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Abstract: Despite intensive research on sustainable elastomers, achieving elastic vitrimers with significantly improved\
mechanical properties and recyclability remains a scientific challenge. Herein, inspired by the classical elasticity theory,
we present a design principle for ultra-tough and highly recyclable elastic vitrimers with a defined network constructed
by chemically crosslinking the pre-synthesized disulfide-containing polydimethylsiloxane (PDMS) chains with tetra-arm
polyethylene glycol (PEG). The defined network is achieved by the reduced dangling short chains and the relatively
uniform molecular weight of network strands. Such elastic vitrimers with the defined network, i.e., PDMS-disulfide-D,
exhibit significantly improved mechanical performance than random analogous, previously reported PDMS vitrimers,
and even commercial silicone-based thermosets. Moreover, unlike the vitrimers with random network that show obvious
loss in mechanical properties after recycling, those with the defined network enable excellent thermal recyclability. The
PDMS-disulfide-D also deliver comparable electrochemical signals if utilized as substrates for electromyography sensors
after the recycling. The multiple relaxation processes are revealed via a unique physical approach. Multiple techniques
are also applied to unravel the microscopic mechanism of the excellent mechanical performance and recyclability of such

)

Introduction

For centuries, elastomers have been widely used in numer-
ous traditional applications, such as tires, sealants, footwear,
wire coatings, and automotive manufacturing.!"! Recently,
they also enable the rapid development of stretchable
devices/electronics, wearable sensors, and soft robotics.”!
Therefore, designing elastomers with superior properties
such as mechanical robustness, excellent chemical and heat
resistance, high stretchability and excellent re-processability,
etc., has always been attractive for different applications.
However, these properties are usually difficult to improve
simultaneously because they exhibit a trade-off behavior.”!
For example, thermoplastic elastomers show excellent
stretchability and re-processability while having a low

tolerance to heat and chemicals. On the other hand,
thermoset elastomers are good candidates for application
fields requiring high thermal and chemical stability, how-
ever, they are difficult to be malleable or recycled due to the
presence of permanent chemical crosslinks. Fortunately, the
significant progress in dynamic covalent networks (DCNs)
serves as a “catalyst” to overcome this barrier.” Instead of
permeant chemical crosslinks, DCNs contain dynamic cova-
lent bonds that can undergo either dissociative or associative
exchange in response to various external stimuli such as
heat, endowing a new type of polymer network with
combined advantages.”! Leibler and co-workers reported
silica-like malleable behavior in the associative DCNs
named vitrimer—a novel material that retains constant
crosslink density and good mechanical performance even at
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high temperatures.[’ Since then, tremendous attention has
been focused on developing elastic vitrimers via different
types of dynamic covalent chemistry such as
transesterification,”! vinylogous urethane,® boronic ester,”!
and disulfide exchange.'” However, most of the reported
elastic vitrimers continue to suffer from some drawbacks,
such as low mechanical strength compared to the benchmark
elastomers or limited recyclability, i.e., reduced physical
properties after the thermal recycling. Some thermoplastic
elastomers exhibit good mechanical performance and recy-
clability, with the trade-off of being poor solvent
resistance.!"!)

The classical theory of the rubber elasticity predicts for
the shear modulus, G,:

G, = gvRT 1)

where g and v denote a numerical factor and moles of
network strands per unit volume, respectively.'” The latter
is optimized by adjusting the functionality of elastomer
precursors or by improving the network regularity to reduce
the amount of dangling short chains. The dangling irregu-
larities lower both extensibility and strength.'® The other
parameter, g includes the ratio of r2//2 that is highly
influenced by the length distribution of network strands;
here, E is the mean square end-to-end distance of a strand,
and ?0 is a strand of the same length without being
constrained by crosslinks. When strained, the network with
more uniform chain length will result in more increase of 12,
whereas for the randomly distributed chain length only short
chains are mainly contributing to the stretching. For
example, the slidable ring-shape crosslinks provide a dynam-
ic adjustment of different strand lengths and achieve the
improved strength and elasticity."¥ Therefore, theoretically,
a defined network design with uniform crosslink distribution
will afford elastomers with enhanced mechanical properties,
which has been demonstrated for thermoset and gels but
rarely for recyclable elastomers."!

