronic ester gels and found
that the curves did not superimpose when scaled by the boronic
ester hydrolysis rate constants or activation energies (Figure
8b).% The rate-limiting step of boronic ester hydrolysis can
change depending on many factors including pH, solvent, and
structure of the substrates.’”*” The lack of superposition indi-



cates a discrepancy in the translation from small-molecule pa-
rameters to macroscopic network properties. While TCLS may
be possible in other CANs with single-step mechanisms, in this
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Figure 8. Time-crosslinker superposition of frequency curves for analogous but structurally-different crosslinkers. (a) Successful application
of TCLS in a supramolecular metal-ligand network based on the small-molecule kq values. Reprinted with permission from ref. '°. Copyright
2005 American Chemical Society. (b) Frequency sweeps from four different boronic acid-diol crosslinked networks do not superimpose
based on k4. Adapted with permission from ref. 8. Copyright 2022 American Chemical Society.

3. STRATEGIES TO MODULATE MOLECULAR REACTIVITY
AND NETWORK PROPERTIES

As CANSs are based upon chemical reactions, it stands to rea-
son that the same tools that are used to understand and optimize
reactions can be applied to these materials. In the realm of re-
action optimization and catalyst design, researchers have har-
nessed quantitative descriptions of molecules to understand and
improve reactivity and selectivity.®*" The earliest form of
these methods, linear free energy relationships (LFERs), use ex-
perimentally- or computationally-derived data to reveal a trend
between specific molecular features in a series of substrates or
catalysts and reaction rates or selectivities.”! By comparing the
magnitude or direction of the trend to the literature, one may
extract mechanistic insight about the reaction; furthermore, one
may use this trend to predict the performance of a new substrate
or catalyst. Recent years have seen the development of more
sophisticated ways to analyze, describe, and predict chemical
space.?

In comparison, the application of such quantitative structure-
reactivity relationships to CANs is still in its infancy. A key
challenge in directly relating small-molecule parameters (ka, kq,
Keq, kex, Ea) to macromolecular properties (G, t*, flow Ea, ax) is
the fact that small-molecule reactions cannot replicate the pol-

ymer matrix environment and the perturbations induced by me-
chanical forces.** Here we review several examples comparing
small-molecule reactivity and network properties to demon-
strate the potential and limitations of such analyses. We high-
light chemical design principles that can be used to systemati-
cally manipulate and understand reactivity and show how these
principles can be translated to the design of polymer networks.
As this field continues to develop, we anticipate that the para-
metrization of dynamic covalent bonds will prove an enabling
tool for developing quantitative structure—reactivity—property
relationships.

3.1 POINT SUBSTITUTIONS

One of the most straightforward methods to modify reactivity
and develop structure-property relationships is to minimally al-
ter the electronic or steric environment surrounding a reaction
center, which we here refer to as point substitutions. When com-
paring two CANs with the same exchange chemistry but differ-
ent partners, researchers often qualitatively rationalize the di-
rection and extent of change that these substitutions confer
based on the mechanism of the reaction. However, several re-
cent examples go beyond pairwise comparisons to study a series
of CANs with point substitutions that are well-suited to tradi-
tional LFER parameters (Table 1). These studies provide the



opportunity to use the resulting structure—reactivity—property
relationships quantitatively and predictively.

Electronic effects. Hammett parameters capture the effect of
installing electron-donating and electron-withdrawing groups
on reactivity.” Several recent examples demonstrate the appli-
cation of Hammett relationships to a series of dynamic covalent
bonds and then seek to translate this trend to the corresponding
CANs. These examples reveal considerations that arise when
point substitutions are introduced in a network context.

