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Here we explore the true effects of internal tertiary amines on the
bond exchange properties of cross-linked networks with a
disulfide exchange mechanism. The creep and stress relaxation
data are first compared for the cross-linked samples with and
without internal tertiary amines, where the segmental mobility and
cross-linking density are adjusted to be the same for a fair com-
parison. Much greater creep and faster stress relaxation are
observed for the sample with internal tertiary amines. The role of
tertiary amines in disulfide exchange is then discussed based on
the result of electron spin resonance (ESR) spectroscopy focusing
on the sulfide radicals during the bond exchange.

Great attention has been paid to healable materials for the
realization of sustainable societies."> The use of supramolecu-
lar chemistry has been considered to be effective in the prepa-
ration of healable materials, due to the reversible nature under
appropriate stimuli.** Supramolecular elastomers and gels
cross-linked via hydrogen bonds, ionic association, and coordi-
nation bonds exhibit healability, where the external stimuli
induce reversible solid-liquid transition based on the dis-
sociation and re-association of supramolecular cross-links.
However, the practical application of these materials has not
been well achieved, which may be because their mechanical
strength governed by their weak association strength at the
cross-links is insufficient.>®

For the simultaneous realization of healability and
sufficient mechanical strength, the concept of covalent adapt-
able networks using dynamic covalent bonds has received
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great attention.”® As a representative example, the bond
formed by the Diels-Alder reaction of furan and maleimide
shows reversibility by heating and cooling.”'® The incorpor-
ation of these bonds into network structures produces heal-
able materials, where the network connectivity is lost at high
temperatures and thus the materials can behave as thermo-
plastics. More recently, unlike the above dissociative bond
exchange, a new type of dynamic covalent bond has been
explored, where the bond exchanges pass through associative
bond exchange mechanisms.'""* Specifically, cross-linked
materials operated via associative bond exchange pathways are
termed vitrimers.">'* Trans-esterification bond exchange has
been frequently used for the preparation of vitrimers, where
most of the reported designs need the addition of
catalysts.”>"” The distinct feature of vitrimers is that the
network connectivity cannot be lost during bond exchanges.
Despite that, vitrimers can exhibit sustainable functions, such
as healability and recyclability, similarly to materials with dis-
sociative type bond exchange mechanisms.

For the practical application of the bond exchange concept
of dynamic covalent bonds, various molecular designs with
compatible bond exchange reactions have been reported. One
of the important attempts is designing bond exchangeable
materials without adding any catalysts. The addition of exter-
nal catalysts causes some problems as follows:'®'® the conven-
tional catalysts for bond exchange reactions are often toxic and
corrosive. In addition, the catalyst concentration, which is a
key parameter for accelerating the bond exchange rate, is
limited due to the fear of unwanted aggregation at a high con-
centration of catalysts. More critically, the bond exchange
ability is lost by aging or by leaching out of the added catalysts
from the materials.

In this regard, the bond exchange reaction potentially oper-
ating without external catalysts should be ideal. As an alterna-
tive strategy, the incorporation of molecular units showing
catalytic activity into network structures has been explored.
These molecular units are called internal catalysts, which
solves the above problem of the use of external catalysts.>
Similarly, the concept of neighboring group participation has
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been developed,” where the activation energy of a bond
exchange reaction is lowered due to substituent effects that
stabilize the transition state by weak physical association to
the reaction center.

The concept of internal catalysts and neighboring group
participation has been mostly applied to bond exchange
materials with trans-esterification mechanisms.”>>> As a
recent example of the neighboring group participation system,
the incorporation of a trifluoromethyl substituent into the
ester C=0 group was revealed to activate the trans-esterifica-
tion without external catalysts.>**” This was due to the strong
electron-withdrawing effect of the fluorine unit. As an internal
catalyst concept, the incorporation of tertiary amines into the
network structure has been reported to be effective in activat-
ing trans-esterification ~without external catalysts.”®?°
Similarly, the attachment of tertiary or secondary amine units
in the network structure helped to accelerate the bond
exchange of boronic ester exchange, silyl ether exchange, and
urethane exchange.?*"?

