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1. Introduction

Reprocessable covalent adaptable networks with
excellent elevated-temperature creep resistance:
facilitation by dynamic, dissociative

bis(hindered amino) disulfide bondsf

Mohammed A. Bin Rusayyis &2 and John M. Torkelson (& *®

Conventionally cross-linked polymer networks known as thermosets contain permanent cross-links
which prevent their recyclability, leading to major sustainability and environmental challenges. To over-
come this problem, covalent adaptable networks (CANs) containing dynamic covalent bonds have been
studied over the past two decades. Because of their dynamic nature, CANs are capable of undergoing
reversible or exchange reactions rendering them reprocessable, offering a sustainable alternative to ther-
mosets. However, unlike thermosets with static cross-links, CANs are considered to be highly susceptible
to creep especially at elevated temperature, which limits their utility in many high-value applications.
Here, we use the dynamic cross-linker bis(2,2,6,6-tetramethylpiperidin-1-yl) disulfide methacrylate
(BITEMPS methacrylate) in the free radical polymerization of reprocessable poly(hexyl methacrylate) net-
works with different degrees of cross-linking. Full recovery of cross-link density was achieved after mul-
tiple recycling steps. We show that BITEMPS chemistry is capable of arresting creep at elevated tempera-
ture up to 90 °C. Poly(hexyl methacrylate) networks containing 5 mol% BIiTEMPS exhibited almost no
creep with strain values of 0.07% and 0.38% at 70 °C and 90 °C, respectively, after 13.9 h of continuous, 3
kPa shear stress. This excellent creep resistance is comparable to the creep response of static networks.
The temperature-dependent viscosity of a BITEMPS-cross-linked dissociative network calculated from
creep data followed an Arrhenius relationship. The viscous flow activation energy from creep and the
stress relaxation activation energy were very similar to the bond dissociation energy of disulfide bonds in
BITEMPS, indicating that the creep and stress relaxation mechanisms are both dominated by the dynamic
chemistry in the network. This work indicates that BITEMPS chemistry offers a simple method to syn-
thesize CANs with excellent elevated-temperature creep resistance while achieving full recovery of cross-
link density after recycling.

because of the permanent and irreversible cross-links, render-
ing these materials generally non-recyclable.””” To address this

Thermoset materials are highly cross-linked polymers having a
network structure. They are used in an extensive array of appli-
cations ranging from kettle handles to aerospace materials.
Because of their covalently bonded chains that are intercon-
nected by permanent cross-links, thermosets can offer out-
standing mechanical properties, chemical and heat resistance,
and dimensional stability. However, conventional thermosets
cannot be reshaped or reprocessed into high-value products
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issue, several strategies have been developed to produce repro-
cessable and, hence recyclable, polymer networks. An increas-
ingly commonly researched strategy to make recyclable
polymer networks is to introduce dynamic covalent bonds into
these materials." ' Network materials containing dynamic
covalent bonds are often termed dynamic covalent polymer
networks (DCPNs)* or covalent adaptable networks (CANs).”®
Most dynamic covalent chemistries employed in CANs have
been characterized as either associative or dissociative.?
Associative dynamic chemistries, e.g., transesterification'"?
and transamination,"**® involve exchange reactions in which
bonds break and new bonds are formed simultaneously such
that the total number of bonds remains constant. Dissociative
dynamic chemistries, e.g., the Diels-Alder reaction®'’° and
alkoxyamine chemistry,> >’ involve reversible reactions in
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which dynamic bonds break under applied stimulus and
reform when the stimulus is removed. Some dynamic chem-
istries, e.g., urethane,® hydroxyurethane,®>' and thio-
urethane®? chemistries, involve both associative and dissocia-
tive mechanisms.

Despite significant advancements in the development of
CANS, their susceptibility to creep at elevated temperature (T)
has been considered a major technological stumbling block.
Creep is the continuous, time-dependent deformation of a
material under constant stress and 7.** Conventional thermo-
sets with permanent cross-links are highly creep-resistant as
they show near zero or negligible creep at elevated 7.>**° They
also do not exhibit significant stress relaxation even at high T
below their degradation 7.>”° While stress relaxation of CANs
at high T allows them to be malleable and, hence, is favorable
for effective reprocessing, creep at elevated T is highly undesir-
able as it prevents these reprocessable networks from being
used in many high-value applications.

