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Covalent adaptive networks with repairable,
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re-adhesive (5R) performance via dynamic
isocyanate chemistry
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Hesheng Xia (2 *®

Polymer materials with covalent adaptive networks (CANs) structures have attracted considerable atten-
tion in recent years due to their excellent repairable, reprocessable, reconfigurable, recyclable, and re-
adhesive (5R) performance. Many types of CANs based on reversible dissociation or association reactions
have been developed. Of these, CANs via dynamic isocyanate chemistry have made significant progress
on the creation of smart polyurethane (PU) and polyurea (PUR) materials. Herein, we provide a compre-
hensive review on the recent development of CANs via dynamic isocyanate chemistry. First, we provide a
brief introduction of dynamic isocyanate chemistry. Second, several categories of dynamic isocyanate
chemistry (and the mechanism behind them) are discussed in detail. Third, we focus on the characteriz-
ation of CANs via dynamic isocyanate chemistry by physical and chemical approaches. Fourth, we focus
on novel types of “smart” polymer materials containing a CANs structure with 5R properties via dynamic
isocyanate chemistry. The influence of different categories of dynamic isocyanate chemistry on the stress
relaxation and 5R performance are summarized in detail in this part. The advantages and disadvantages of
different types of dynamic isocyanate chemistry for 5R applications are also discussed. Finally, conclusions
and the outlook on the development and challenges of CANs via dynamic isocyanate chemistry are
provided.

1. Introduction

Covalent adaptable networks (CANs; also known as vitrimers)
are covalently crosslinked polymers that can be reshaped via
crosslinking and/or strand exchange at high temperatures.'™
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Fig. 1 Dynamic process of dissociative and associative CANs with 5R performance formed by different categories of dynamic isocyanate chemistry
where X denotes O, S, NH, or NR groups (schematic). Reproduced from ref. 166 with permission from the American Association for the
Advancement of Science, copyright 2018. Reproduced from ref. 87 with permission from the American Chemical Society, copyright 2020.
Reproduced from ref. 67 with permission from the Royal Society of Chemistry, copyright 2020.

These materials possess excellent repairable, reprocessable,
reconfigurable, recyclable and re-adhesive (5R) properties.” "
CANs can undergo dissociative or associative reversible reac-
tions upon external stimuli (Fig. 1).">'* Dynamic chemical
bonds or moieties such as Diels-Alder (DA) bonds,'*'?
urethane groups,'®*” urea bonds,'®"? alkyl anilinium or triazo-
lium salt,** alkoxyamines,**** and reversible homolytic reac-
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tion of nonpolar bonds**** have been introduced into polymer
materials to prepare dissociative CANs. Disulfide bonds,”®?”
trithioester bonds,*® transesterification,?*° imine bonds
(Schiff bases),’™*> vinyl urethane/urea, silyl ether
bond,***” and metathesis of alkene and boronate bonds*®*°
are the most rapidly developing dynamic covalent bonds for

making associative CANs. The possibility of using dynamic iso-
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cyanate chemistry to make functional polymer materials with a
CANs structure has been studied. Isocyanate chemistry is a
very important reaction for the polymer industry due to the
wide application of polyurethane (PU) and polyurea (PUR)
materials.*’ One way to develop PU/PUR materials with a CANs
structure is by introducing dynamic covalent bonds into PU
networks. The drawback of this strategy is that the introduc-
tion of additional dynamic groups warrants a complicated syn-
thesis and may alter the original property of PU/PUR materials.
Making urethane/urea bonds dynamic can overcome this
change because extra events are not involved. Therefore, great
efforts have been devoted to develop CANs via dynamic isocya-
nate chemistry. This is a rational approach to develop PU/PUR
with 5R performance to meet with the high criteria of sustain-
able development of polymer materials.

