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Abstract

Dynamic covalent networks (DCNs) use chemical bonds that break and reform
at appropriate processing conditions to allow reconfiguration of the networks.
Recently, the acylsemicarbazide (ASC) motif has been added to the repertoire
of such dynamic covalent bonds, which is capable of hydrogen bonding as well
as dynamic bond exchange. In this study, we show that its sulfur congener,
thioacylsemicarbazide (TASC), also acts as a dynamic covalent bond, but
exchanges at a slower rate than the ASC moiety. In addition, siloxane-based
DCNs comprising either ASC or TASC motifs or a varying composition of both
show tunable relaxation dynamics, which slow down with an increasing
amount of TASC motifs. The reduction in stress relaxation goes hand in hand
with a reduction of creep in the network and can be tuned by the ASC/TASC
ratio. All networks are readily processed using compression molding and dis-
solve when treated with excess hydrazide in solution. The ability to control net-
work properties and creep in dynamic covalent polymeric networks by small
changes in the molecular structure of the dynamic bond allows a generalized
synthetic approach while accommodating a wide temperature window for

application.
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1 | INTRODUCTION

The search for materials that combine the excellent mate-
rial properties of thermosets but are at the same time
reconfigurable like thermoplastics has resulted in the
development of dynamic covalent networks (DCNs)."™*
Herein, the chemical bonds holding the network together
are no longer static and permanent, but dynamic, where
they break and reform at appropriate processing condi-
tions. The use of non-covalent bonds,>° dynamic covalent
bonds,”® and combinations thereof'®'’ has been
explored in detail to achieve such dynamic properties.
These investigations not only elucidated the different
mechanisms by which bond exchange reactions can
occur,’® either associative or dissociative, but also
highlighted the importance of the nature of the chemical
bond,>"? the network topology,"*'” and the time scales at
which relaxation processes occur.*'®'” Non-covalent
bonds such as hydrogen bonds, for example, show fast
relaxation processes at higher temperatures, whereas
those of their dynamic covalent counterparts are much
slower. As a result, the combination of the two
has been receiving attention because of an enhance-
ment of material properties which includes material
strength and toughness, self-healing, and stimuli
responsiveness.''*#72°

In this respect, we were inspired by the acylsemicar-
bazide (ASC) bond (Scheme 1). ASCs are capable of mul-
tiple hydrogen bonding and, at the same time, show a
tunable dynamic covalent bond character.” Formed by
the reaction of an isocyanate and a hydrazide, the ASC
motif has slowly penetrated the world of polymeric mate-
rials over the last decade,” > with the first preparation
of ASC-based polymers dating back to 1958.*° Lehn and
coworkers replaced traditionally used urethanes in linear
polymer chains with ASCs and showed that the polymers
formed films with elastic and self-healing properties.*
Later, Palanisamy and coworkers used the ASC motif to
create organogelators, which showed hydrogen-bonded
networks in selected solvents.?*?” In 2020, Zuilhof, Xia,
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and coworkers reported the use of ASCs in DCNs with
impressive solid state material properties in combination
with full recyclability and superb healing properties.*' In
addition to forming dynamic hydrogen bonds, these ASC-
based networks showed the ability to dynamically
exchange covalent bonds.

A remaining challenge with the application of DCNs
as a direct substitute for classical thermosets is material
creep, which limits their applicability at higher tempera-
tures. Several strategies can address creep, such as con-
trolling the concentration of reactive groups,” utilizing
dynamic chemistries with high activation energy,* intro-
ducing permanent crosslinks into the network,*>*" com-
bining dynamic covalent bonds that show different
relaxation times,>>*> or combining dynamic covalent
chemistry with supramolecular interactions.'’ Inspired
by the work of Zuilhof and Xia, and motivated by the
intriguing possibilities offered by changing “O” to its
higher chalcogen “S”, we became interested in the thioa-
cylsemicarbazide (TASC) motif. The TASC motif is
expected to act as a dynamic covalent bond, similar to
ASC. Currently, there are, to our knowledge, no data
reported in the literature on hydrogen-bond formation,
dynamic covalent bond exchange, and DCNs based on
the TASC motif. Given the differences between C=0 and
C=S bonds,>* and isocyanates being more reactive than
isothiocyanates,*>*® we expected the chemical reactivity
of the ASC and TASC motifs to be different, and thereby
the kinetics of dynamic bond exchange reactions. In addi-
tion, to differences observed between ureas and
thioureas,>”*® and amides and thioamides,>*™** we also
expected the hydrogen bonding between ASC-ASC and
TASC-TASC moieties to be different.