Several chemical approaches were reported to overcome
the bottleneck of elastic vitrimers. Since vitrimers are mainly
built from dynamic covalent bonds, another feasible ap-
proach is the incorporation of non-covalent, sacrificial bonds
to form a dual-dynamic elastic network.'*™'! For example,
compared with the single boronic ester-based elastic net-
work, introduction of quadruple hydrogen bonding units 2-
ureido-4[1H]-pyrimidinone (UPy) endowed significant im-
provement of the tensile strength (0.1 MPa to 5.5 MPa) and
extensibility (175% to 235%), while such dual-dynamic
elastic vitrimer still suffered limited recyclability (80 %
recovery after 1% cycle)."™ In another report, a dual-
dynamic elastic vitrimer with both disulfide and trans-
esterification was fabricated with excellent recyclability (no
obvious mechanical loss after 4 cycles).'™ However, such
elastic vitrimers showed relatively weak mechanical proper-
ties (tensile stress 1.7 MPa and extensibility 260 %). On the
other hand, Zhang and co-workers also reported an
adaptable interlocking elastic vitrimer fused from two
immiscible networks.!'"”! Compared with single-network, the
interlocking elastic vitrimers demonstrated enhanced me-
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chanical property and recyclability, i.e., tensile strength
~3.5 MPa, extensibility ~850%, and minor mechanical
degradation upon recycling. Recently, our group also
reported the ultra-recyclable, extremely tough, vitrimer-like
PDMS elastomers with a high-density multiple-network
structure combining both permanent chemical and dynamic
physical networks." With the combination of different
types of dynamic covalent bonds, immiscible building blocks
and network complexity, it is difficult to gain a deep physical
insight, which may make such approach challenging be
adapted to other polymer systems.

Herein, inspired by classical theory of rubber-like
elasticity, we present a facile, universal approach to fabricate
the elastic vitrimers with excellent mechanical performance
and recyclability via a defined network design. The elastic
vitrimers with the defined network, PDMS-disulfide-D, are
built by chemically crosslinking the pre-synthesized, linear
PDMS precursors with the tetra-armed PEG. By varying the
PDMS chain lengths and the synthetic routes, a series of
elastic vitrimers with different crosslink densities (mesh
sizes) and network regularities, respectively, are obtained.
The network regularity is manipulated by dangling short
chains and the lengths of network strands. The optimized
elastic vitrimers exhibit superior tensile stress 1.47-
11.18 MPa, extensibility 290 %-884 %, and toughness 9.32—
21.43 MJ/m>. In addition, the PDMS-disulfide-D retain their
superior mechanical performance after multiple re-process-
ing cycles. Their extraordinary performance is due to the
rational designed network architecture that has relatively
uniform strand lengths between crosslinks, which is sup-
ported by comparing with the analogue possessing a random
network. Moreover, considering the problem of conven-
tional 1/e method on activation energy calculation, a unique
approach is utilized here based on the segmental relaxation
time, rheology shift factor, and high-frequency G” maximum
time scale. We further demonstrate that this defined-net-
work design is universal and can be expanded to other
crosslinkers. Additionally, after incorporating carbon nano-
tubes, the conductive elastic vitrimers show great potential
as recyclable elastic materials for soft electronic devices.

Results and Discussion

PDMS is selected as the polymer backbone due to its high
thermal stability and low glass transition temperature (7,)
that facilitates the analysis of network dynamics." The
incorporation of aromatic disulfide, here 4-aminophenyl
disulfide (AFD), afford elastic networks with superior
recyclability. The generated urea units during the formation
of elastic network provide extra physical interaction and
hence improved mechanical performance.”” The elastic
vitrimers with defined network, named PDMS, -disulfide-D,
involve the synthesis of linear PDMS, -disulfide precursors
(Scheme 1, Figures S1-S3, and Table S1). Herein, n repre-
sents different molecular weights (M,,) of PDMS-NH,, e.g.,
M, =1000, 3000, and 5000 g/mol, which are considered to
study the relationship between mechanical property and
mesh size of defined networks, i.e., the distance between
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Scheme 1. Schematic illustration of the elastic vitrimers with defined network and random network.

crosslinks. As a control, elastic vitrimers with a random
network, named PDMS, -disulfide-R, were also synthesized
from a one-pot crosslinking reaction of all four raw
materials.