Dynamic isocyanate chemistry can involve dissociative or
associative exchange during thermal processing (Fig. 1). In
theory, the crosslinking density remains constant for associat-
ive CANs via dynamic isocyanate chemistry during the
dynamic process if side reactions are absent. There is virtually
no difference in the rate constant of the forward reaction and
reversible reaction because the reactant and product are
usually the same type of compound (Fig. 1). The dynamic
process is a kinetic control step dependent only upon tempera-
ture. An obvious exchange reaction induces network rearrange-
ment above the topological temperature, leading to a 5R
performance.*>™ As for dissociative CANs via dynamic isocya-
nate chemistry, the rate constant of the forward reaction
should be larger than the reversible reaction; and then stable
polymer materials can be prepared (Fig. 1)."* The crosslinking
density decreases obviously with increasing temperature,
leading to the destruction of polymer networks and decrease
in the system viscosity, and resulting in 5R performance.*®

One review summarized recent developments on dynamic
covalent polymers enabled by reversible isocyanate chemistry.
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Different preparation approaches of dynamic covalent poly-
mers based on reversible isocyanate chemistry were described
for applications in self-healing materials, recycling, shape-
memory polymers, and three-dimensional (3D) printing.*’
Different from that review article, herein we focus on recent
developments on CANs via dynamic isocyanate chemistry and
the derived “smart” polymer materials with 5R performance.

First, we provide a brief introduction of dynamic isocyanate
chemistry. Second, three main categories of dynamic isocyanate
chemistry and the dynamic mechanisms behind them are dis-
cussed. Third, we focus on characterization of CANs vig dynamic
isocyanate chemistry by physical and chemical approaches.
Fourth, we focus on novel kinds of smart polymer materials with
5R properties obtained via dynamic isocyanate chemistry. The
relationship between the stress-relaxation character and 5R per-
formance is discussed in detail in this part. The influence of
different parameters on the stress-relaxation characteristics of
CANs via dynamic isocyanate chemistry is discussed in this part.
In addition, the advantages and disadvantages of different types
of dynamic isocyanate chemistry for 5R applications are dis-
cussed. Finally, conclusions and the outlook for the development
of CANs via dynamic isocyanate chemistry are provided.

2. Dynamic mechanism of isocyanate
chemistry by study of models

The reactivity of the isocyanate group with a linear structure
composed of two double bonds (N=C and C=O0) is based on
the polarization induced by the high electronegativity of nitro-
gen and oxygen atoms. The electron-density distribution and
geometry of the isocyanate group are poorly studied, but the
carbon atom possesses the minimum electron density. Due to
the resonance effect, the addition reaction between the isocya-
nate group and active nucleophilic reagent occurs readily
through the nucleophilic center attacking the electrophilic
carbon of isocyanate. The most important reactions involving
isocyanate are addition reactions with alcohol, thiol, or amine
groups (Fig. 1). Whether these addition reactions can dis-
sociate into isocyanate and the nucleophilic reagents is depen-
dent upon the magnitude of charge separation between the
carbonyl carbon and nucleophilic-center atom. This parameter
is determined by the: isocyanate structures and nucleophile
agent; relative rate of forward and reversible reactions of the
nucleophile agent with the isocyanate; polarity and hydrogen-
bonding potential of the reaction medium; type and concen-
tration of catalysts; environmental temperature.*® Electron-
donating substituents in the nucleophilic agent will
strengthen the labile bond. Electron-withdrawing substituents
in the nucleophilic agent will weaken the bond, resulting in a
low dissociation temperature. In general, if steric factors are
neglected, any electron-withdrawing group attached on the iso-
cyanate group will increase the positive charge on the carbon
atom and enhance the reactivity.** The degree of dynamism of
this reaction is dependent upon the electronegativity and
spatial hindrance of the neighboring group of X and isocya-
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nate. Spatial hindrance weakens the bond energy of the
formed product, making the addition reaction dynamic. The
influence of electronegativity on the dynamic property is more
complicated and is discussed in detail below. In the presence
of an XH group, the dynamic exchange reaction between XH
and urethane/urea/thiourethane groups also occurs (Fig. 1).
Usually, extra energy must be inputted for this reaction. The
content and position of the XH group in the polymer network
have a big influence on this reaction. If the X; group is more
active than the X, group, then the forward reaction also
occurs, but making this reaction reversible is difficult.