A number of strategies have been studied to enhance the
creep resistance of CANs."*?%%%7¢7 One effective but limited
strategy was reported in 2018 by Torkelson and coworkers'®
and Sumerlin and coworkers®® in which they incorporated
some permanent cross-links into associative CANs. Similar
approaches were reported later by other groups.’** With
careful design and judicious control of the ratio of static and
dynamic cross-links contained within the network, high-T
creep can be reduced significantly while maintaining full
reprocessability.”® However, given that the fraction of added
static cross-links cannot exceed certain levels to avoid the for-
mation of a percolated network, this strategy cannot be used
to completely arrest creep without losing reprocessability.”*?
Other studies have also reported CANs with improved creep
resistance.** %% All of these studies were focused on
associative networks, most of which were prepared via step-
growth processes. More importantly, three of these studies
reported CANs with arrested creep at elevated 7,"**>°® but all
three studies only showed short-term creep measurements
with networks tested for 10-30 min, which may not reflect
their creep performance under continuous long-term stress, as
we demonstrate here.

Another strategy with the potential to arrest elevated-T
creep of CANs is to employ a dynamic chemistry with high acti-
vation energy (E,),***® which should allow for excellent creep
resistance some tens of degrees below the reprocessing temp-
erature. In a recent study,””*® our group incorporated dynamic
cross-links based on dissociative alkoxyamine chemistry into
networks and network composites similar to those used in the
tire industry that were reprocessable at 140-160 °C. Because of
the high activation energy (~120 kJ mol™") associated with the
alkoxyamine dynamic chemistry, creep was effectively arrested
at 80 °C with extremely small creep values comparable to per-
manent networks, even when the networks are subjected to
50000 s (13.9 h) of continuous, 3 kPa stress. However, alkoxy-
amine-based networks made from only monomers tend to
exhibit reduced cross-link density after recycling in the
absence of excess carbon-carbon double bonds that can com-
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pensate for the termination of the generated carbon-centered
radicals under processing conditions.>® Thus, there remains a
need to develop CANs that show little long-term reactivity at
elevated T to avoid creep at those conditions but that can be
processed at higher, but reasonable T over an acceptable time
scale while maintaining full cross-link density recovery after
recycling.

Disulfide chemistry is among the most important and
widely studied dynamic covalent chemistries.®®*®* Although
much stronger than O-O single bonds, S-S single bonds in
disulfides are known to be relatively weak covalent bonds ren-
dering disulfide chemistries dynamic.*>"®” While often viewed
as an associative exchange chemistry, the dynamic mechanism
in disulfides is rather complex and involves several mecha-
nisms that depend on both the use conditions and substitu-
ents on the disulfides.’?° Several reports have indicated that
the dynamic mechanism in disulfides is based on radical-
mediated exchange reactions®*®°° as shown in Scheme 1.
This mechanism was confirmed by Asua and coworkers,”* who
also noted that disulfide bonds generally undergo homolytic
dissociation into radicals prior to exchange. (We do not dis-
count the possibility that steric effects in bis(hindered amino)
disulfide bonds could disallow exchange reactions, further
enforcing the dissociative nature of the associated dynamic
chemistry.) Although research has demonstrated some utility
of disulfide linkages (RS-SR) in CANSs, the very high bond dis-
sociation energy of disulfides (BDE = 250-300 k] mol™")*® is
too large to be effectively used in reprocessable networks on a
large scale and often requires the use of external
catalysts.*>**®® Because of their high BDE, disulfide bonds in
dialkyl disulfides can be inert even at high 7, limiting their
utility in the development of CANs. For example, poly(hexyl
methacrylate) networks containing dialkyl disulfide linkages
show almost no stress relaxation at 140 °C.>’