The obtained elastic vitrimers are highly crosslinked
networks due to the nearly quantitative conversion of
isocyanate-amine reaction, as evidenced by the disappear-
ance of absorption peak of -NCO group at 2270 cm™ in the
FT-IR spectra (Figure 1a, Figures S4-S6). From the rheol-
ogy curves (Figure 1b), the linear PDMS, -disulfide precur-
sors, e.g., PDMS;y-disulfide, exhibit a solid-like behavior
with storage modulus (G’) > loss modulus (G”) at low
temperature (high frequency). Upon heating to high temper-
ature (low frequency), G” starts to surpass G’, demonstrat-
ing a typical terminal relaxation phenomenon of linear
polymers,®?!1 and the PDMS;y,-disulfide has a similar
behavior (Figures S7 and S8). The elastic network of the
PDMS;-disulfide-D shows significantly higher G’ and G”
than the linear precursors (Figure 1c) and higher G’ than G”
over a wide frequency range due to the solidification effect
originated from chemical crosslinking (Figure S9). No
obvious thermal degradation below 270°C is observed for
the designed elastic vitrimers (Figure S10), and the PDMS-
disulfide-D networks derived from longer PDMS chains
exhibit higher thermal stability because of high PDMS
content, consistent with our previous works," as well as
excellent solvent resistance (Figure S11).

The SAXS curve of PDMS;-disulfide-D shows a
relatively broad peak (Figure 1d), and the peak position
(Gmax=0.044 A~") was fit using Broad Peak Model® to
calculate the characteristic correlation distance (d =27/q,.y)
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as 14.6 nm. The mesh size of PDMS;-disulfide-D network
is estimated as 11.7 nm and 37.6 nm based on the Gaussian
coil and extended chain models, respectively. Among the
multiple segments in the defined network, PDMS and PEG
are the dominant segments with distinct electron densities.
Therefore, the SAXS peak which reflects spatial correlations
between the segments could be attributed to the periodic
alternation of PDMS and PEG blocks, and this micro-phase
separation is invisible in the atomic force microscopy
(AFM) image at such length scale (Figure 1le). To support
this assumption, another defined network synthesized solely
from PDMS-NH, (M,,=5000 g/mol) and tetra-PEG-NCO
was also prepared (PDMS-PEG in Figure S12). The SAXS
curve of the PDMS-PEG shows a similar peak position as
that of the PDMS;y-disulfide-D. Hence, the defined net-
work with structured meshes and high crosslink density
prevents the formation of large phase separation in the
system. On the other hand, the PDMS;y-disulfide-R
exhibits an intense peak at ¢=0.020 Al ie, d=314nm
(Figure 1d). Its AFM image also shows severe aggregation
morphology (Figure 1f), therefore, the SAXS peak in
PDMS-disulfide-R is likely ascribed to the significant phase
separation with larger average center-to-center distance
during network formation. The SAXS data were fit using a
combined lognormal sphere model with structure factor to
account for phase separated domains™ and Broad Peak
Model for network structure. The model fit indicated the
existence of spherical domains with the mean diameter of
28 nm (Figure S13), and the correlation distance between
the centers of the clusters is 32 nm. In addition, the SAXS
curves of PDMS,y-disulfide-R and PDMS;,-disulfide-R
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Figure 1. (a) FT-IR spectra of the tetra-PEG-NCO and PDMS,yy,-disulfide-D. The dashed line at 2270 cm™' represents the signal from isocyanates.
(b) Frequency sweep of linear PDMS;y-disulfide precursor. (c) Frequency sweep of PDMS;g-disulfide-D. The reference temperature is 30°C. (d)
SAXS curves obtained from PDMS;q-disulfide-D and PDMS;y-disulfide-R. AFM images of (e) the PDMS;qp-disulfide-D and (f) the PDMS;p00-

disulfide-R.

also reveal the significant phase separation ascribed to the
comparatively gentle slope and g, peak, respectively (Fig-
ure S14). The distinctive morphologies between the defined
and random networks have a significant impact on their
mechanical performance and recyclability.