In this work, we combine two congenial chemistries
with distinctly different exchange kinetics to address the
problem of high temperature creep in DCNs while avoid-
ing complicated procedures for material synthesis. We
first report the dynamic bond exchange in small mole-
cules bearing (T)ASC bonds and then apply the system in
siloxane-based networks that comprise either ASC,

/

ASC or TASC bond

SCHEME 1 Synthesis scheme to siloxane-based networks comprising either ASC, TASC or both dynamic covalent bonds.
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TASC, or a combination of the two as the dynamic cova-
lent bond for network formation (Scheme 1). We identify
how a small change in molecular structure affects bond
exchange dynamics with concomitant changes in stress
relaxation and creep; these processes correlate well with
the amount of TASC bonds in the network and present a
convenient handle to tune material properties.

2 | RESULTS AND DISCUSSION

2.1 | Bond exchange and hydrogen
bonding in (T)ASC-based model
compounds

We started our investigations by assessing the rate differ-
ences of bond exchange reactions in model compounds
1-4 comprising either ASC or TASC bonds (see
Figure 1A for chemical structures). For this, the appro-
priate model compounds were mixed in DMSO-d6 and
the exchange between the (T)ASC bond with a hydra-
zide was followed with "H-NMR as a function of time.
Since exploratory experiments showed that TASC com-
pounds were exchanging slower, we selected 120 °C for
ASC and the slightly higher temperature of 130 °C for
TASC to have manageable time scales for the exchange
reactions (Figures S1 and S2). It was previously reported
that the exchange reaction for ASC proceeds via a disso-
ciative mechanism, therefore the data were fit assuming
first-order kinetics.>* The first-order rate coefficients k;
of hydrazide-(T)ASC exchange are shown in Figure 1A.
Even at 130 °C, the TASC reacts about 3 times more

slowly than the ASC with a hydrazide at 120 °C. Mixing
ASC/ASC model compounds at 130 °C shows that
exchange still occurs, but it takes longer to reach equi-
librium (Figure S3). When mixing TASC/TASC, the
reaction suffered from side reactions and overlapping
NMR resonances (data not shown). We also mixed
model ASC compound 1 with TASC 4 at 130°C
(Figure 1B). In this case, the rate of exchange was at the
same time scale as for TASC with hydrazide, requiring
50 h to almost reach equilibrium (Figure S4). The latter
result highlights that compounds comprising ASC and
those with TASC can also exchange with each other.
The bulk IR spectra of aliphatic ASC and TASC
model compounds 1 and 2 were measured to investigate
the presence of hydrogen bonds in the solid state
(Figure 1C). Whereas ASC 1 shows three defined NH
stretch vibrations ((NH)) at 3325, 3200, and 3098 cm *,
TASC 2 shows v(NH) at 3297 and 3198 cm ™. The narrow
and well resolved NH stretch vibrations are indicative of
the presence of ordered hydrogen bonds, both for ASC
and TASC model compounds.**** Interestingly, the NH
stretch vibrations are blue-shifted for TASC 2 compared
to the ASC 1. This is in analogy to tristhioamides and tri-
samides, where the presence of “S” causes a blueshift in
the NH stretch vibration.*' Likely, the more polarized
C—S bond makes sulfur a better hydrogen-bond acceptor,
and therefore, the formed hydrogen bonds are slightly
stronger.*"** In addition, the C=0 stretch at 1660 cm ™
for the ASC 1 red-shifts to 1686 cm ™' for the TASC 2.
The additional peak at 1191 cm ' can likely be attributed
to the C=S bond in 2. The aromatic model compounds
3,4 show a more complex pattern of the NH stretch
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FIGURE 1

(A) Chemical structures of (T)ASC and hydrazide model compounds and k; of exchange reaction in DMSO at 120 or 130 °C

for ASC and TASC, respectively; (B) TASC-ASC exchange at 130 °C of compounds 1,4 affording compounds 2,3; (C) IR spectra of solid 1 (in

blue) and 2 (in green) at room temperature.
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vibrations, but a similar blue shift for the TASC 4 deriva-
tive compared to the ASC derivative 3 is observed
(Figure S5).