In contrast, disulfide linkages in bis(dialkylamino) disul-
fides (R,NS-SNR,) have a high yet substantially lower BDE
(~110-130 kJ mol™"),°>** making them better candidates for
dynamic covalent chemistry in large-scale applications. The
reduction in BDE of the disulfides is attributed to the
additional stabilization of the generated thionitroxide radicals
contributed by the lone pair of electrons on the nitrogen
atom.”” The first study to employ dialkylamino disulfide lin-
kages in CANs was reported in 2017 by Otsuka and co-
workers.”* They described a multi-step synthesis of a dialkyla-
mino disulfide cross-linker based on bis(2,2,6,6-tetramethyl-
piperidin-1-yl) disulfide (BiTEMPS) and studied both the ther-

R1\S/S\R1 ~ 2 R,—S

R . R S .
Z\S/S\R2+R1_s W 2\s/ \R1 + R,—S

Scheme 1 Radical-mediated dynamic mechanism in

disulfides.

exchange
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mally reversible dissociation of the disulfide bond in BITEMPS
and the utility of BITEMPS in synthesizing dynamic poly-
urethane networks. Later, they reported a study of poly(hexyl
methacrylate) networks containing dynamic BiTEMPS func-
tionalities in which they demonstrated stress relaxation in the
120-140 °C T range.”” In 2020, we reported a simple one-step
method to synthesize a BITEMPS-based dynamic cross-linker
which we exploited in the free radical polymerization of CANs,
and we obtained full property recovery associated with cross-
link density after multiple processing steps with the CANs.®>

Here, using the same approach we reported in ref. 95, we
have prepared catalyst-free, reprocessable poly(hexyl methacry-
late) networks containing different levels of BITEMPS function-
alities. The processability and recyclability as well as the com-
plete recovery of cross-link density after recycling are re-
demonstrated. Using the T-dependent storage modulus (E') of
these reprocessable networks, we demonstrate the dissociative
nature of BiTEMPS dynamic chemistry. We further demon-
strate that the prepared dissociative CANs with low but
sufficient levels of dynamic bis(hindered amino) disulfide
bonds exhibit excellent creep resistance when subjected to
50 000 s (13.9 h) of continuous stress at elevated T up to 90 °C,
only 40 °C below the processing T. To the best of our knowl-
edge, this is the first report of dissociative CANs made from
only monomers that exhibit both elevated-T creep resistance
comparable to permanently cross-linked networks and full
recovery of cross-link density after recycling. We also address
stress relaxation in these networks and show that the visco-
elastic responses of both creep and stress relaxation are domi-
nated by the dynamic chemistry in these materials.

2. Experimental section
2.1. Materials

All chemicals are commercially available and used as received
unless otherwise noted. 2,2,6,6-Tetramethyl-4-piperidyl meth-
acrylate (TMPM) was from TCI America. Dichloromethane
(Certified ACS) and methanol (99.9%) were from Fisher. Low-T
azo initiator V-70 was supplied by FUJIFILM Wako Chemicals.
Petroleum ether (anhydrous), sulfur monochloride (98%),
hexyl methacrylate (HMA, 98%), N,N-dimethylacetamide
(DMAc, anhydrous, 99.8%), toluene (99.9%) and chloroform-d
(99.8 atom% D) were from Sigma-Aldrich. Hexyl methacrylate
(HMA) monomer was de-inhibited using inhibitor remover
(Sigma Aldrich, 311340) in the presence of calcium hydride
(Sigma Aldrich, 90%). Petroleum ether and DMAc were dried
over 4 A molecular sieves for at least 48 hours before use.

2.2. Cross-linker synthesis

Bis(2,2,6,6-tetramethyl-4-piperidyl ~ methacrylate)  disulfide
(BiTEMPS methacrylate) was synthesized using the procedure
reported in ref. 95. The synthesis starts by dissolving 2,2,6,6-
tetramethyl-4-piperidyl methacrylate (8.81 g, 39.09 mmol) in
pre-dried petroleum ether (~90 ml). The solution was cooled
to =70 °C and then sulfur monochloride (1.31 g, 9.72 mmol)
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mixed with pre-dried petroleum ether (1.30 ml) was added to
the solution dropwise with continuous stirring. The solution
was allowed to stir at —70 °C for 15 min followed by stirring at
room T for additional 30 min. The mixture was then poured in
distilled water and stirred at room T overnight. The formed
creamy precipitates were filtered off and dried in a vacuum
oven at 40 °C for 48 h to give BITEMPS methacrylate (2.28 g,
46%). Anal. Caled for CyH44N,04S,: N, 5.46; S, 12.51. Found:
N, 5.40; S, 12.59.