Smulders demonstrated a Hammett-based approach to tuning
the viscoelastic parameters of an imine CAN.3! The dianilines
Table 1. Common parameters for LFERs.

shown in Figure 9a are commercially available and differ in
nucleophilicity based on the electronics of the bridging group.
Electron-withdrawing substituents decrease the nucleophilicity
of the p-anilines and -donating substituents increase it; these
properties manifest as an increase in both reaction rate (k.) and
equilibrium constant (Ke;) for transimination with more elec-
tron-rich anilines. When plotted as a function of oparn, log(k) and
log(K.g) exhibit a linear trend spanning two orders of magni-
tude, with individual deviations that the authors attribute to sol-
ubility differences (Figure 9b).
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Figure 9. (a) The small-molecule transimination with tunable dianilines used to measure k1 and Keq and the imine metathesis mechanism
proposed to occur in the material. By the principle of microscopic reversibility, the cyclic intermediate undergoes a retro-[2+2] to afford the
degenerate exchange products. (b) Hammett plot of Keq and k1 as a function of gpara. (¢) Hammett plot of flow Ea and strain after constant
stress as a function of gpara. Reprinted with permission from ref. 3!. Copyright 2021 The Royal Society of Chemistry.

Based on the small-molecule studies, one would expect that
networks based on electron-rich anilines would have lower flow
activation energies and deform more upon applied stress
(creep). In contrast, more electron-rich dianiline crosslinkers
provide networks with slower stress relaxation, higher flow Ea,
and less creep (Figure 9c¢). It is likely that the mechanism of
exchange differs between the small molecule system and the
bulk network: the stoichiometry of aniline to imine in the small-
molecule system promotes a transimination mechanism,
whereas the network is synthesized without free amine, biasing
the system towards imine metathesis. Therefore, the electronic
trends reflect electrophilicity of the imine rather than nucleo-
philicity of the aniline. Nevertheless, the network properties re-
lated to viscoelasticity exhibit a linear trend with respect to para
in the first demonstration that vitrimers can be directly analyzed
by LFERs.

Winne and Du Prez investigated how electronics affected the
thermodynamics and kinetics of base-catalyzed reversible thia-
Michael addition in CANs derived from arylpropynones.” Rate
constants and activation energies for their small-molecule
model system were obtained by 'H NMR. The resulting rate
constants were significantly affected by the electron-donating
or -withdrawing nature of the para substituent on the aromatic
ring, with —-NOz providing the fastest exchange and -NMe: the
slowest by almost three orders of magnitude. The positive, lin-
ear correlation obtained in the Hammett analysis supports a
common mechanism of exchange and implicates an increase in
negative charge in the transition state (Figure 10a). While the
authors attribute this effect to stabilization of the conjugate ad-
dition transition state by electron-withdrawing groups, the trend
is also consistent with stabilization of the deprotonation step in
conjugate elimination.

While these molecular trends were generally reproduced in
the CANSs, with electron-withdrawing substituents providing
faster relaxation than electron-donating ones, unlike the vitri-
mers studied by Smulders, this system is not amenable to a sim-
ple Hammett analysis. We plotted characteristic relaxation time
at 130 °C and flow E. as a function of Hammett parameter Gpara
and observed the expected trends, but limited adherence to a
linear fit (R? values ~0.6, Figure 10b-c).

Several reasons may underlie these deviations. Since the thia-
Michael CANSs rearrange by a dissociative mechanism, Keq and
thus crosslink density depend on the temperature and structure
of the crosslink; these differences are reflected in the variable
stiffnesses of the materials. With sufficient information about
crosslink conversion and gel point, Bowman and Wang have
shown that it is possible to apply Semenov—Rubenstein theory
to dissociative CANs, which could in principle be used to con-
vert the measured characteristic relaxation times to bond life-
times.®*% In addition to differences in topology, this reaction
requires a base catalyst, and the mobility of the catalyst in the
matrix may affect the rate of network rearrangement.
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Figure 10. (a) Thioacetal exchange mechanism. (b) Hammett plot
for small-molecule exchange rates and stress relaxation times as a
function of Gpara. (c) Hammett plot for small-molecule and network
flow activation energies as a function of cpara. Data extracted from
ref. % using WebPlotDigitizer.**