2.2 | Synthesis and characterization of
(T)ASC-based DCNs

Following the promosing results for ASC and TASC bond
exchange in the model compounds, we continued our
investigations with the preparation of DCNs. Siloxane-
based networks comprising ASC and/or TASC bonds
(Figure 2A) were prepared starting from commercially
available pHMS-co-pDMS (M;, = 1.9-2 kg mol™") com-
prising around 15-18 mol% Si—H (pHMS) units. The
Si—H bonds are known to easily react with alkenes in a
Karstedt's catalyst mediated hydrosilylation reaction.*>*
The prepolymer pHMS-co-pDMS was first reacted with

methyl 10-undecenoate, followed by the conversion of all
pendant methyl ester groups to hydrazides by reacting
with hydrazine. NMR and IR spectra showed that this
reaction sequence readily affords the hydrazide pendant
prepolymer in an overall 63% isolated yield in two steps
(Figures S6 and S7). Subsequently, the hydrazide groups
were reacted with either toluene-2,4-diisocyanate or
toluene-2,4-diisothiocyanate using equimolar amounts of
iso(thio)cyanate to hydrazide, to provide the crosslinked
networks pDMS-100% ASC and pDMS-100% TASC
(Figure 2A). Mixed networks were obtained by mixing
the diisocyanate and diisothiocyanate in the desired
molar ratio, with equimolar amounts of iso(thio)cyanate
with respect to hydrazide, leading to networks pDMS-X%
TASC. Here, X represents the molar percentage of TASC
in the mixture; values of X were 12.5, 25, 50, and 75.
Since isothiocyanates react slower than isocyanates,
the diisothiocyanate was added first and after a

35,36
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FIGURE 2
of the starting siloxane polymer,
intermediates, and final (T)ASC-based
networks. (B) The appearance of pDMS-
100% ASC and pDMS-100% TASC after
isolation and drying; ASC networks are
colorless whereas the TASC networks
are yellowish to orange. (C) IR spectra

(A) Chemical structures

pDMS-100% ASC pDMS-100% TASC 3540

Wavenumber (cm™)

of the NH stretch region of pDMS-100%
ASC (in blue) and pDMS-100% TASC
(in green) at room temperature.
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homogeneous mixture was formed, the diisocyanate was
quickly added. In contrast to the colorless ASC networks,
the TASC networks were yellowish to orange (Figure 2B).
All networks were insoluble in common organic solvents,
with a gel fraction >0.94 when extracted with THF
(Table S1). The as synthesized networks were characterized
using thermogravimetric analysis (TGA), differential scan-
ning calorimetry (DSC), and variable temperature FT-IR
(VT-IR). TGA performed on pDMS-100% ASC and pDMS-
100% TASC showed no noticeable weight loss up to
200 °C, revealing a good thermal stability (Figure S10). For
the networks containing 75% and 100% TASC, DSC
revealed a small exothermic peak around 0 °C, but no tran-
sitions were observed for the other networks, suggesting
that these materials are fully amorphous at room tempera-
ture and higher (Figure S11).

The room temperature IR spectrum of pDMS-100%
ASC shows one broad v(NH) at 3257 cm ' and (CO) at
1658 cm ! (Figure 2C, full spectra in Figure S12), which is
consistent with the presence of hydrogen bonds. A previous
report on ASC-based networks with PPO as the soft block
showed v(NH) = 3325cm ' and »(CO) at 1640 cm ' at
room temperature.”’ Based on the position of the NH
stretch vibration, the hydrogen bonds in the siloxane-based
system seem to be stronger as they appear at lower wave-
numbers. The values in pDMS-100% TASC are blue shifted
for yNH) = 3227cm™ ' and red-shifted for the
U(CO) = 1673 cm ™' (Figure 2C, full spectra in Figure S12).
Also for the networks, the presence of “S” causes a blue-
shift for Y(NH) (around 30 cm ') and a redshift for 1(CO).
The broadness of the NH peak in the networks when com-
pared to those of the model compounds 1-4 (Figure S13)
suggests that the hydrogen bonds are more disordered,
which is in line with the amorphous character of the net-
works. With increasing temperature, VI-IR showed a slight
broadening of the NH stretch and a shift to higher wave-
numbers, indicating the weakening of the hydrogen bonds
for both networks (Figures S14 andS15).*” Plotting the peak
maximum of the NH stretch as a function of temperature
for pDMS-100% ASC and pDMS-100% TASC shows that
the temperature dependencies of both networks are the
same as indicated by the similar slopes (Figure $16).** This
suggests that the sensitivity of the hydrogen bonds to tem-
perature is similar for both networks.