2.3. Network synthesis

In a typical synthesis of poly(hexyl methacrylate) networks,
HMA, BiTEMPS methacrylate, and pre-dried DMAc (4.8 ml)
were mixed in a 20 mL scintillation vial. The cross-linker,
BiTEMPS methacrylate, was added in either 2 mol% (for
XLPHMA-2 sample) or 5 mol% (for XLPHMA-5 sample) level
with respect to the total amount of monomer and cross-linker.
DMAc was added (1.2 ml DMAc per g HMA) to facilitate the
dissolution of cross-linker in the monomer. The mixture was
stirred at room T until a homogeneous solution was obtained.
The solution was then bubbled with N, gas for 20 min at room
T followed by the addition of V-70 initiator (1 mol% w.r.t. total
amount of monomer and cross-linker). N, gas was bubbled
again into the solution for an additional 50 min at 25 °C. After
50 min, N, bubbling was stopped, but N, gas was allowed to
flow continuously into the vial and the reaction was allowed to
proceed overnight. After 24 h, the reaction was quenched by
exposing it to air. The obtained solid was cut into pieces and
washed with DCM/methanol mixtures (3/1, 1/1, 1/3 ratios)
three times to remove any unreacted reagents. The pieces were
then dried in a vacuum oven at 80 °C for 24 h.

2.4. Fourier transform infrared (FTIR) spectroscopy

Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy employed a Bruker Tensor 37 FTIR
spectrophotometer with a diamond/ZnSe attachment. Sixteen
scans were collected at room T over the 4000 to 600 cm™'
range at 4 cm™ ' resolution. FTIR spectroscopy was done to
confirm the conversion of the amine groups in TMPM, which
was determined by the disappearance of the N-H stretch peak
at 3312 cm ™.

2.5. 'H NMR spectroscopy

'H NMR spectroscopy was performed at room T using a Bruker
Avance 1II 500 MHz NMR spectrometer. Deuterated chloroform
(CDCl;) was used as solvent, and the spectrum was reported
relative to tetramethylsilane.

2.6. Molding and reprocessing of networks

Dried networks were cut into millimeter-sized pieces and pro-
cessed using a PHI press (Model 0230C-X1). To mold the
samples used in swelling, dynamic mechanical analysis, and
stress relaxation experiments, network pieces were hot pressed
into ~1 mm-thick films at 130 °C with a 10-ton ram force for
1 h. After molding, samples were cooled to room T in a cold
compression mold with a 4-ton ram force for 5 min. Such
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films are considered to be the 1°* molded sample. 2"¢ molded
samples were prepared in a similar way where a 1°* molded
sample was cut into small pieces and pressed again to obtain
2" molded sample. 2™ molded samples were cut into pieces
and reprocessed using the same processing conditions to give
3™ molded samples. Disk samples for creep characterization
were molded using the same press at 130 °C and 10-ton ram
force for 1 h.

2.7. Swelling

Small network pieces were placed in ~20 ml of toluene in a
glass vial at room T. The networks were swollen for 72 h, after
which the solvent was decanted. The swollen networks were
immediately weighed after removing the remaining solvent on
the network surface. The networks were then dried in a
vacuum oven for 3 days and weighed afterwards. Swelling tests
were performed to determine the gel fractions and the swelling
ratios of the as-synthesized and the molded networks. The gel
fraction was calculated as mq/m,, and the swelling ratio was
calculated as (ms — mq)/mq, where m, is the original mass of
the sample before the swelling test, mg is the mass of the
swollen sample, and mq is the mass of dried sample after
swelling.

2.8. Differential scanning calorimetry (DSC)

The glass transition temperatures (7,s) of as-synthesized and
molded networks were obtained by DSC using a Mettler
Toledo DSC822e. As the network samples were rubbery at
room T and thus had not undergone physical aging, they were
cooled to —30 °C at a rate of —20 °C min~" followed by heating
to 80 °C at 10 °C min~". The T, values were obtained from the
heating ramp using the 1/2 AC, method.