These catalyst-free designs are indeed important for the
practical application of the covalent adaptable network
concept. Disulfide exchange is another well-known exchange
reaction used for the covalent adaptable network,**™*! which is
actually operated without external catalysts. Unlike other
exchangeable covalent bonds, the exchange of disulfide can be
triggered by various stimuli, such as heat, light, and pH.***?
Although the detailed mechanism of disulfide exchange may
be under argument, the reported mechanisms have been
classified into two, that is, a [2 + 2] metathesis reaction mecha-
nism and a [2 + 1] radical-mediated mechanism.**** It should
be noted that the mechanism is different when catalysts
working as reducing agents are present. In the case of small
molecule reactions, catalytic effects of amine-based molecules,
such as diethylamine and 1,8-diazabicyclo[5.4.0Jundec-7-
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ene,**™ have been demonstrated, where the amines work as a
reducing agent to generate active thiolates by the rupture of
the disulfide bond. The disulfide bond was then attacked by
the nucleophilic thiolate, promoting the bond exchange.’® A
similar mechanism has also been reported for systems con-
taining phosphine-based catalysts.”’ > In fact, these amine
catalysts were sometimes incorporated into cross-linked
materials with exchangeable disulfide networks to promote
the bond exchange.>*** On the other hand, the catalytic effec-
tivity of chemically attached amino units as internal catalysts
on the disulfide network has not been well explored so far,
and thus the clarification of their effectivity must be important
in the research field of covalent adaptable networks and for
their practical application.

Based on the above background, we here examine the
internal catalytic effects of tertiary amines for network
materials with disulfide cross-links (Fig. 1). Concretely, a poly-
acrylate-based polymer with epoxy side groups is used as the
component, and elastomer samples are prepared by thermal
cross-linking using a bis-carboxy terminated disulfide cross-
linker. The main sample contains tertiary amines at the side
groups, whereas the control sample does not. Overall, we
demonstrate a dramatic increase in the rate of disulfide bond
exchange with internal tertiary amino units and discuss the
possible mechanism.

The polyacrylate terpolymer bearing epoxy and tertiary
amines was synthesized by reversible addition fragmentation
chain transfer (RAFT) polymerization (see the details in the
ESI}) using butyl acrylate (BA), 2-(dimethylamino)ethyl acrylate
(DMAEA), and (3,4-epoxycyclohexyl)methyl acrylate (ECHMA).
It should be noted here that, in the preliminary experiment
using small molecules, tertiary amines were confirmed to func-
tion as catalysts for disulfide exchange (Fig. S1 and S27}). The
feed mole ratio and unit mole ratio in the obtained terpolymer
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Fig. 1 Schematic diagrams of the precursor polymers and network designs for exploring the effects of internal tertiary amines on the disulfide

bond exchange in the network.
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were nearly identical, according to "H-NMR (Fig. S3, see also
the SEC curve in Fig. S5f). Concretely, the mole ratio of
BA : DMAEA : ECHMA was estimated to be 6.6:1.1:1. To avoid
the unwanted side reaction of the RAFT residue in the chain
end at high temperatures, the RAFT end group was chemically
modified by aminolysis and the Michael addition reaction.
The end group modification was confirmed by UV-vis spec-
troscopy (Fig. S6T). The size-exclusion chromatography (SEC)
spectrum did not change by this modification (Fig. S51), and the
number average molecular weight (M,) and dispersity index (D)
was 21k and 1.3, respectively for the final product. Each polymer
chain contained 18 epoxy groups, and thus the average molecular
weight between the epoxy groups (Mepox,) Was estimated to be
1.2k, which was simply calculated by M,,/18. This terpolymer was
coded as P-N in the following. Since the main monomer was BA,
the T of P-N (~—40 °C) was much lower than room temperature.
The bis-carboxy terminated disulfide cross-linker, 2,2-dithiodi-
benzoic acid, was then blended with P-N for cross-linking by
solution casting using THF, where the epoxy : COOH ratio was set
to be 1:1. After drying, the mixture was heated at 100 °C for
48 h, resulting in a self-standing elastomer film. The cross-
linking formation was confirmed by Fourier transform infrared
spectroscopy (FT-IR) (Fig. S77). The signal from epoxy in the ter-
polymer disappeared, which was accompanied by the dis-
appearance of the COOH signal in the disulfide cross-linker.>*"”
These changes of characteristic signals indicate that the COOH-
epoxy opening reaction progressed completely, and self-polymer-
ization of the epoxy side group did not occur.