2.3 | Dynamic nature of the
(T)ASC-based DCNs

To assess if ASC and TASC bonds were still capable of
undergoing exchange reactions when embedded in the
pDMS-based networks, we first conducted a dissolution
experiment (Figure 3A,B). Upon treatment with excess
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FIGURE 3 Images illustrating the complete dissolution of

pDMS-100% ASC after 1 h (A) and pDMS-100% TASC after 40 h
(B) when heated at 160 °C in pure hexanohydrazide. (C) Before
(left) and after (right) compression molding of pDMS-100% ASC.

hexanohydrazide (nearly 20-fold excess with respect to the
functional group) at 160 °C, pDMS-100% ASC and pDMS-
100% TASC completely dissolved in 1 and 40 h, respec-
tively. The dissolution of the pDMS networks in excess
hydrazide highlights the presence of reactive and dynamic
groups in the network that undergo exchange reactions
wherein the dissolution time correlates with their exchange
rates observed in small molecular (T)ASC model systems.

In addition, we evaluated if the synthesized networks
can be processed into desired shapes using compression
molding, which is a qualitative indication of dynamic
rearrangements of the bonds within the material. At tem-
peratures above 140 °C and at 100 bar, compression
molding was indeed feasible for all obtained networks,
including pDMS-100% TASC (Figures 3C and S9). The
networks with >75% TASC bonds required a longer com-
pression molding time (2-2.5 h) compared to those with
50% or less TASC bonds (1-1.5 h), which is in line with
the slower exchange dynamics of the TASC bonds.

2.4 | DMTA analysis of
(T)ASC-based DCNs

The thermo-mechanical properties of the networks were
next studied by dynamic mechanical thermal analysis
(DMTA), wusing compression molded rectangular
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FIGURE 4 Dynamic mechanical thermal analysis under extension on the pDMS networks obtained after compression molding with
variation in TASC content representing (A) the storage modulus (E’) and (B) tan & as a function of temperature.

bar-shaped samples (Figure 4). Figure 4A shows the
storage modulus E’ as a function of temperature for the
different networks. The DMTA curve of the ASC network
shows a rather different behavior compared to the TASC
comprising networks. The exact origin of this is currently
unclear but we believe it is caused by network inhomoge-
neities. This could be a result of fast network formation
with the isocyanates giving rise to a more heterogeneous
network, which affords domains with different crosslink
densities. The slower bond formation with isothiocya-
nates, may afford a more homogeneous network com-
pared to the ASC network. In addition, tan &, indicative
for the glass transition temperature (Tg), was plotted as a
function of temperature. Rather broad peaks are observed
in Figure 4B, especially for networks comprising a high
amount of ASC bonds. The ASC-based network shows a
Ty of around 130 °C and the TASC-based network of
around 60 °C. The T, decreases with increasing amounts
of TASC bonds in the networks to around 50 °C for
pDMS-75% TASC (Table S2). The decrease in T, could be
due to a different packing of the hydrogen bonds in net-
works that comprise both TASC and ASC bonds, which
may affect the mobility of the networks. The T,'s of these
siloxane-based networks are high compared to other sys-
tems based on pDMS,***° likely a result of the high cross-
link density in these networks.”®

2.5 | Rheological characterization of
(T)ASC-based DCNs

To get insights in the dynamic bond exchange in the
networks, we performed rheology experiments. Step

transient rheology experiments were done on compres-
sion molded samples under shear at temperatures
between 140 and 200 °C (Figure 5). Samples from
pDMS-100% ASC showed almost complete relaxation of
imposed stress at 200 °C within 300 s indicating the fast
network rearrangement through bond exchange reac-
tions at this temperature (Figure 5A). A small residual
stress (R) of 5% was observed, the origin of which is
currently unclear. The stress relaxation plots were fit
with a stretched exponential function (Equation 1)
to obtain the characteristic relaxation times (7)
(Table 1).”°*

G(t) R+e Wb
G(1s) R+e (/b

(1)

The material showed faster relaxation rates at
higher temperatures because of faster bond exchange
kinetics. The stretch factor, #, which is often consid-
ered as an indication of the dispersity of a particular
relaxation mode,’** was 0.4-0.5 suggesting a rela-
tively broad distribution and thus a possibility of multi-
ple relaxation modes in the material. Furthermore, the
exchange within the hydrogen-bonded domains proba-
bly adds more relaxation modes. The characteristic
relaxation times, obtained from the fit, were repre-
sented in an Arrhenius plot (Supporting Information,
Equation S2) and the flow activation energy was deter-
mined to be 146 kJ/mol (Figure 5B). This value is sig-
nificantly higher than the one of 100 kJ/mol reported
previously for an ASC-based network based on PPO.*!
Compared to other dynamic systems, this activation
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FIGURE 5 (A) Stress relaxation under shear with temperature variation on pDMS-100%ASC; under 5% strain. The solid lines represent
the fitting using Equation 1; (B) Arrhenius plot for pDMS-100% ASC using the characteristic relaxation times derived from the stress
relaxation experiment. The activation energy determined from the Arrhenius plot was 146 kJ/mol; (C) Comparison of stress relaxation rate
between pDMS-100% ASC and pDMS-100% TASC networks at 180 °C (applied strain 5%).