In a c atalyst-free thia-Michael CAN based on benzalcyano-
acetate acceptors, Rowan focused on the effect of electronic
substitutions on the thermodynamics of the dynamic bond.” A
positive slope in the Hammett plot of log(Keo/Kn) VS. Opara for
the P-aryl substituent suggests that electron-withdrawing
groups favor Michael adduct formation (Figure 11). A Van’t
Hoff analysis reveals that the differences in equilibrium have
enthalpic origins. This trend was then translated to CANS,
where the extent of bond formation could be estimated in the
solid state by Raman spectroscopy. Again, the trend in extent of
bond formation with respect to opara Was more complex in the
material. Acceptors with low Keq were unable to form networks
with sufficient integrity for mechanical tests, as expected,®
while the rubbery plateau moduli and thermal transition to flow



could be qualitatively attributed to the thermodynamics of the
dynamic bond. However, the dynamic reaction induces phase
separation in these networks, which complicates straightfor-
ward comparison to molecular parameters and illustrates the
complexities introduced by macromolecules. The same general
trend in Keq was observed by Rosales in a complementary study
of the same dynamic bond under aqueous conditions, where the
effect of electron-withdrawing groups was attributed to an in-
crease in the conjugate addition rate (ka) with little effect on the
conjugate elimination rate (ka).”* As a result, hydrogels based
on an electron-poor acceptor were stiffer, but the rates of stress
relaxation (governed by kd4) were approximately the same.
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Figure 11. Hammett plot for small-molecule and (estimated) net-
work F, in a thia-Michael network as a function of Gpara.

Steric effects. The reactivity of dynamic bonds can also be
probed and manipulated by modifying their steric environment.
Steric effects can provide a straightforward way to distinguish
between associative and dissociative mechanisms. The addition
of steric hindrance will tend to decelerate associative exchange
because the transition state is more congested than the reactants
(Figure 12a). This effect is used to develop Taft parameters,
which are based on the rate of acid-catalyzed ester hydrolysis.
In contrast, bulky substituents will accelerate a dissociative
mechanism by raising the energy of the starting materials rela-
tive to the transition state. The evaluation of multiple substrates
through a LFER can be used to assess which mechanism is op-
erative, or whether a change in mechanism occurs correspond-
ing to a change in slope.

increasing steric bulk decreases AG#*

Figure 12. Increasing steric hindrance of a crosslink will tend to
(a) decrease the rate of associative exchange, and (b) increase the
rate of dissociative exchange.

In transesterification-based vitrimers, Terentjev observed 38
kJ/mol higher flow E. when comparing an ester with a -methyl
group to one without this substituent, as expected for an associ-
ative mechanism.’® Unexpectedly, the more sterically hindered
vitrimers underwent creep at a lower temperature, which was
ascribed to its lower rubbery modulus and thus less crosslinked
structure. This example highlights the importance of network
topology and multiple forms of measurements when comparing
a series of CANS.

The dissociation of N-alkylureas is illustrative of a dissocia-
tive mechanism that has been tuned by steric effects in
CANS.”7987499 Cheng showed that hindered urea bonds (HUBs)
exist in an equilibrium with their dissociation products, isocya-
nate and amine (Figure 12b). The bulky substituent raises the
energy of the urea by enforcing a geometry that disrupts the
conjugation between the N lone pair and the carbonyl p orbital,
lowering the activation barrier to dissociation.'” Both Cheng
and Rowan have taken advantage of this effect to design self-

healing polyurea networks with tunable mechanical proper-
ties 798,74

Here, we focus on Rowan’s study, which examined the effect
of N-alkyl substituent on terminal flow temperature and stress
relaxation in polyurea thermosets without significant changes
in T or rubbery plateau modulus.” The equilibria between urea
and isocyanate in the bulk networks were monitored by temper-
ature-dependent FTIR, which revealed that bulky substituents
increase the extent of dissociation and decrease in the tempera-
ture at which dissociation occurs. Furthermore, the authors de-
rived flow E. from stress relaxation data for a series of CANs.
We plotted flow E. and Thow against the Taft parameter® and
observe a modest trend that would benefit from additional data
points to strengthen the analysis (Figure 13a). However, Taft
parameters rely on experimental data. The tetramethylpiperi-
dine substituent has not been parametrized and therefore cannot
be evaluated in relation to the other substrates.