The elastic vitrimers with the defined-network architec-
ture show excellent mechanical performance as illustrated in
Figure 2a and Table 1. For example, the PDMS,,-disulfide-
D demonstrates a tensile stress of 11.18£0.57 MPa and
extensibility of 290+4 %. With longer PDMS chains, the
extensibility further increases to 532+1% and 884 +18 %,
while the tensile stress decreases to 6.68+0.34 MPa and
1.47+£0.06 MPa for PDMS;y-disulfide-D and PDMSs-
disulfide-D, respectively. Meanwhile, their overall toughness
decreases from 21.43+£0.33 MJ/m’ to 19.45+0.71 MJ/m® and
9.3240.22 MJ/m* when switching the PDMS blocks from
1000 to 3000 and 5000 g/mol, respectively. Although longer
PDMS chains, i.e., larger mesh size, can enhance the
stretchability, the reduced crosslink density renders reduced
tensile stress and toughness, which follows the common

Table 1: Mechanical properties of designed elastic vitrimers.

trend of traditional thermoset elastomers.*! The designed
elastic vitrimers show decent elastic recovery with leftover
strain <15 % after 10 cycles of 100 % elongation processes
(Figure 2b). Comparing with the cases using PDMS,,,, and
PDMS;y, (Figures S15 and S16), the elastic vitrimers with
shorter strand lengths between crosslinks exhibit reduced
hysteresis loss, suggesting the lower dissipation energy and
better elastic recovery. All three vitrimer samples with
different chains lengths show distinct hysteresis loops in the
first cyclic tests, followed by gradually reduced hysteresis
loss in the afterward cyclic test. The hysteresis loops can be
explained by the energy dissipation caused by disassociation
of dynamic bonds, which cannot be reformed during the
short time scale. Moreover, full recovery of original length
can be achieved after relaxing the stretched film for 3 min
(Figure 2c). Benefited from the rational network design, the
PDMS, -disulfide-D achieve significantly higher mechanical
toughness and improved recyclability than the previously
reported PDMS-based vitrimers (Figure 2d and Table S2).*!
The PDMS-disulfide-D even show superior mechanical

Elongation at Break [%)]

Toughness [M)/m’] Ultimate Tensile Strength [MPa]

Sample Young’s Modulus [MPa]
PDMS,qo-disulfide-D 26.74+1.30 2904
PDMS,pop-disulfide-D 6.28+0.35 532417
PDMS.gp-disulfide-D 1.45+0.09 884+18
PDMS,qqo-disulfide-R 3.334£0.37 150412

21.43+£0.33 11.18+0.57
19.454+0.71 6.68 +0.34
9.32+0.22 1.47+0.06
1.53£0.22 1.63+£0.24
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Figure 2. (a) Strain-stress curves of the elastic vitrimers with defined and random networks. (b) Hysteresis test of the PDMS;yyo-disulfide-D. (c)
Photos showing the stretching and relaxation process of the elastic vitrimers. (d) Comparison of mechanical performance between reported PDMS
vitrimers and current elastic vitrimers. (e) Schematic illustration of the diamond network, and the relationship between toughness and crosslink
density (fraction of not bonded vertices) in the elastic network. The yellow breakable bond in the middle represents the exchangeable disulfide

bond.

performance than the commercial silicone-based
thermosets.”! For example, the PDMS,-disulfide-D and
the PDMS;y-disulfide-D exhibit higher mechanical per-
formance than widely used silicone Sylgard-184 (tensile
stress 6.5 MPa vs. 4.0 MPa, extensibility 500 % vs. ~150 %).
Although the silicone elastomer Elastosil-M4630 (~4.5 MPa
and ~780%) exhibits comparable tensile stress to the
PDMS;-disulfide-D, the low optical transparency and non-
recyclability limit its utilization.

One major contributor to improved mechanical proper-
ties of the PDMS-disulfide-D is their defined network
architecture with relatively uniform strand lengths between
crosslinks. With the same chemical component and PDMS
chain length, the PDMS;y-disulfide-D shows significantly
improved tensile stress (6.68 +0.34 MPa vs. 1.63+0.24 MPa)
and extensibility (532+17% vs. 150+12%) with overall
toughness 12.7 times higher than the control group, i.e.,
PDMS;,-disulfide-R. As illustrated in the SAXS and AFM
results (Figure 1d-1f), the random network shows significant
phase separation, indicating aggregation of crosslinkers, that
is to say, higher crosslink densities occur in some locations.
During uniaxial deformation, the sites with different cross-
link densities show different responses to external forces,
and “weak” location will fail first. To support the assump-
tion, coarse-grained molecular dynamics (MD) simulation

Angew. Chem. Int. Ed. 2023, 62, €202310989 (5 of 10)

on a diamond network is performed to provide a micro-
scopic understanding between network parameters and
mechanical performance (details in Supporting Information,
Figures S17-S19).”" As shown in Figure 2e, the overall
toughness of network decreases rapidly with the increased
number of unbonded chains (dangling chains in vertices),
i.e., lower crosslink density. The results suggest that the
elastic vitrimers with random network only tolerate a limited
force due to the local defects. In contrast, the elastic
vitrimers with defined network exhibit a relatively homoge-
neous distribution of crosslinks, contributing to excellent
mechanical performance.