TABLE 1 Fit parameters for the relaxation time (), stretch but lower than systems based on transalkylation using
1,4-diazabicyclo[2.2.2]octane.®*

Figure 5C shows the comparison of stress relaxation

factor (f), and residual stress (R) derived from stress relaxation
plots of pDMS-100%ASC.

Temperature [°C] <[s] 61 R[%] rates between pDMS-100% ASC and pDMS-100% TASC
200 3 04 s at 180 °C. The stress relaxation rates for pDMS-100%

TASC were significantly slower than for pDMS-100%
180 2 05 > ASC, and a characteristic relaxation time of about
160 146 0.5 8 253-10% s was estimated. The very slow stress relaxation
140 748 0.4 10 of pDMS-100% TASC, which is consistent with the lower

exchange rates in the model systems of the previous
section, precludes an exact determination of its flow acti-
vation energy, but it is estimated to be well above 300 kJ/

energy is higher than for some internally catalyzed
transesterifications,”* > vinylogous urethanes®’ and

dioxoboralanes,” similar to some metal-catalyzed
transesterifications®> " and triazolium systems,’*°

mol (see Supporting Information, Figures S17 and S18 for
more details).
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2.6 | Stress relaxation in mixed networks
Next, stress relaxation experiments were conducted on
the mixed networks, pDMS-12.5%TASC to pDMS-75%
TASC at 180 °C, and the results of these experiments are
shown in Figure 6A. The data clearly show that an
increase in TASC content results in a slower relaxation of
the stresses, and that different relaxation times are pre-
sent in the mixed networks. The observed increase in
stress in the stress relaxation profile of pDMS-75% TASC
is rather unexpected. Whereas this upturn was not
caused by an experimental error as it was reproducible

(A) 1.0

0.8

0.6

G(t)/G(1s)

0.4 B pos_

—e—100% ASC
—a—12.5% TASC
0.2 —=—25% TASC

for different samples of the same network, we have no
explanation for it other than that some side reactions
may be taking place.

Similar to what was done by Du Prez and
coworkers,”* we evaluated if the stress relaxation in the
TASC containing networks (we excluded pDMS-75%
TASC here because of the upturn) can be described by
assuming a linear combination of the contributions of
the fast mode (ASC bonds, 7 = 29 s at 180 °C) and the
slow mode (TASC bonds, r = 253-10% s at 180 °C), with
contributions close to their respective mole fractions.
We used Equation 2 to first “predict” the stress

(B)
1.0 pDMS'ZS% TASC
0.8
0
~— 0.6
o
=
S
0.2
®  Experimental data
* Simulated plot
o.o " il " il PR | " PR |
1 10 100 1000 10000
Time (s)

50% TASC
—o—75% TASC
0.0 L il L il L il L sl L
1 10 100 1000 10000
Time (s)
C
(©) 1.0
0.8}
< 06
Qo
=
O o4} pDMS-
= 100% ASC
— 12.5% TASC
0.2 - e 25% TASC
50% TASC
0.0L—— i
1 10
FIGURE 6

100

1000 10000

Time (s)

(A) Stress relaxation profile of the pDMS mixed networks recorded at 180 °C (with 5% strain) normalized at t = 1 s;

(B) Overlay of predicted (red symbols, using Equation 2) and measured (black squares) stress relaxation profile of pDMS-25% TASC. The
predicted stress relaxation profile is based on a linear combination of two relaxation mechanisms arising from ASC exchange and TASC
exchange with contributions based on the molar ratio between ASC and TASC groups; (C) Stress relaxation profile of the pDMS-based mixed

networks at 180 °C with fits using Equation 2.
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FIGURE 7 (A) Creep under shear at 180 °C (applied stress 5000 Pa) of pDMS networks with varying content of TASC linker. (B) Creep

rates at 180 °C as obtained from the secondary phase in (A).

relaxations of the mixed networks. As an example, the
result for pDMS-25% TASC is shown in Figure 6B
(others are found in Figure S18, with a summary of all
the used parameters in Table S3). Although there is no
perfect overlap, these a priori predictions come close to
the experimental curves, with the exception of the
12.5% TASC system, displaying more deviations
(Figure S18). This suggests that the stress relaxation is
mainly governed by these largely independent, separate
modes.