2.9. Dynamic mechanical analysis (DMA)

DMA was performed using a TA Instruments RSA-G2 Solids
Analyzer where the tensile storage modulus ('), the tensile
loss modulus (E"), and the damping ratio (tan § = E"/E’) of the
networks were measured as functions of T under nitrogen
atmosphere. The network rectangular specimens were
mounted on the fixture and underwent a heating ramp from
—55 °C to 150 °C (or 250 °C) at a heating rate of 3 °C min™".
The tension-mode measurements were collected at a frequency

of 1 Hz and 0.03% oscillatory strain.

2.10. Stress relaxation

Tensile stress relaxation was characterized using a TA
Instruments RSA-G2 Solids Analyzer. Rectangular specimens
were mounted on the fixture and allowed to equilibrate at the
test T for 10 min before starting the test. Once thermal equili-
brium was reached, samples were subjected to an instan-
taneous 5% strain, which was maintained throughout the test.
The stress relaxation modulus was recorded until at it had
relaxed to 20% of its initial value.

This journal is © The Royal Society of Chemistry 2021
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2.11. Creep

Shear creep and creep-recovery experiments were performed
on ~2 mm-thick disk samples using an Anton-Paar MCR 302
rheometer with 25 mm parallel-plate fixtures. The samples
were equilibrated at the test T for at least 5 min before starting
the experiment. In creep-recovery tests, the stress (3 kPa unless
otherwise noted) was applied for 50 000 s followed by 7200 s of
recovery (zero stress). Creep strain values (Ag) reported in
Table 2 were calculated as the difference in strain at ¢ = 50000
s and ¢ = 1800 s (Ae = €50000 — €1800) in order to consider only
pure creep, not the initial delayed elastic deformation.*® The
network viscosity (1) was calculated as a function of T as
follows:

n=o/y (1)

where o is the creep shear stress, and y is the shear strain
rate calculated from the fitted slope of the linear part of the
creep curves (employing creep data between ¢ = 30 000 s to ¢ =
50000 s).

3. Results and discussion

Bis(2,2,6,6-tetramethyl-4-piperidyl ~ methacrylate)  disulfide
(BiTEMPS methacrylate) was synthesized by reacting 2,2,6,6-
tetramethyl-4-piperidyl methacrylate (TMPM) with sulfur
monochloride (S,Cl,) according to Scheme S1.7 The conver-
sion of TMPM into BITEMPS methacrylate was confirmed by
FTIR spectroscopy through the disappearance of the secondary
amine stretch at 3312 em™" (Fig. S11), "H NMR (Fig. $27), and
elemental analysis. BITEMPS methacrylate was employed as a
dynamic cross-linker and was incorporated into polymer net-
works via free radical polymerization. Two catalyst-free poly
(hexyl methacrylate) (PHMA) networks containing different
amounts of dynamic dialkylamino disulfide bonds were syn-
thesized at 25 °C using the azo-based low temperature initiator
V-70. The synthesized XLPHMA-2 and XLPHMA-5 networks
contained 2 mol% and 5 mol% of BiTEMPS methacrylate,
respectively, with respect to the total amounts of HMA
monomer and BITEMPS methacrylate cross-linker. The
network synthesis is schematically shown in Fig. 1(a).

The network materials were washed with dichloromethane
and methanol mixtures and dried before characterization. The
cross-linked nature of XLPHMA-2 and XLPHMA-5 networks
was confirmed by swelling in toluene (Table S1t). Table S1t
shows that XLPHMA-5 swells less and contains higher gel frac-
tion than XLPHMA-2, consistent with a higher degree of cross-
linking as a result of the higher cross-linker concentration. As-
synthesized XLPHMA-2 and XLPHMA-5 networks were ana-
lyzed by DSC. No thermal transition was detected for the as-
synthesized XLPHMA-2 sample, but the XLPHMA-5 network
showed a T, of 18 °C (Fig. S31). We note that linear PHMA syn-
thesized under similar conditions has a Ty of —6 °C.”” This
substantial difference in T, between linear PHMA and
XLPHMA-5 is attributed to the relative rigidity of the
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(a)

HMA BIiTEMPS methacrylate

DMAc, V-70 | 25°C,24 h

Fig. 1 (a) Synthesis of PHMA networks and (b) processing of the net-
works into disk and film samples.