Computational parametrization tools such as DBSTEP, an
open-source software developed by Paton, allow the steric
properties of any substituent to be determined in silico.'®! Com-
pared to Taft parameters, Sterimol parameters typically better
describe asymmetric substituents because they capture dis-
tances along principal axes.!””> We entered Cartesian coordi-
nates for four small-molecule ureas into DBSTEP to obtain
Bmin, Bmax, L, and % buried volume parameters for all four
substituents and plotted Rowan’s reported E. values against
them (see Supporting Information for details). The results in



Figure 13b-c again capture the overall trend but could not pre-
dict the similar E. of Et and iPr. Alternatively, a change in slope
in an LFER can indicate a change in mechanism; the absence of
terminal flow and increase in modulus at higher temperatures
for the Et-based network could suggest some amount of associ-
ative exchange, in addition to the proposed degradation.'®
Based on these data, we hypothesize that a substituent with in-
termediate Bmin or Bmax parameters would lead to a material
with intermediate E.. We extracted Sterimol parameters for a
range of alkylamines with similar electronics and identify pyr-
rolidine and tetramethylpyrrolidine as potential substituents that
would provide intermediate flow Ea and Thow.
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Figure 13. (a) Taft plots showing the relationship between N-alkyl
substituent size, flow Ea(green triangles), and Thow (black circles).
(b,c) Analysis of flow Ea using computationally derived (b) Ster-
imol parameters and (c) % buried volume.

In this section, we have presented several examples of tuning
network properties using point substitution and discussed how
the application of this design principle lends itself to establish-
ing LFERSs for polymer networks. We encourage researchers in

the field to consider whether LFERs are applicable to systems
under study and to test the predictive power of these relation-
ships. Systems that deviate from linearity may suggest the con-
tribution of matrix effects on network rearrangement, such as
chain flexibility, phase separation, crystallinity, or entropic ef-
fects.!® In Section 4, we discuss considerations in the design of
small-molecule model systems and polymer networks to im-
prove the strength of these relationships. We also encourage re-
searchers to use the computational tools developed for reaction
optimization and asymmetric catalysis to explore functional
groups that may not be described by traditional Hammett or Taft
parameters.® " Point substitutions offer a structurally con-
servative and often synthetically accessible method to alter
crosslink structure and tune macromolecular properties over a
broad range; the development of LFERs for CANs will improve
predictability in the form of quantitative structure-reactivity-
property relationships.

3.2 INTERNAL CATALYSIS

Internal catalysis relies on proximity-induced enhancement
of reactions of nearby functional groups. These groups facilitate
reactivity by stabilizing transition states and creating lower-en-
ergy reaction pathways (enthalpically favored) or by increasing
the chance of reaction through proper orientation of reactants
(entropically favored).!%:1% As a result, inductive, ionic, elec-
trostatic, dipolar, or covalent interactions can accelerate ex-
change, with the proximity of the respective catalytic group be-
ing critical.'””'% Groups that are considered mild acids or bases
can have pronounced effects on reactivity that typically requires
strong acid or base external catalysts. In these studies, control
systems lacking the internal catalyst or positioning it less favor-
ably are typically designed to provide mechanistic support. The
nature of internal catalysis is also important for its effect on net-
work topology. Internal acid or base catalysis that involves H-
bonding to enhance electrophilicity or nucleophilicity, respec-
tively, will not affect the mechanism of reconfiguration (Figure
14a). In contrast, neighboring group participation that involves
intramolecular cyclization will convert a mechanistically asso-
ciative process such as transesterification to a topologically dis-
sociative network rearrangement (Figure 14b). Here, we focus
on the first form of internal catalysis.
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Figure 14. Two forms of internal catalysis for transesterification of
a benzoic ester. (a) H-bonding by an adjacent phenol lowers the
activation energy without altering the exchange mechanism. (b)
Neighboring group participation that generates a phthalic anhy-
dride intermediate results in a topologically dissociative exchange
mechanism.'%?