G(t) R+Ale Wb 4 (1-Al1).e” WP
G(1s) R+Ale (/mh +(1—Al).e (1/n)h

As shown in Figure 6C, the stress relaxation data for
all networks except pDMS-75% TASC were subsequently
fit using Equation 2, and the obtained fit parameters are
summarized in Table S4. The fast relaxation time is found
between 27 to 32 s for all networks, and is attributed to
ASC exchange reactions. These similar values for all net-
works indicate that the fast relaxation is fairly indepen-
dent of the amount of TASC bonds present in the
network. The contribution of the fast mode goes down
with increasing TASC content, but not proportionally
(Table S4). The slow mode varies between ~3 x 10°s
and ~159 x 10® s and is ascribed to TASC exchange. This
value increases a factor of 50 with increasing amounts of
TASC bonds from 12.5% to 50%, approaching the relaxa-
tion time of 253 x 10°s for the pure TASC network.
These results suggest potential interactions between the
two main modes of relaxation.

2.7 | Controlling creep in dynamic
covalent networks

The slow exchange of TASC links in the network was then
utilized to study the possibilities of controlling the creep
resistance of the materials with (T)ASC bonds. Therefore,
the networks were studied with an isothermal creep exper-
iment at 180 °C (Figure 7A). The strain rate in the second-
ary creep phase, which is ascribed to the viscous flow of
the material, was derived and is shown in Figure 7B. The
strain rate decreases significantly with increasing TASC
content in the network. The slightly negative values for
the strain rates in the samples containing 50% and 75%
TASC samples may be caused by possible side reactions,
causing additional crosslinks and a small contraction
against the applied stress. Overall, these results corrobo-
rate that a simple chemical modification allows to easily
tune bond exchange dynamics, and hereby creep.

3 | CONCLUSIONS

In conclusion, model compounds comprising ASC or TASC
bonds show pronounced differences in bond exchange
kinetics, with TASC bonds exchanging at a slower rate
than ASC bonds. In addition, an ASC comprising model
compound exchanges with a TASC compound, which indi-
cates that the difference in bond exchange dynamics does
not hamper cross exchange. Our observations from model
compound studies translate satisfactorily to the relaxation
properties of the polymeric networks with ASC (pDMS-
100% ASC) and TASC (pDMS-100% TASC) crosslinks, with
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faster relaxation rates for the former. The pDMS-100%
ASC network shows an activation energy of the flow of
146 kJ/mol, which is within the range of reported
activation energies for other DCNs, whereas that of the
pDMS-100% TASC shows a significantly higher activation
energy, which we estimate to be around 300 kJ/mol. Stress
relaxation in networks with increasing amounts of TASC
bonds depended on the amount of TASC bonds. Although
several types of bond relaxation processes are likley opera-
tive in the mixed networks, more TASC bonds in the net-
works result in slower relaxation dynamics. This reduction
in stress relaxation is accompanied by a reduction in creep.
The ability to control network properties and creep in
DCNs by small changes in the molecular structure of the
dynamic bond opens up novel opportunities for network
design. This concept can be applied to many of the existing
dynamic covalent links and can provide a general tool to
tune network properties without much alteration of exist-
ing synthetic strategies.

4 | EXPERIMENTAL SECTION

41 | Materials and methods
Siloxane PDMS-co-PHMS (1.9-2 kDa with 15-18 mol%
hydride) was purchased from Gelest, product code HMS-
151. All solvents were purchased from Biosolve and were
dried, where necessary, using an MBraun solvent
(drying) purification system (MB SPS-800). Deuterated
compounds were obtained from Cambridge Isotopes Lab-
oratories. All the starting materials which include (thio)
isocyanates, esters, hydrazine, benzohydrazide, and other
reagents were purchased either from Sigma Aldrich or
TCI. These were used as received. Karsted's catalyst
(in xylene, Pt ~2%) was purchased from Sigma Aldrich.
400 MHz Bruker Avance III spectrometer was utilized
to record NMR spectra. The compounds (10-20 mg) were
taken into a suitable deuterated solvent. Proton and car-
bon chemical shifts are reported in ppm (6§) downfield
from tetramethylsilane (TMS) using the deuterated solvent
resonance frequency as an internal standard. Peak multi-
plicities are abbreviated as s: singlet; d: doublet; t: triplet;
q: quartet; p: pentet; m: multiplet; dd: double doublet; dt:
double triplet and dq: double quartet. Differential scan-
ning calorimetry (DSC) studies were carried out using a
Q2000 DSC (TA instruments), calibrated with an indium
standard. Typically, 4-6 mg compound was directly
weighted into aluminum pans and hermetically sealed.
Subsequently, the samples were heated above the melting
point for the removal of the thermal history, followed by
two heating and cooling cycles at a rate of 10 K min~" for
the verification of the reproducibility. Unless otherwise