XLPHMA-5 sample imparted by the cyclic skeleton structure of
BiTEMPS.?”°

Both XLPHMA-2 and XLPHMA-5 networks were malleable
at 130 °C and were molded into films and disks for further
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characterization (Fig. 1b). Linear polymethacrylates are known
to have excellent optical properties due to their high transpar-
ency. The highly transparent appearances of the molded
XLPHMA-2 and XLPHMA-5 samples indicates that neither the
addition of BITEMPS methacrylate as cross-linker nor the pro-
cessing at high 7" had negative effects on the material optical
properties. The molded samples also retained their cross-
linked nature as evidenced from the swelling results. Notably,
the molded XLPHMA-2 and XLPHMA-5 networks showed lower
swelling ratios but higher gel fractions compared to their
respective as-synthesized samples (Table S1f). These results
suggest that additional cross-linking was achieved via bond
rearrangements during the processing at sufficiently higher
T.%> Molded XLPHMA-2 and XLPHMA-5 networks were also
characterized by DSC with XLPHMA-2 and XLPHMA-5 samples
exhibiting T, values of 7 °C and 18 °C, respectively (Fig. S37).
These results indicate that the network T, and related pro-
perties can be easily tuned via the cross-linker concentration.
Fig. 2 illustrates T-dependent DMA properties for the
molded XLPHMA-2 and XLPHMA-5 samples. As shown in
Fig. 2a, the storage modulus (E') curves of both XLPHMA-2 and
XLPHMA-5 samples display a rubbery plateau well above their
T,s, a characteristic of cross-linked materials. Additionally,
Fig. 2a shows that the rubbery plateau E' value of XLPHMA-5
network is approximately three times that of XLPHMA-2
network. Based on expectations from Flory’s ideal rubber elas-
ticity theory, which indicates that the tensile modulus (E) in
the rubbery plateau scales linearly with cross-link density and
with absolute T,°° these results indicate that XLPHMA-5
sample has a substantially higher cross-link density than
XLPHMA-2. Given that the loss modulus (E”) is much smaller
than the storage modulus E' in the rubbery plateau regime
(recall that tan § = E"/E"), the value of E in the rubbery plateau
regime can be estimated by the E’ value. Thus, in an ideal elas-
tomer, the E' value in the rubbery plateau regime should
exhibit a linear increase with T. Associative CANs that undergo
exclusive exchange reactions where cross-link density remains
constant are expected to follow a similar trend. Values of E’ in
the rubbery plateau regime of CANs with dual associative and
dissociative mechanisms have also been observed to increase
with increasing 7.*®*' However, as shown in Table S2,1 the E'

b
@ @ P

=== XLPHMA-2 1 === XLPHMA-2
«—— XLPHMA-5 ——— XLPHMA-5

10°
10%F
107}
w105f
105 |
104 N

L 0.0 L
50 0 50 100 150 200 250 -50 0 50 100 150
Temperature (°C) Temperature (°C)

Fig. 2 (a) Tensile storage modulus (E") and (b) damping ratio (tan § = E”/
E') of 15 mold XLPHMA-2 and XLPHMA-5 networks.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1py00187f

Published on 14 April 2021. Downloaded on 2/23/2026 1:09:46 PM.

Polymer Chemistry

values in the rubbery plateau regimes for both XLPHMA-2 and
XLPHMA-5 networks decrease slightly with increasing 7. These
results are consistent with the dynamic mechanism in the
BiTEMPS disulfide bonds being of a dissociative nature.
Although a radical-mediated exchange mechanism of
BiTEMPS was previously reported,® our results suggest that di-
sulfide bonds in BiTEMPS dissociate at a faster rate than their
recombination/exchange. While DMA experiments for CANs
have been traditionally performed to demonstrate their cross-
linked nature or recovery of cross-link density, we note that
simple DMA measurements can also be useful in understand-
ing the nature of the dynamic chemistry present in CANs by
observing the T-dependence of the rubbery plateau E'.