The temperature response of network dynamics is first
evaluated by dynamic mechanical analysis (DMA), and
Figure 3a shows the network illustrations of the samples.
The storage modulus (E’) of the elastic vitrimers typically
exhibits constant rubbery plateaus over a wide range of
temperatures above 7,,°*" while the PDMS;-disulfide-D
exhibits a gradual decrease of E’ above T, (Figure 3b). This
might be explained by the significantly enhanced network
dynamics from the synergic effect of two types of dynamic
bonds, i.e., disulfide exchange and hydrogen bonding,
consistent with previous report.'" The tan (5) of PDMS-
disulfide-D exhibits two transition peaks, and the one at
—120°C is attributed to the glass transition of the PDMS

© 2023 Wiley-VCH GmbH
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Figure 3. (a) Schematic illustration of disulfide-contain network and control sample. (b) DMA results of PDMS;y-disulfide-D. (c) DMA results of
PDMS;q0-non-disulfide-D, the small tan (8) peak at around —30°C is likely related to PEG chain. (d) Master curves of PDMS;y-disulfide-D. (e)
Arrhenius plot of In (7) vs. 1000/T. (f) Combined plots of the relationship between log (t) and 1000/T from different methods in PDMS;yg0-

disulfide-D.

chains. The second broad peak at 80°C should not be
associated with the melting process of PEG segments due to
the absence of a transition peak from 0°C to 150°C in the
DSC curves (Figures S20-S22). To unravel the origin of such
broad peak, an elastic network was prepared by switching
disulfide-containing ADF to non-disulfide benzidine, i.e.,
PDMS;y-non-disulfide-D, and no peak at 80°C is observed
in its DMA curve (Figure 3c), suggesting that the broad
peak is related to the dynamic exchange of disulfides. Such
dynamic bond exchange leads to a non-terminal relaxation
process after the rubbery behavior as indicated by the
rheology result. Similar DMA responses are observed from
PDMS, -disulfide-D with different M, of PDMS chains
(Figures S23 and S24).

The dynamic processes of elastic vitrimers are further
investigated by the master curves of rheology data, and the
typical curve of PDMS;y-disulfide-D is shown in Figure 3d.
At the high-frequency range, the maximum peak of G” is
attributed to the segmental relaxation, and the correspond-
ing frequency sweep is at —120°C. As frequency decreases
(or temperature increases), the glass-to-rubber transition,
rubbery plateau, and another G” maximum are consec-
utively observed, consistent with DMA result. The glass-to-
rubber transition was due to the devitrification of PDMS
segments that led to the elastic rubbery state. Especially,
this low-frequency G” maximum within the measurement
window does not correspond to the terminal flow as the
following G’ is still parallel to and higher than G”.
Importantly, the rheology result of the control network with
non-disulfide benzidine does not show such a G” maximum
but only a wide rubbery plateau, indicating that this process
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is related to the disulfide bond exchange.” Therefore, the
bond exchange does not necessarily lead to a terminal
relaxation and flow behavior where bond exchanges pre-
dominate. Many previous studies with dynamic bonds use
‘viscosity’ estimated from stress relaxation while this
approach is inappropriate if the system does not show
terminal relaxation (e.g., Figure 3e). It is also interesting to
point out that the frequency dependence of G’ and G"” are
parallel to each other in the double logarithmic plot
presenting gel-like behavior, and their slopes are 0.2, in
agreement with predictions of Winter’s gel point theory.?”!
Thus, it will be of great interest to explore the nature of this
gelation process. In addition, the apparent moles of strands
between crosslinks, proportionally relating to the crosslink
densities, of the elastic vitrimers can be calculated by
substituting G’ in Equation (1) with the value at rubbery
plateau extracted from the master curves. The apparent
moles of strands are 2.54x107* and 1.35x107* mol/cm® for
the PDMS;-disulfide-D and PDMS;-disulfide-R (Fig-
ure S25), respectively.