2.1 Reversible chemistry between hydroxyl and isocyanate
groups

Usually, the dissociation reaction of carbamate groups to iso-
cyanates and hydroxyl groups occurs at high temperatures
(>200 °C) and is accompanied by inevitable side reactions.*
The dissociation temperature of carbamate groups can be
reduced markedly if a secondary alcohol with an electron-with-
drawing group is used as the monomer.>" For example, the
bond formed between 1,3-dichloro-2-propanol and isocyanates
becomes very labile because the highly electro-negative charac-
ter of the chlorine atom drains the electron density present in
the oxygen atom of the blocking agent.”" Similarly, the carba-
mate bonds formed by the reaction between isocyanates and
oximes groups are stable at room temperature, but can
undergo a reversible decomposition reaction after being
heated due to the strong electron-withdrawing effect of the
imine bond.*®*> Oxime-carbamate groups undergo a five-
membered cyclic intramolecular transition during the dis-

View Article Online
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sociation process (Fig. 24).'®°*** The degree of dissociation
can be tuned readily by varying the structure of oximes and
isocyanates. Introduction of electron-withdrawing groups at
the alpha position of oxime groups or increasing the steric
effect of isocyanate groups can reduce the decomposition
temperature.”® The rate and extent of this reversible reaction is
also dependent on solvents, catalysts, and temperature.>”

Although phenols react more slowly with isocyanates than
alcohols, the formed phenol-carbamate moieties dissociate at
lower temperatures than aliphatic urethanes, which is consist-
ent with the slower rate of the reverse reaction. Amine bases
are effective catalysts for forward and reverse reactions (Fig. 2B
and C).”® The dissociation temperature and rate depend on the
electronic effects and acidity values of the nucleophilic agents.
The phenolate anion is bonded loosely with the carbonyl
group with a phenol compound possessing high acidity. The
nucleophilic agent dissociates at lower temperatures with elec-
tron-withdrawing substituents such as chlorine, trifluoro-
methyl and ester groups, and at higher temperatures with elec-
tron-releasing substituents such as methyl and methoxy
groups.’®>® Similar to phenol, urethane formed by pyridinol
and isocyanate is also a type of dynamic covalent bond.>® The
electron-withdrawing substituent on the ortho position reduces
the electron density and nucleophilicity of the hydroxyl group.
Thus, the urethane bond will be more labile and the dis-
sociation temperature will be lower. In addition, high steric
hindrance blocks the hydroxyl group to attack the NCO group,
so the urethane bond becomes more labile.*

The dissociation transcarbamoylation reaction also occurs.
The exchange rate is highly dependent on the catalyst category
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Fig. 2 Possible mechanism for the reversible reaction of oxime-carbamate (A), and the forward (B) and reversible (C) reaction between phenol and iso-
cyanate with tertiary amine as a catalyst (schematic). Reproduced from ref. 56 with permission from the Royal Society of Chemistry, copyright 2016.
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Fig. 3 Transcarbamoylation reaction with Sn(Oct), as a catalyst in the presence (A) or absence (B) of free hydroxyl groups (schematic). Reproduced
from ref. 66 with permission from the American Chemical Society, copyright 2019.