Typically, the rubbery plateau of dissociative CANs extends
up to an approximate “gel-to-sol transition” T where the
network cross-links undergo enough dissociation to enable
flow similar to thermoplastics.”” To characterize the T of this
transition (Tge), the molded XLPHMA-2 and XLPHMA-5
samples were heated to ~250 °C in a high-T DMA experiment.
The XLPHMA-2 and XLPHMA-5 samples exhibit T, values of
~204 °C and ~234 °C, respectively. The 30 °C difference in Ty
indicates that the thermal stability of the network nature in
these materials can be improved by increasing the cross-linker
concentration. Importantly, the existence of an apparent gel-
to-sol transition and the flow of the samples at high T confirm
the dissociative nature of BITEMPS dynamic chemistry.

Fig. 2b shows the damping ratio tané of the XLPHMA-2
and XLPHMA-5 samples as a function of 7. The T at which
tan § is a maximum is sometimes considered as a “shifted” T,
value.”® The tan§ peak for XLPHMA-2 is located at 20 °C,
which is substantially lower than that of XLPHMA-5 (45 °C).
This large difference in “shifted” T, values is in line with the
difference observed in the T, values determined by DSC. In
addition, XLPHMA-2 showed a higher tané peak value than
XLPHMA-5. The tané peak value is a qualitative measure of
the viscoelastic behavior of the material at the peak tempera-
ture.”® A higher tan § peak value indicates larger energy loss
and more viscous or liquid-like behavior, whereas a lower
value indicates lower energy loss and more elastic behavior.'®
Because cross-links restrict the mobility of polymer chains,
one would expect the peak value of the tan § curve of the less
cross-linked XLPHMA-2 to be higher than that of the more
cross-linked XLPHMA-5 network, which is consistent with our
results. As shown in Fig. S4a,} at high temperatures (T >
~180 °C) where the dynamic dissociation of BITEMPS cross-
links become sufficiently high, tan § values of both XLPHMA-2

Table 1 Average storage modulus (E’) values in the quasi-rubbery plateau
deviation of three measurements
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Fig. 3 Tensile storage modulus (E') and damping ratio (tans = E"/E") of
1% mold, 2" mold, and 3" mold XLPHMA-5 network samples.

and XLPHMA-5 networks increase as a result of the instability
of network sample with decreasing cross-link density at higher
T. This is also confirmed by the increase of E” values to form
secondary E"” peaks before the samples disintegrate and flow
(Fig. S4bf).

Fig. 3 shows DMA results for the 1°* molded, 2™ molded,
and 3™ molded XLPHMA-5 networks. The storage modulus
curves for all molded samples exhibit a quasi-rubbery plateau
at T > ~70 °C with values exceeding 1.0 MPa, consistent with
their cross-linked natures. As shown in Table 1, the average E'
value in the quasi-rubbery plateau regime for all molded
XLPHMA-5 samples decreases with increasing 7T, consistent
with the dissociative nature of the disulfide bonds in
BiTEMPS. Additionally, at a given T in the rubbery plateau
region the average E' values of XLPHMA-5 samples are, within
experimental error, independent of molding cycle through
three cycles. In accord with Flory’s ideal rubber elasticity
theory,”® these results indicate that XLPHMA-5 achieves full
recovery of cross-link density, within error, after multiple re-
cycling steps. The full recovery of cross-link density of repro-
cessed XLPHMA-5 networks is further confirmed by the swell-
ing ratio and gel fraction data (Table S17).

The creep performance of the synthesized networks was
characterized at 70 °C, well above their T, values. In the creep
experiment, a 3.0 kPa shear stress was applied for 50 000 s or
13.9 h during which strain was measured. Upon stress

region of (re)processed XLPHMA-5. Error bars represent + one standard

E' (MPa)
Sample 70 °C 80 °C 90 °C 100 °C 110 °C 120 °C 130 °C 140 °C 150 °C
1* mold 2.72+0.05 225004  2.10+0.06 1.94+0.04 1.78+0.02 1.70+0.06 1.64+0.07 1.59+0.08  1.56+0.10
2"mold  2.65+0.21  2.25+0.15 2.03+0.11 1.88+0.12 1.76+0.11 1.68+0.10 1.61+0.11  1.58+0.08  1.56+0.11
3¥mold  2.82+0.04 2.34+0.17 212+0.14 1.95+0.07 1.85+0.11 1.73+0.04 1.65+0.03  1.61+0.02  1.59+0.04
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Fig. 4 Curves for the XLPHMA-5 network showing (a) creep and creep
recovery and (b) creep compliance (J(t) = &(t)/o) at 70 °C.