The topological rearrangement at elevated temperatures
reflects the temperature dependence of disulfide exchange
and can be quantified by the apparent activation energy
(E,).P*¢l The E, can be calculated using the Arrhenius
equation: 7, = Ae®/k" where 7, is the characteristic time of
bond exchange, A is a prefactor, R is the gas constant, and T
is the temperature. The traditional 1/e method using stress
relaxation experiments was firstly applied to determine 7 as
the time when the normalized stress decreases to 37 % (1/e)
of the initial value. The In (7) shows a good linear relation-
ship versus the 1000/T (Figure 3e, Figures S26-S28), and
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their slopes give the apparent activation energies of 94.8 kJ/
mol, 106.1 kJ/mol, and 120.5 kJ/mol for the PDMS,y,-
disulfide-D, PDMS;-disulfide-D, and PDMS;,-disulfide-
D, respectively (Figure S29). The calculated values are
within the ranges in various reported disulfide-containing
vitrimers (50-200 kJ/mol).5!

However, there is a main problem with the 1/e method
that the initial modulus utilized to normalize the corre-
sponding relaxation process may not be captured by the
stress relaxation measurement window. Evidence is shown
by comparing against the rheology relaxation time in
Figure 3f, and the 1/e method gives higher relaxation time
and lower apparent activation energy. The rheology relaxa-
tion time is more reliable because the high-frequency G”
maximum that corresponds to the bond exchange is directly
observed in the measurement window. The temperature
dependence of relaxation time was represented by the time-
temperature-superposition shift factor (details in Supporting
Information, Figure S30). Notably, Figure 3f revealed that
the relaxation time for bond exchange was accessible by the
experimental window, which presumably provides additional
contribution to the increased extensibility and toughness as
the network rearranges to adapt to the tensile stress.
Moreover, it is worth pointing out that the apparent
activation energy here accounts not only the bond exchange
process but also the segmental dynamics of backbones,
whose characteristic time, 7,, is the segmental relaxation
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time estimated from the rheology shift factor and high-
frequency G” maximum time scale that agreed well with the
segmental relaxation probed by broadband dielectric spec-
troscopy (BDS, Figure S31). Taking this into consideration,
we modified the traditional Arrhenius equation with the
pre-factor as the segmental relaxation time, 7,. It is
interpreted that the temperature-dependent segmental dy-
namics allow efficient exchange of disulfide bonds with
obtained 7, = 7,e%/%" B With 7, (extrapolated by Vogel-
Fulcher-Tammann equation) and 7, the activation energy of
disulfide exchange in PDMS;-disulfide-D is recalculated
to be 122.0 kJ/mol (details in Supporting Information).
Elastic vitrimers can be thermally reprocessed due to the
bond exchange, leading to the sustainable feature of
polymeric materials.*™*%*? In a typical procedure (Fig-
ure 4a), the film of elastic vitrimers with the defined network
(e.g., PDMS;y-disulfide-D) is broken into small pieces.
Upon application of pressure and temperature, the film
shows a fully recovered mechanical performance, demon-
strating excellent re-processability (Figure 4b). Such a re-
processing process can repeat five cycles with no obvious
mechanical loss. All elastic vitrimers with the defined
networks show excellent re-processability regardless of
PDMS lengths (Figures S32 and S33). Comparatively, the
elastic vitrimer with random network, i.e., PDMS;,-disul-
fide-R, exhibits a continuous decrease of mechanical
performance with increased reprocessing cycles (Figure 4c).

(a) (b) _ PDOMSydisulfided  (¢)  PDMSgp-disulfide-R
74 —Pristine Pristine
ﬁ —— 1% recycle 1.64— 1% recycle
{ R | o1 —ae recycle 2™ recycle
B E 5 5% recycle T —— 3" recycle
T 12
» E " E
150 °C, 1 hour, 6 MPa L. § o
# A
2
Ok 04
FRIbE k
. 0 0.0
= 100 200 300 400 500 600 0 o o 350 00
Strain (%) Strain (%)
(d) PDMS q,-disulfide-D (e) PDMS 349,-disulfide-R

(f) Vitrimer-CNT  Copper foil
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_ﬁn/ ~
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EMG signal