and content. The DBTDL catalyst used for the formation of car-
bamate bonds also promotes its dynamic exchange at high
temperatures.®®> Whether the carbamate exchange reaction
undergoes an associative or dissociative process depends on
the catalyst, temperature, and position of the free
hydroxyl.>»®*"®® Dissociative exchange dominates the carba-
mate bonds exchange reaction in the presence of stannous
octanoate irrespective of whether a free hydroxyl group is left
(Fig. 3).%° If a free hydroxyl group is involved in the transcarba-
moylation reaction, the dissociative process is much slower
due to the competitive coordination of the free hydroxyl group
(Fig. 3A). In the absence of a free hydroxyl group, the urethane
group can bind more freely to the catalyst (stannous octanoate)
to induce a rapid dissociation reaction (Fig. 3B).
p-Toluenesulfonic acid also catalyzes the transcarbamoylation
reaction via associative exchange in the presence of a free
hydroxyl group.®” If DBTDL is used as a catalyst, associative
and dissociative exchange reactions occur for carbamate
bonds.®” If the hydroxyl group is located at the p-position of
the carbamate moiety, an obvious exchange reaction occurs at
140 °C.** The transcarbamoylation reaction via an associative
process can be activated by mechanical stress due to the twist-
ing of nitrogen lone pairs out of conjugation with the n orbi-
tals of the carbonyl group. Hence, whether carbamate bonds
underdo associative or dissociative exchange reactions is a
complicated process, and can be influenced strongly by the:
nature of the isocyanate group; catalyst species and content;
free hydroxyl content and position; temperature. This chal-
lenge is hindered further due to the challenging capture of iso-
cyanate species during the dynamic process because the regen-
erated isocyanate species are transient at most temperatures.®’

2.2 Reversible chemistry between amine and isocyanate
groups
The reaction between an amine compound and isocyanate is

much faster than that for an alcohol compound, and a catalyst
is not needed for this reaction. The addition product of a

This journal is © The Royal Society of Chemistry 2023

primary amine and isocyanate is highly stable due to the reso-
nance effect, and making it dynamic is difficult. Wang et al.
found that the dissociation rate of this reaction could be accel-
erated in the presence of a Lewis acid.'® Density functional
theory (DFT) calculations have demonstrated that the presence
of a zinc ion accelerates the dissociation of urea by two orders
of magnitude via the formation of O-bound Zn complexes,
indicating the dynamic nature of the urea bond formed by the
primary amine and isocyanate with a zinc ion as a catalyst
(Fig. 4C). The reaction starts with a hydrogen transfer from
one nitrogen to the other nitrogen atoms, followed by the clea-
vage of the C-N bond, finally leading to the formation of iso-
cyanate and amine groups. They also found that normal urea
bonds incorporated into polymer networks could be made
dynamic in the absence of a catalyst due to the entropy
changes of the polymer system,°® which was due to the entro-
pic gain on debonding of the network.”® When an aromatic
monomer is used for preparing normal urea, an associative
dynamic process with an amine-urea exchange reaction
occurs. The exchange reaction is based on an addition-frag-
mentation process in which a nucleophilic attack of the free
amine to the carbonyl group takes place. DFT calculations
have revealed that the opening reaction of urea needs more
energy than the amine-urea exchange reaction.”” Meanwhile,
this amine-urea exchange process is highly dependent upon
regioisomerism. If an ortho-phenylenediamine is used as the
monomer, this exchange reaction occurs accompanied by side
reactions.”’ The exchange chemistry of different diaryl urea
groups occurs at 120 °C. This reaction rate can be accelerated
by introducing electron-donating groups into the phenyl
group.””

The dissociation temperature of the urea bond formed by a
secondary amine is much lower than that of the primary
amine due to the steric effect of the substituent,*®”® and
decreases with an increase in the substituent volume."® The
reversible dissociation and reformation process of urea bonds
bearing a hindered group on the nitrogen atom is shown in

Polym. Chem., 2023, 14, 4381-4406 | 4385
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Fig. 4A. Dissociation of the urea bond formed by pyrazole and
isocyanate is promoted by undergoing an intermediate five-
membered-ring state (Fig. 4B). Theoretical calculations indi-
cate that the pathway with nucleophilic addition is a rate-limit-
ing step that accords with first-order kinetics. The resonance
energy in pyrazole-urea bonds is lower than that of normal
urea bonds formed by a primary amine, but is higher than
that of hindered urea bonds. Therefore, the stability and rever-
sibility of a pyrazole-urea moiety originates from the aromatic
character of pyrazole moderately weakening the resonance
stabilization and the presence of an adjacent nitrogen atom
facilitating intramolecular 1,4-hydrogen transfer.”* The dis-
sociation rate of the pyrazole-urea moiety increases if the
a-carbon is substituted by groups with high steric hindrance.
The k4 increases from 0.00654 s™' to 0.0457 s™* if the neigh-
boring group of a-carbon is changed from hydrogen to the tert-
butyl group.”