As a control sample, we synthesized another terpolymer
without tertiary amines but with hydroxyl (OH) groups (coded
as P-OH). In this synthesis, 4-hydroxybutyl acrylate (HBA) was
used, instead of DMAEA. The terpolymer was again syn-
thesized via RAFT polymerization, and the RAFT residue in the
end group was modified in the same way. M, and P of this
control terpolymer was 19k and 1.3, respectively, and the mole
fraction of BA:HBA: ECHMA was estimated to be 4.7:2.5:1
(see '"H-NMR, SEC, and UV-vis data in Fig. S4-S61). More
specifically, each polymer chain contains 17 epoxy groups, and
Mepoxy Was estimated to be 1.1k. Thus, the molecular character-
istics were almost identical to those of P-N. The same di-
sulfide cross-linker was blended with P-OH by solution
casting, and an elastomeric film was obtained by heating the
dried mixture. In the FT-IR data (Fig. S77), the disappearance
of the epoxy signal and COOH signal was observed. Although
OH-epoxy reaction was also possible in this system, this type of
reaction may not be dominant in the presence of COOH
groups. This was supported by our preliminary experiment,
where P-OH after being heated solely (without cross-linkers)
remained sticky and soluble, indicating no occurrence of
cross-linking. Henceforth, the cross-linked samples using P-N
and P-OH have been coded as CL-N and CL-OH. It should be
noted that the weight fraction of disulfide cross-linkers was
almost identical in the samples, which is important since the
fraction of disulfide affects the bond exchange properties.**

The gel fraction (¢g.) and swelling ratio (R;) were estimated
by swelling tests using THF. ¢.; was ~100% for both samples,
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Fig. 2 Temperature-sweep rheology data for CL—N and CL-OH.

and R, was 237% for CL-N and 230% for CL-OH. The similar
R values indicate that the cross-linking density was nearly the
same in the two samples. Differential scanning calorimetry
(DSC) revealed that the T, (ca. 3 °C) of CL-N and CL-OH was
similar (Fig. S8%). The cross-link density and the segmental
relaxation were then evaluated by temperature-sweep rheology.
Fig. 2 presents the variation of storage modulus (E') and loss
tangent (tan ) as a function of temperature. The tan § peak
originating from the segmental relaxation was observed at
nearly the same temperature for CL-N and CL-OH, which was
consistent with the DSC data. More importantly, the plateau
modulus (Ep) was the same (ca. 6.0 MPa) for CL-N and CL-
OH. From these results, it was evident that the restriction
degree of the segmental movement and the cross-linking
density were similar to each other. These points are actually
critical for the fair discussion of the bond exchange properties,
since these parameters (i.e., the cross-link density and T,) were
known to affect the bond exchange efficiency at a given
temperature.’®°
sition temperature was evaluated by TGA (Fig. S9t), where a
5 wt% loss was observed at 3250 °C for both samples.

For more quantitative analysis, the experimental Ep (Epey)
was compared with the theoretical Ep (Eptheo), following the
phantom network model (eqn (1)):**

_ 3pRT (1 B g) )

My f

As another thermal property, the decompo-

ER theo

In the equation, p, R, and T represent the polymer density
(1.1 g em™), gas constant, and the absolute temperature,
respectively. The fin eqn (1) represents the functionality at the
cross-linking point, which reflects the fluctuations of the
cross-linking points. In the present design, f = 4 was assumed,
according to the past reports dealing with the elastomers
cross-linked by the side groups using short cross-linkers.®*°
My represents the molecular weight between cross-linking
points, and Mcpoy, Was incorporated as My since Mepoy, Was
much smaller than the entanglement molecular weight (~18k)
of poly(butyl acrylate)®® and thus dominates the elastic
modulus. Combining these information, Ep e, Was estimated

This journal is © The Royal Society of Chemistry 2023
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to be ca. 4.5 MPa for both CL-N and CL-OH. These values
were nearly consistent with Epc, for both samples. Based on
the above analysis, it was evident that the network structure of
CL-N and CL-OH were nearly identical, and thus suitable for
the exploration of effects of tertiary amines on bond exchange
properties.