Recycled

(9) os
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e
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Figure 4. (a) Photos showing a typical reprocessing procedure. (b) Strain-stress curves of PDMS;y-disulfide-D after different reprocessing cycles.
(c) Strain-stress curves of PDMS;-disulfide-R after various reprocessing cycles. (d) 2D SAXS patterns of PDMS;q-disulfide-D before and after
recycling (e) 2D SAXS patterns of PDMS;q-disulfide-R before and after recycling (f) Schematic illustration of EMG sensor setup. (g) Comparison

of the EMG signal between pristine and recycled PDMS;-disulfide-D.
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The distinct results herein suggest better re-processability of
the vitrimers with defined-network design. As illustrated in
2D SAXS images (Figure4d and 4e), the PDMS;y-
disulfide-D exhibits almost complete morphology recovery
and isotropic orientation after thermal reprocessing, indicat-
ing that the defined network design retains network
regularity after initial thermal cycles. The slightly reduced
mechanical toughness of PDMS;-disulfide-D, especially
after 5 cycles, may still manifest the decreased structure
regularity with increasing reprocessing cycles. On the
contrary, the recycled PDMS;y-disulfide-R exhibits aniso-
tropic orientation and different morphology other than its
original state, consistent with the mechanical results from
processability tests. The anisotropic orientation is possibly
due to the re-organization of large clusters in network. To
demonstrate the universality of the defined network design,
the elastic vitrimers with disulfide containing PDMS chains
and different types of crosslinkers (e.g., terminated with
epoxy and acrylate) were also synthesized. As expected, the
elastic vitrimers with the same network design while differ-
ent chemical components also exhibit excellent re-process-
ability (Figures S34 and S35), suggesting the applicability of
the proposed network design to other polymer systems.

By incorporating carbon nanotubes (CNT) into
PDMS;-disulfide-D, the resultant elastomers show good
electronic conductivity across a wide frequency range
(Figures S36 and S37), providing a potential opportunity for
fabricating various soft electronics.’® Herein, an electro-
myography (EMG) sensor was fabricated from vitrimer-
CNT composites (Figure 4f), and the electrochemical signals
are obtained with voltage vs. time curve. The EMG sensor
can capture the periodic activity of muscles with a relatively
high signal-to-noise ratio. After thermal reprocessing, the
recycled composites exhibit comparable performance as the
pristine ones.™ Such demonstration indicates the great
potential of designed vitrimers as sustainable elastic materi-
als for different applications.

Conclusion

A series of elastic vitrimers with defined-network architec-
ture are designed from tetra-armed crosslinkers and pre-
synthesized PDMS-based linear precursors, with disulfide as
dynamic chemical bonds and urethane and urea units as
physical bonding. The PDMS-disulfide-D prepared from
different lengths of PDMS precursors show excellent
mechanical performance, i.e., tensile stress 1.47-11.18 MPa,
extensibility 290 %-884 %, and toughness 9.32-21.43 MJ/m’,
superior to previously reported PDMS-based vitrimers and
commercially available silicone elastomers. The defined
network vitrimers also exhibit excellent re-processability
with no obvious loss of mechanical properties after 5
reprocessing cycles. The extraordinary performance of
PDMS-disulfide-D comes from their rational designed
architecture with uniform crosslink distribution as confirmed
by comparing to control samples with random-network
configuration and coarse-grained MD simulation. A dynam-
ic bond exchange process which leads to a non-terminal
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relaxation and gel-like behavior is observed from the
rheology and DMA curves. Instead of the conventional 1/e
method that has some limitations, the activation energy of
disulfide exchange is estimated from the rheology relaxation
time obtained from the high-temperature G” maximum
along with the segmental relaxation time obtained from the
rheology shift factor and high-frequency G” maximum time
scale. Additionally, we further show that this rational
defined-network design can be utilized to build elastic
networks with other tetra-armed crosslinkers such as epoxy-
and acrylate-based ones. Enabling electronic conducting by
incorporating carbon nanotubes, the design elastic vitrimers
also demonstrate its great potential as recyclable soft
electronics.

Inspired by classical theory of elasticity, the strategy of
designing elastic vitrimers with defined network will provide
a guidance for developing soft materials with enhanced
mechanical performance and improved recyclability towards
applications that includes but not limited to sensors,
electronics, and smart materials. Such demonstration signifi-
cantly correlates the physical theory, structure design,
polymer property, and functional materials. Moreover,
although widely adopted in numerous publications, the 1/e
method on activation energy analysis is not accurate as
revealed in the study. The unique physical calculation on
dynamic process of such polymer network here will also
pave a fresh insight for accurate analysis for vitrimers and
other dynamic/adaptable materials.

Supporting Information

Synthetic scheme, NMR, GPC, FT-IR, TGA, DSC, rheol-
ogy, DMA, recyclability, and simulation results can be found
in Supporting Information.
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