Internal catalysis can mediate dramatic rate accelerations
with minimal structural modifications to the dynamic bond.
Wulff showed that neighboring amines on boronic esters signif-
icantly accelerate the transesterification of boronic esters by



lowering the barrier to proton transfer.!'® Guan translated this
effect to self-healing boronic ester networks.!!! In a small-mol-
ecule model system, the authors observed a difference of about
5 orders of magnitude for exchange rates in the presence and
absence of the internal catalyst (Figure 15a). This effect was
translated to polymer networks using divalent boronic ester
crosslinkers with and without proximal amines and provided
greater malleability and self-healing ability in the material with
internal catalysis. Guan further expanded this design to silyl
ether-based CANs with internal amine catalysts.!!2
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Figure 15. Examples of internal catalysis translated to CANs. (a)
Internal base catalysis by Wulff-type boronic esters and corre-
sponding frequency sweep of boronic ester CANs. Reprinted with
permission from ref. ', Copyright 2015 American Chemical So-
ciety. (b) Internal catalysis of boronic acid—diol reversible conden-
sation by amides. (c) Internal catalysis of urethane exchange by
amines. (d) Internal catalysis of thiol conjugate addition—elimina-
tion by carbonyls.

While internal base catalysis by proximal amines in aryl-
boronic acids and esters is well established,!!%!13114 our studies
of' boronate ester gels revealed that the amide group used to con-
jugate diols to polymers can also act as an internal catalyst
(Figure 15b).% By comparing the small-molecule reactivity of
diols with and without amides, we showed that the internal cat-
alytic effect is more pronounced for hydrolysis than for esteri-
fication, resulting in lower Keq values in the presence of amides.
These trends were borne out in the stress relaxation and stiffness
of the corresponding gels. Because effective internal catalysis
relies on a decrease in entropy, these effects are highly sensitive
to the placement of the internal catalytic group relative to the
reactive site, as exemplified by a cyclopentanediol substrate
with the amide syn or anti relative to it.

The effect of the location of the internal catalyst has been
demonstrated for other dynamic bonds. Cramer, Hillmyer, and
Dichtel previously reported catalyst-free polyhydroxyurethane
vitrimers based on TREN as the multifunctional monomer.'!*
Guerre, Sardon, and Du Prez proposed that exchange in these
networks is internally catalyzed by the tertiary amine in
TREN.!'¢ While networks with amines on either the nitrogen or
oxygen side of the carbamate displayed similar flow E. values
in stress relaxation measurements (111-118 kJ/mol), the latter
design underwent urea formation during reprocessing, suggest-
ing that the placement of the internal catalyst can affect the
prevalence of side reactions (Figure 15c).

In PDMS vitrimers based on the conjugate addition-elimina-
tion of thiols to electron-deficient dithioalkylidenes,!'” we
found that acceptors derived from cyclic 1,3-diketones and
diesters provided significantly faster stress relaxation compared
to those derived from their linear counterparts (Figure 15d).!!8
Based on DFT, this effect was rationalized by the ability of the
carbonyl to facilitate proton transfer to and from the thiol in a
closed transition state. Cyclic acceptors enforce a conformation
that stabilizes this transition state. However, we have since ob-
served that this conjugate addition-elimination operates by a
different mechanism in aqueous environments, highlighting the
importance of solvent/matrix in these comparisons.