2.3 Reversible chemistry between thiol and isocyanate groups

Thiourethane formed by the addition reaction between thiols
and isocyanates is considered to be a type of click chemistry
due to the fast reaction rate and highly efficient conversion.”®
Ainara and coworkers proposed the dynamic character of the
thiourethane group in a patent, but they did not explain the
detailed mechanism.”” In a later study, they reported that
crosslinked polythiourethane materials formed by aromatic
thiol and isocyanate groups could be reprocessed, indicating
the dynamic nature of thiourethane chemistry.”® Torkelson

4386 | Polym. Chem., 2023, 14, 4381-4406

et al. used small-molecule model systems to confirm that
thiourethanes could undergo exchange reactions with free
thiol groups at room temperature and a dissociation reaction
to regenerate thiols and isocyanates after being heated.”® Serra
and coworkers proposed that the thiourethane exchange is a
associative process in the presence of a catalyst, whereas
associative and dissociative reactions can occur at different
temperatures without a catalyst.®** Bowman and coworkers
reported that the thiourethane exchange proceeds via an
associative pathway involving the attack of a thiolate anion on
the carbonyl carbon and regeneration of a thiocarbamate and
thiolate anion in the presence of a base catalyst (Fig. 5A, route
B).®! In the presence of a strong nucleophile, the thiourethane
exchange reaction proceeds through a dissociative pathway
which involves the attack of a nucleophile on the carbonyl
group and regeneration of the thiolate anion and isocyanate
(Fig. 5A, route A).®' If a nucleophilic and basic dual catalyst
(DBN: 1,5-diazabicyclo[4.3.0]non-5-ene) are used, association
and dissociation exchanges occur (Fig. 5B).5

2.4 Other types of dynamic chemistry with involvement of
isocyanate groups

Urethane compounds with a f-OH group can decompose to
amine and five-membered ring carbonates at 140 °C, which
can reform into carbamate bonds at 80 °C with a tertiary
amine as a catalyst.®* The reaction between the six-membered-
ring carbonate and amine group can also be utilized to syn-
thesize  polyhydroxylurethane. This achieves network

This journal is © The Royal Society of Chemistry 2023
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rearrangement through transcarbamoylation between the car-
bamate group and pendant hydroxyl group, but the reversible
reaction for the carbamate bond dissociating into an amine
and six-membered-ring carbonate is difficult.®***

3. Characterization of CANs via
dynamic isocyanate chemistry

In part 2, we have summarized different categories of dynamic
isocyanate chemistry and clarified the dynamic mechanism
behind them by a model study of small compounds. If
dynamic isocyanate chemistry is incorporated into a polymer
matrix to develop CANs materials, then the dynamic process is
quite complicated and deserves exploration. A well-used
method for characterizing the CANs structure in a polymer
network is stress relaxation conducted by dynamic mechanical
analysis (DMA) or rheology. Different form traditional thermo-
sets, CANs can relax to zero during thermal processing due to
the dynamic exchange reaction (Fig. 6A). A longer time is
needed for a lower relaxation temperature. CANSs via associative
dynamic isocyanate chemistry can maintain the original cross-
linking density of the network throughout the exchange
process. Therefore, associative CANs undergo a gradual

Arrhenius-like reduction in viscosity at high temperatures
while maintaining mechanical and network integrity.
Conversely, dissociative isocyanate chemistry reduces the
crosslinking density with an increase of temperature due to
the decomposition of dynamic moieties. However, within a
limited temperature range, only a small degree of crosslinking
dissociation occurs. The stress-relaxation behavior is limited
by the weak bond exchange in this situation, and so also
follows the Arrhenius relationship.®® Hence, the stress relax-
ation of associative and dissociative CANs via dynamic isocya-
nate chemistry would obey the Arrhenius relationship,®® which
can be used for confirming if the network structure is revers-
ible for chemically crosslinked polymer materials.