mentioned, all DSC curves represent the second heating/
cooling cycle. TGA was performed in a Discovery TGA
550 (TA instruments) from 100 to 600 °C at a temperature
ramp of 10 K min~". Perkin Elmer FT-IR Spectrum Two
apparatus was used to record all room temperature
IR. The variable temperature FT-IR studies were carried
out utilizing the JASCO Tensor 27 with Pike ATR temper-
ature unit. The solid samples were heated/cooled at a rate
of 10 K min~'. Materials were compression molded at
180 °C at 100 bar. Samples for the 100%, 87.5%, 75%, and
50% ASC-crosslinked materials were compression molded
for 1-1.5 h and the 100% and 75% TASC crosslinked mate-
rials for 2.5 and 2 h, respectively. DMTA studies were per-
formed under uniaxial oscillatory deformation using a
DMA Q850 (TA instruments) on compression molded
rectangular bars. Stress relaxation and creep were per-
formed under shear on circular disks shaped compression
molded samples using plate-plate geometry in a Discovery
HR 20 (TA instruments).

4.2 | Synthesis of (T)ASC model
compounds and networks

42.1 | General procedure for
(thio)acylsemicarbazide synthesis

The desired hydrazide (4.4 mmol) was dissolved in a two-
necked round bottom flask containing dry DCM (15 mL)
and purged with argon for 10 min. Due to the solubility
issues of the few hydrazides, a small amount of dry THF
was added for its solubilization. The equimolar amount of
(thio)isocyanate (4.4 mmol) was dissolved in dry DCM
(3 mL) and added dropwise to the solution under vigorous
stirring. The mixture was stirred overnight at room tem-
perature. A white crystalline solid precipitation of the
product formed immediately (within 5 min) for ASC com-
pounds, whereas for TASC compounds, the precipitation
of the product formed upon stirring the reaction over-
night. Removal of the solvent under reduced pressure and
drying of the residue under a high vacuum yielded the
final product in near-quantitative yield. Unless specific
reaction conditions and workup procedures are men-
tioned, the aforementioned procedures were followed.

4.2.2 | N-butyl-2-butyrylhydrazine-
1-carboxamide (1)

The product was obtained as a white solid.

'"H NMR (6, 400 MHz, DMSO-d¢): 9.36 (d,
1H, CH,~CO—NH—NH—CO—NH), 7.57 (d, 1H,
CH,—CO—NH—NH—CO), 6.21 (t, 1H, CO—NH—CH,),
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2.99 (qua, 2H, CO—NH—-CH,—CH,), 2.05 (¢t 2H,
CH,—CH,—CO0), 1.51 (m, 2H, CH;—CH,—CH,—CO),
1.35 (qui, 2H, NH—CH,—CH,—CH,—CHj), 1.25
(m, 2H, NH—CH,—CH,—CH,—CH;), 0.86 (dt, 6H,
NH—CH,—CH,—CH,—CH;). '*C NMR (100 MHz,
DMSO-dg) 6 172.42, 158.65, 39.26, 35.55, 32.41, 20.03,
19.08, 14.09, 13.94.

4.2.3 | N-butyl-2-butyrylhydrazine-
1-carbothioamide (2)

The product was obtained as a white solid.

'H NMR (5, 400 MHz, DMSO-de): 9.55 (s, 1H, NH),
9.02 (s, 1H, NH), 7.77 (t, 1H, CH,—NH), 3.42 (qua, 2H,
CH,—NH), 2.09 (¢, 2H, CH,-CO), 1.49 (m, 4H, CH,), 1.26
(sex, 2H, CH,), 0.87 (dt, 6H, CH;). **C NMR (100 MHz,
DMSO-dg) 6 (ppm): 182.02, 172.31, 43.74, 35.66, 31.36,
19.88, 18.50, 14.22, 14.09.

424 | 2-benzoyl-N-butylhydrazine-
1-carboxamide (3)

The reaction was performed in THF. The product was
obtained as a white solid.