3.3 PHOTOSWITCHABLE
CROSSLINKS

The case studies discussed above reveal the sensitive rela-
tionship between crosslink structure and network properties, of-
fering design principles to tune network through molecular-
level engineering. An appealing feature of dynamic covalent
bonds is their stimuli-responsiveness, which offers the potential
to control network mechanics in situ. Common stimuli include
pH, small-molecule analytes, temperature, and light. Light is a
particularly attractive stimulus because it can be applied exter-
nally with spatial and temporal control. By coupling the reac-
tivity of crosslinks to a light-responsive molecule, network me-
chanics can be precisely manipulated after fabrication. While
certain cycloadditions and bond homolyses can be directly in-
duced by light, red-shifting the wavelengths required for photo-
control inherently lowers the energy available for dynamic
bonding.'"” Here, we focus on reversible photocontrol based on
the effect of photoswitches on dynamic covalent bonds (Table
2). These designs enable decoupling of the photoreaction and
the thermally-controlled dynamic covalent crosslink.

DYNAMIC  COVALENT

Table 2. Photocontrollable dynamic covalent bonds and
conditions used in networks.



Dynamic bond Mechanism Solvent Refer-
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Branda first demonstrated that reversible Diels—Alder cy-
cloadditions could be controlled by the isomerization of a dithi-
enylethene photoswitch and highlighted the wavelength tuna-
bility of this approach.' In the open isomer, the photoswitch
can engage in the cycloaddition; when the adduct is switched to
the closed state, it is unable to undergo retro-Diels—Alder. Hecht
then modified this design'*® and applied it to conditionally self-
healing polymethacrylate CANs (Figure 16a).'*! Healing of a
scratched film was mediated by both heating and 365-nm irra-
diation. With the photoswitch its open (reactive) form, Thow
above 100 °C is observed; the closed (locked) form displays a

(a)

smaller drop in modulus at a similar temperature but does not
flow. However, the materials display very similar mechanical
properties below Tow.

Extending this concept to a lower-temperature dynamic bond,
Hecht synthesized photoswitchable aldehydes to achieve differ-
ent condensation rates with either hydrazides or amines, which
was then translated to photocontrol the self-healing rate of
PDMS CANs (Figure 16b).!* While several classes of pho-
toswitches were explored, a diarylethene provided the greatest
difference in imine formation rate (about 1 order of magnitude)
and was bistable. Interestingly, while the goal of this design was
to photoswitch crosslink formation kinetics and thus self-heal-
ing rates, G’ of the faster-reacting form is ca. 5-fold higher, sug-
gesting that the aldehyde-imine equilibrium constants are also
affected by the photoswitch.

Inspired by this work and the well-documented tunability and
aqueous compatibility of the boronic ester dynamic bond,%!3¢
our lab sought to photocontrol the mechanics of boronic ester
hydrogels. Azobenzenes were selected based on their aqueous
compatibility, tunability, and modularity.'®” We discovered that
ortho-azobenzeneboronic acids bind diols more strongly in the
Z conformation than in the E conformation (Figure 16¢).!*® De-
tailed experimental and computational studies revealed the
origin of this isomerization-driven change in binding constant
and enabled predictive design based on the sterics and H-bond-
ing ability of ortho groups.'?” When a fluorinated ortho-azoben-
zeneboronic acid was appended to 4-arm PEG with a comple-
mentary polyol, Keq for boronic ester formation in the £ isomer
fell short of the gel point, while isomerization to the Z isomer
with green light provided a hydrogel with G’ of ~2 kPa. Inter-
estingly, while the stiffness of these hydrogels was reversibly
photocontrolled with solely visible light, stress relaxation was
constant. This decoupling of stiffness and stress relaxation had
not been previously demonstrated in a single material.

(b)
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Figure 16. Examples of photoswitchable dynamic covalent bonds applied to CANs. (a) Diarylethene conformation turns on and off a re-
versible Diels—Alder reaction. (b) Diarylethene conformation controls the rate of imine formation. (¢) Azobenzene conformation controls
the binding of diols to boronic acids, enabling hydrogels with reversibly phtoocontrolled stiffness. (d) Acylhydrazone conformation controls

the activity of an internal catalyst for boronic ester transesterification.