The relaxation active energy (E,) can be calculated from the
Arrhenius plot of In(z*) against the inverse of temperature
(Fig. 6B). Theoretically, bond-exchange reactions should be the
primary contribution to E,.** The E, can be affected by several
aspects of the network, including polymer identity, topology,
and crosslinking density. As such, CANs with the same
dynamic chemistry may demonstrate different values of E, in
different systems.®* The temperature range used for the stress-
relaxation experiment varies. In principle, the start tempera-
ture should be higher than the glass transition temperature
(T,) because stress relaxation can occur due to segment move-

Time

In(t*)=In(t,)+E,/RT

1000/T

Fig. 6 A: Stress-relaxation curves commonly used to monitor the network exchange of CANs. B: Arrhenius plot of In(z*) against the inverse of

temperature.

This journal is © The Royal Society of Chemistry 2023
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ment. If side reactions are absent, this temperature range
should be very wide for associative CANs because the cross-
linking density is well maintained during the exchange
process. With respect to dissociative CANSs, this temperature
range should be between T, and the gel-to-sol transition temp-
erature (Tye). This is because a sufficient number of cross-
linking points will be broken above Tg, which leads to ther-
moplastic-like segment flow and the Arrhenius law is no
longer obeyed.”® Therefore, to ascertain of CANs undergo dis-
sociative or associative isocyanate chemistry, a wide tempera-
ture range for stress-relaxation tests should be used. In prin-
ciple, a linear function between relaxation time and inverse of
the temperature should be obtained in a wide temperature
range for CANs via associative isocyanate chemistry due to the
maintained crosslinking density. Conversely, this range is rela-
tively narrow for dissociative CANs. A further increase in the
temperature will result in a gel-to-sol transition, and finally
leads to the recovery of monomers or the production of homo-
polymers with low molecular weight.

Investigation of evolution of the storage modulus with
temperature by DMA or a rheology experiment will show a
rubber plateau for associative CANs in a wide range of temp-
eratures due to the maintained crosslinking density. The
plateau modulus (G,) varies very weakly with temperature. In
comparison, an obvious rubber plateau or a relatively narrow
rubber state is not observed for CANs viag dissociative isocya-
nate chemistry. In most cases, the modulus deceases with an
increase in temperature due to the equilibrium shifting
towards the dissociation of the product. This is because the
strong increase in temperature leads to disruption of the
network, which results in a decrease in crosslinking density
and, finally, T is obtained from the DMA curve. This obvious
G, variation with a temperature increase and generation of Ty
can be used to determine the dynamic mechanism. For
example, Rowan and coworker developed a series of CANs by
hindering the urea bond. The rubber state became narrower
with an increase in hindrance. When the urea bond was con-
nected with the 2,2,6,6-tetramethyl-4-piperidinol group, almost
no rubber state was observed, which confirmed the dis-
sociation mechanism.?”

Similar to stress relaxation, creep experiments can also
determine if the dynamic crosslinked network structure is
associative or dissociative. Creep experiments lead directly to
obtaining the shear viscosity, which can be used to calculate
the viscous flow energy. As expected from networks maintain-
ing a constant crosslinking density, comparable values for
viscous-flow activation energy (E,) and kinetic E, can be
obtained for associative CANs via dynamic isocyanate chem-
istry. In theory, in the plateau temperature range, a linear
relationship can be obtained between shear viscosity and
inverse of the temperature. For dissociative systems, this situ-
ation varies differently due to the change in crosslinking
density. Montarnal et al. proposed that dissociative CANs
display four distinct viscoelastic regimes.*® The crosslinking
density decreases dramatically between T, and Tge, and the
shear viscosity exhibits a stronger temperature dependence.
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Although a linear function between the shear viscosity and
inverse of the temperature has also been reported, the temp-
erature range was very narrow. A comparable