'H NMR (5, 400 MHz, DMSO-d;): 10.09 (s, 1H, NH),
7.88 (d, 2H, Ar—H), 7.78 (s, 1H, NH), 7.56 (¢, 1H, Ar—H),
7.48 (t, 2H, Ar—H), 6.47 (t, 1H, NH—CH,), 3.03 (¢, 2H,
2H, NH—CH,), 1.39 (qui, 2H, NH—CH,CH,), 1.29 (sex,
2H, NH—CH,—CH,), 0.87 (t, 3H, CH,). *C NMR
(100 MHz, DMSO-ds) 6 166.28, 158.32, 132.76, 131.59,
128.27, 127.53, 39.34, 32.00, 19.43, 13.73.

4.2.5 | 2-benzoyl-N-butylhydrazine-
1-carbothioamide (4)

The product was obtained as a white solid.

'H NMR (5, 400 MHz, DMSO-dy): 10.29 (s, 1H, NH),
9.22 (s, 1H, NH), 8.06 (t, 1H, NH—CH,), 7.91 (d, 2H,
AR—H), 7.57 (t, 1H, Ar—H), 7.49 (¢, 2H, Ar—H), 3.42 (¢,
2H, NH—CH,), 1.50 (qui, 2H, CH,), 1.29 (sex, 2H, CH,),
0.87 (t, 3H, CH;). *C NMR (100 MHz, DMSO-d¢) &
182.00, 166.39, 133.00, 132.27, 128.77, 128.30, 43.88,
31.39, 19.93, 14.29.

4.2.6 | Synthesis of pPDMA-100% ASC and
pDMS-X% TASC

(A) PDMS-co-PHMS [16-18 mol% PHMS, M.W = 2 kDa]
(20.0 g) and methyl 10-undecenoate (3 equivalents

POLYMER SCIENCE —WI LEYM

compared to Si—H in the polymer) were taken in a
100 mL two neck round bottom flask containing 20 mL
THF and the mixture were purged with argon for 30 min.
The reaction mixture was placed in a preheated oil bath
at 60 °C. Then, 500 pL Karstedt's catalyst was added to it
dropwise using a syringe and the mixture was left to stir
overnight at 60 °C under argon. The progress of the reac-
tion was monitored by 'H NMR, which revealed the dis-
appearance of the Si—H signal after the overnight
reaction, revealing the completion of the reaction. The
reaction mixture was allowed to cool at room tempera-
ture and washed with 150 mL (3 x 50 mL) methanol for
the removal of excess methyl undecanoate. The product,
the siloxane polymer, which was in the sediment, was
isolated by decantation. The polymer was dried under a
high vacuum (~1 mbar) to obtain a viscous liquid prod-
uct with a nearly 76% yield.

(B) Then, 10 g of the parent PDMS-co-PHMS polymer
grafted with methyl undecanoate was dissolved in a
30 mL THF/MeOH (ratio = 2:1 v:v) mixture. To the mix-
ture, an excess hydrazine monohydrate (10 g) was added
and the mixture was left to stir at room temperature
under argon for 2 h, then the mixture was heated to
50 °C and was left to stir overnight. The progress of the
reaction was monitored by 'H NMR spectroscopy until
the reaction was complete. The reaction mixture was dec-
anted and the hydrazide functionalized siloxane polymer
which was in the sediment part was dried under a high
vacuum (<1 mbar) at 70°C with 83% yield.

(C) A typical procedure proceeds as follows: the silox-
ane polymer with hydrazide pendants (3 g, 4.74 mmol
hydrazides) was dissolved in dry THF (15 mL) and the
solution was purged with argon under vigorous stirring
for 30 min. Depending on the desired composition of the
network, toluene-2,4-diisocyanate and/or toluene-2,-
4-diisothiocyanate (2.37 mmol in total) were dissolved in
2 mL dry THF separately. Under an argon atmosphere
and vigorous stirring, the toluene-2,4-diisothiocyanate
(TDIT) was added via a syringe. Once homogeneously
mixed, it was followed by the quick addition of the
toluene-2,4-diisocyanate (TDI). The gel formation
occurred within 2-10 min at room temperature, depend-
ing upon the fraction TDIT; a higher amount of TDIT
leads to a longer gelation time due to its slow reaction
kinetics. The mixture was left to react at room tempera-
ture for 1 h after which it was heated to 50 °C and left
overnight with argon flow. Finally, the vacuum drying of
the network at 80 °C results in further curing and drying.
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