To complement this work, we were inspired to develop pho-
toswitches that can be used to control stress relaxation inde-
pendent of storage modulus. Rather than manipulating both /.
and k¢ in a dissociative dynamic crosslink, in analogy to
Rosales’ work,”> we envisioned that an associative mechanism
would enable photoswitchable control over kex without affect-
ing network topology and thus stiffness. Based on Wulff’s stud-
ies of internal catalysis in boronic ester transesterification, we
designed a bidirectional hydrazone photoswitch that reversibly
gates an internal base catalyst (Figure 16d).'?® The resulting kex
is altered by over 4 orders of magnitude based on the pho-
toswitch conformation. In a poly(caprolactone) network, this
rate difference translated to a shift in the crossover frequency
a: without any change in the plateau modulus. While an excit-
ing proof of concept, many practical challenges (synthetic ac-
cessibility, hydrolytic stability) must be addressed before this
system can be applied to a functional material.

4. CONCLUSIONS AND OUTLOOK

In this Perspective, we have focused on several studies that
systematically evaluate a series of dynamic covalent crosslinks
and correlate the trends in reactivity to the mechanical proper-
ties of the corresponding CANs. We propose that analyzing
these structure-reactivity-property relationships using LFERs
will improve our ability to design CANs with targeted mechan-
ics, and in addition, may reveal mechanistic insight that is chal-
lenging to obtain through more direct measurements. We also
highlight the significant impact that internal catalysis and pho-
toswitches can have on reactivity and the translation of these
effects to CANS.

We anticipate that the systematic study of CANs through
quantitative structure-reactivity-property relationships will en-
able the design of rapid but high-E. dynamic bonds ideal for
reprocessable, creep-resistant elastomers and thermosets. By
understanding exchange mechanisms in detail, it will be possi-
ble to design photoswitches that dramatically alter the physical
properties of hydrogels for biomedical studies. Beyond photo-
control, a particular interest of our lab, the design principles ex-
tracted from these relationships will accelerate the development
of materials with targeted properties and responses to other
stimuli. We also envision that the marriage of mechanochemis-
try'** and CANs will enable an exciting new class of materials
whose dynamic properties change as a function of force.'*°

As physical organic and synthetic chemists working in the
field of CANs, we offer below several recommendations for fu-
ture studies that seek to develop these structure-reactivity-prop-
erty relationships. Furthermore, we suggest advances in meas-
urement science that would greatly impact this field by enabling
direct measurement of crosslink reactivity in CANs.

4.1 THE DESIGN OF SMALL-MOLECULE MODEL SYSTEMS

In order for small-molecule model systems to be useful for
predicting network trends, we recommend that the following
criteria are considered:

1. Because dynamic covalent bonds are so sensitive to
structure, the small molecule systems must be structur-
ally relevant to the material and not overly simplified.%¢

2. The conditions used for the small-molecule model sys-
tem should be as relevant as possible to the polymer sys-
tem. Factors such as the polarity of the solvent, presence
or absence of water, and even stoichiometry*! and spec-
tator ions***!86 can affect the mechanism and rate of ex-
change. When differences are required by experimental
constraints (e.g. reasonable viscosity, solubility, or reac-
tion rates), they should be noted and rationalized.

3. When synthetically/commercially accessible, structural
modifications that lend themselves to LFERs are recom-
mended. When simple electronic and steric point substi-
tutions with corresponding literature parameters are not
possible, computationally or spectroscopically derived
parameters®®® should be considered.

4.2 MACROMOLECULAR CONSIDERATIONS

In applied settings, the network components and their assem-
bly will be dictated by practical considerations such as feed-
stock availability and cost, the target properties of the network,
cure rate and conditions, etc. For fundamental studies like many
of the ones discussed here, however, these constraints are less
relevant and designs that offer the best possible comparison be-
tween networks and between experiment and theory may be pri-
oritized:

1. The vitrimer matrix (7g, polarity, molecular weight) can
profoundly affect viscoelasticity.3*!*! Deviations from
Arrhenius behavior are observed near Ty;%' phenomena
like phase separation and crystallinity that are not ob-
served in small-molecule solution studies also impact
the ability of the dynamic bonds to engender network re-
arrangement.'#>1437532 Therefore, if one wishes to focus
on crosslink reactivity, using low-7; matrices like
PDMS or gels swollen with a good solvent facilitates
comparison.