For comparison of bond exchange properties, temperature-
ramp creep and stress relaxation tests were performed. In the
temperature-ramp creep test, the activation of bond exchange
was evaluated by the softening behavior. Concretely, a constant
small stress was applied during the temperature increase, and
the softening point, indicated by the deviation from the linear
temperature dependence of the length change, is simply
defined as the activation temperature of the bond exchange
(Tuct)- In the past reports, the T, value was revealed to vary by
the variation of the sample modulus and applied stress.®®> The
moduli in the present samples were similar to each other, and
thus, a fair comparison could be conducted.

Fig. 3a shows the variation of sample length with the
increase in temperature, where the Y-axis was normalized by
the length at 100 °C. A softening was observed at ca. 130 °C (=
Taet) for both samples, whereas at higher temperatures, the
deviation from the linear dependence was significantly larger
for CL-N. Such creep behaviors of vitrimers were reported to
be governed by the characteristic time for bond exchange reac-
tion (ie., bond exchange rate) and also for molecular
diffusion.®®®” Since the segmental mobility was similar for
CL-N and CL-OH, the difference of creep behaviors reflects
these characteristic time.

The difference of bond exchange rates could be more
directly evaluated by stress relaxation tests. For a clear com-
parison, the relaxation spectra were recorded at 160 °C as
shown in Fig. 3b. CL-N showed fast relaxation, whereas the
relaxation was very slow for CL-OH. Importantly, another
control sample cross-linked with the simple diacid molecule
bearing no disulfide bonds did not show any relaxation
(Fig. S107), indicating that the observed relaxation for CL-N
and CL-OH was simply due to the bond exchange of disulfide
bonds. For a more quantitative comparison, we estimated the
average relaxation time (r) based on the Kohlrausch-
Williams-Watts (KWW) function fitting (2) and gamma func-

tion (3),°%°°
"“):p{("‘)ﬂ} @)
<7>:J:° exp{—(i)ﬂ}dt%, (3)

where f represents the degree of relaxation time distribution
(also see the fitting parameters in Tables S1 and S2f). The
values of (z) for CL-N and CL-OH were ca. 550 s and 11 100 s,
and thus the incorporation of tertiary amines in the present
fraction (ca. 0.1 mol fraction per chain) could bring about
nearly 20-fold acceleration of the bond exchange. We per-
formed an additional measurement for CL-OH in the presence

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Temperature-ramp creep data for CL-N and CL-OH. The
Y-axis represents the sample length normalized by the length at 100 °C.
The solid curves indicate the experimental data, whereas the dotted line
represents the approximation straight line extrapolated from the low
temperature region. (b) Stress relaxation curves for CL—N and CL-OH at
160 °C. In the Y-axis, the stress (6) was normalized by the initial stress
(60). The dotted curves indicate the fitting curves based on the KWW
function (see main text). (c) Temperature dependence of (z) for CL-N
and CL-OH. The dotted line indicates the approximate straight line
between the points. The values of R, represents the decision coefficient
for the approximation.

of external tertiary amine catalysts (Fig. S117), where the mole
ratio of the amines to disulfide bonds was the same as that in
CL-N. The relaxation rate was faster for this sample with exter-
nal amine catalysts than CL-N, which may be due to the larger
mobility of the amine molecules.