2. The network topologies for a series of CANs should be
as similar as possible. If Keq varies, quantitative compar-
ison requires the application of appropriate theories.®*%

3. In general, amorphous prepolymers with lower disper-
sity, well-defined junction functionality, and molecular
weight below entanglement yield networks that better
approximate “ideal” topology.®® Networks derived
from multifunctional monomers, while synthetically ex-
pedient, may experience changes in T, matrix polarity,
crosslink density, defect formation, or backbone flexi-
bility when the crosslink is modified in addition to the
desired changes in reactivity.

4.  While most CANs are assembled using the dynamic co-
valent bond itself, more uniform network topologies
may be achieved by embedding the dynamic covalent
bond in the strand and curing the network by a rapid,
efficient “click”-type reaction.'* This is particularly true
if the dynamic bonds span a wide range of kinetics.

4.3 NETWORKS ARE NOT IDEAL

In permanent networks, it is well understood that even if net-
works could be prepared using unimolecular prepolymers, per-



fect stoichiometry, and quantitative reactions, the resulting to-
pologies can never be “ideal” because the formation of some
fraction of intramolecular linkages (loops) is inevitable. How-
ever, the consequences of non-ideality in CANs are only just
beginning to be explored. In addition to theories that address the
contribution of loops to elasticity®® and fracture,'* theory by
Ciarella suggests that loops in vitrimers in fact accelerate net-
work rearrangement by converting elastically-active strands
into elastically-inactive (or fractionally-elastically-active)
loops that dissipate stress while maintaining crosslink connec-
tivity.3®3 However, experimental studies to date provide only
indirect support for this prediction.*?* To confirm and quantify
this theory experimentally, studies that count loops in CANSs,
systematically vary loop fraction in materials with identical dy-
namic bonds,'**'%” and evaluate the effect on stress relaxation
are required.

4.4 TECHNIQUES FOR DIRECT MEASUREMENT IN
POLYMER NETWORKS ARE NEEDED

In the studies highlighted here, trends in polymer networks
with respect to crosslink structure are almost invariably less
well-behaved than the corresponding small-molecule model
systems. While the reasons for these discrepancies and strate-
gies to minimize them are discussed above, techniques that en-
able direct measurement of dynamic bond reactivity in the net-
work environment, and particularly under deformation, would
offer profound insights to the field. It would be possible to an-
swer questions such as: How do the kinetics and thermodynam-
ics of dynamic bonds in CANs differ from small-molecule
model studies? What factors determine these differences? How
does deformation affect the dynamic reaction landscape?'*®

For dissociative bonds with distinct spectroscopic signatures,
solid-state FTIR, Raman, or NMR can be used to quantify the
extent of dynamic bond formation.* However, measuring the ki-
netics of molecular events in materials remains challenging and
is rarely performed.®®® Bowman used dielectric (electrochemi-
cal impedence) spectroscopy to reveal the timescales of com-
peting dynamic reactions in thioester CANs.!**!3 This tech-
nique benefits from the broad dynamic range relative to oscilla-
tory rheology (102-10° Hz), but faces similar challenges in as-
signing relaxation events to molecular processes.

Significant advances in single-particle tracking and superres-
olution microscopy'>' provide time-resolved, nano- to mi-
croscale insight into polymerization kinetics'>?** and confor-
mations of neat polymer chains.!>>!% We believe that the devel-
opment of fluorescent probes that are responsive to dissociative
bond formation/breaking'>’ or even associative, (quasi)-degen-
erate bond exchange would allow these optical techniques to be
applied to CANs. The ability to map molecular events in time
and space, as a function of applied deformations, will illuminate
open questions in this field.
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