We performed the stress relaxation tests at various high
temperatures (Fig. S127) to estimate the activation energy (E,)
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for the bond exchange. The Arrhenius dependence of (r) was
confirmed in Fig. 3c as usually observed for vitrimers, where
E, estimated by the slope was 45 k] mol™" for CL-N and 127 kJ
mol™" for CL-OH. The result supports the effect of internal
amines on the bond exchange efficiency. In addition, the E,
value of CL-N was somewhat lower than the reported values
(60-90 kJ mol™") of elastomeric vitrimers prepared using side-
group functionalized low T, polymers by the reaction with di-
sulfide cross-linkers, again indicating catalytic effects of ter-
tiary amines in the network.”®” To further support the impor-
tance of tertiary amines, we prepared another sample contain-
ing less fraction of tertiary amines by varying the initial feed
mole ratio (see the characterization studies in Fig. S13-S157).
The fraction of tertiary amines was reduced to be half of CL-N.
In this case, the relaxation rate was slower than CL-N
(Fig. S167) but faster than CL-OH, and E, (~85 k] mol™") was
located in the middle between CL-N and CL-OH. These
results clearly demonstrate that the tertiary amine is the key to
control the bond exchange properties.

Owing to the enhanced bond exchange rate, macroscopic
functions were exhibited more efficiently for CL-N. Bond
exchangeable materials, including vitrimers, generally show
reprocessability on being kept above T, and then cooled,
where the elasticity for the recovery is lost during the bond
exchange at high temperatures. Fig. 4 shows the reprocessabil-
ity for CL-N and CL-OH under the same processing con-
ditions. The thin film samples were wrapped with metal bars
and fixed using Kapton tapes, and the series of samples were
kept at 150 °C for 30 min. After cooling and removal of tapes,
only CL-N was re-shaped into a spiral film, whereas CL-OH
recovered the original shape due to insufficient stress
relaxation.

Finally, we discuss the bond exchange mechanism in the
presence of tertiary amines. Disulfide exchange is known to be
a radical-mediated mechanism.***> To assess this point, we
performed electron spin resonance (ESR) measurements at
160 °C for both CL-N and CL-OH (Fig. 5). An ESR signal from
the sulfide radical®*”® with a g-value of 2.005 was observed for
both samples. It should be noted that the signal was less

Fig. 4 Difference of reprocessability between CL-N and CL-OH
during the process with A: fixing the sample with kapton tapes, B:
heating in an oven (150 °C, 30 min), and C: cooling to 25 °C (room
temperature).
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Fig. 5 (a) ESR spectroscopy data for CL-N and CL-OH measured at
160 °C. The arrows represent the signal from the sulfide radical, and the
distinct outside signals were from Mn?* used for the magnetic field cali-
bration. (b) The bond exchange mechanism of the disulfide bond via a
radical-mediated mechanism and (c) a thiolate anion-mediated mecha-
nism in the presence of tertiary amines.

obvious at a lower temperature (~120 °C) (Fig. S171), support-
ing the temperature dependence of the bond exchange rate.
The intensity of the signal at 160 °C was not so different
between the samples, indicating that a radical-mediated mecha-
nism was operated in a similar manner. Based on this result,
an additional bond exchange path could be operated for CL-N,
considering the dramatic change of the creep and stress relax-
ation data. In a past report describing the reaction path of di-
sulfide exchange for small molecules,** a thiolate anion was
generated in the presence of a nucleophilic agent, and the di-
sulfide exchange was promoted by the nucleophilic attack of
the thiolate anion on the disulfide bond.>® Assuming that this
fact could be applied to the present cross-linked system, the
thiolate anion-mediated mechanism would additionally work
in the bond exchange in the CL-N network owing to the
attachment of tertiary amines (see the schematic diagrams in
Fig. 5b and c).

In summary, we have shed light on the true effects of
internal tertiary amines on the bond exchange properties of

This journal is © The Royal Society of Chemistry 2023
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cross-linked networks with disulfide exchange, where the
network parameters, including segmental mobility and cross-
linking density, were nearly identical to extract the intrinsic
effects. The finding of this study is that the operation of the
radical-mediated mechanism is not changed in the absence
and presence of tertiary amines, whereas the additional thio-
late anion-mediated mechanism should occur in the presence
of tertiary amines attached in the network, resulting in a sig-
nificant enhancement of the overall bond exchange efficiency.
The present knowledge is thus valuable for the creation of
high functional materials with more efficient bond exchan-
ging. In the future full article, we will further investigate the
universality of effects of tertiary amines for various disulfide
networks with different molecular architectures.
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