removal, creep recovery was measured for 2 h. Fig. 4a shows
creep-recovery curves of the XLPHMA-5 network at 70 °C under
different stress levels. XLPHMA-5 exhibited almost no creep
over 13.9 h for stress levels ranging from 3 kPa to 10 kPa. For
all stress levels tested, after an elastic deformation, the strain
remained almost invariant with time, indicating that the
network maintained excellent dimensional stability under
these conditions. Fig. 4a also shows that the strain scales line-
arly with stress, which is confirmed by the creep compliance
data. It is well known that the creep compliance for a linear
viscoelastic material is independent of the applied stress due
to the linear relationship between stress and strain at any time
for such materials."®" Fig. 4b shows that the creep compliance,
J(t), curves of XLPHMA-5 at different stresses overlap each
other, confirming the Ilinear viscoelastic
XLPHMA-5 network under these conditions.
Fig. 5 shows the creep-recovery curve of the XLPHMA-2
network. When the 3 kPa stress was applied, XLPHMA-2
showed an instantaneous strain of 23%, which was measured

behavior of

2 s after the start of the creep test. This instantaneous strain is

2000 T T T T T T v T
1500 *° .
40
g K30
c | £ .
.E 1000 £ 20}
b 10}
s00f ' ° S EEE N 3y py
0 1 1 L 1 L L 1

2 4 6 8 10 12 14 16
Time (h)

Fig. 5 Creep and creep recovery of the XLPHMA-2 network at 70 °C.
The inset shows the creep response in the first 30 min of the creep
experiment.
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significantly higher than the ~1% instantaneous strain exhibi-
ted by the network containing 5 mol% BiTEMPS methacrylate
under the same conditions. This large difference in instan-
taneous strain is qualitatively consistent with the lower cross-
link density of the XLPHMA-2 sample. As shown in Fig. 5, the
strain exhibited by the XLPHMA-2 sample increased progress-
ively with time for 8 h after which it increased at an accelerated
rate. After ~12 h, the strain increased significantly, reaching
2000% at t = 13.9 h. When the stress was removed, the strain
was only weakly recovered with a large residual strain remain-
ing 2 h after stress removal. This large, apparently permanent
creep deformation is also reflected in the physical appearance
of the XLPHMA-2 sample at the end of the creep-recovery
experiment (Fig. S5T). These results reveal that, with sufficient
levels of cross-linking units, BITEMPS dynamic chemistry is
very effective in arresting long-term elevated-T creep of CANSs.
However, the cross-linker content is crucial to improving the
creep resistance of these networks. Only CANs that are
sufficiently cross-linked, potentially significantly beyond the
percolation limit, as is the case with XLPHMA-5, exhibit excel-
lent elevated-T creep resistance.

It is critical to note that creep response at short times may
not be indicative of creep performance at long times. At short
times, low levels of covalent cross-links may have a smaller
effect on creep as physical chain entanglements can act as
temporary cross-links over this timescale.*® The short-term
(<30 min) creep response of the same XLPHMA-2 sample at
70 °C and 3.0 kPa creep stress is shown in the inset in Fig. 5.
The XLPHMA-2 exhibited a relatively small creep strain over
the 20 min timeframe from 10 to 30 min, A¢ = €30min — €10min
= 0.02 or 2%. However, that short-term behavior in no way
reflects the response at long creep time, with a very large creep
strain of several hundred percent being exhibited over any
selected 20 min timeframe in the final hour (12.9-13.9 h) of
the creep experiment. Such differences in short-time and long-
time elevated-T creep response may be expected for many
CANs because of the slow rates of exchange/dissociation reac-
tions associated with covalent chemistries employed in these
materials. Unfortunately, this implies that some studies that
have reported good elevated-T' creep resistance with creep
characterization for only short 10-30 min timescales may not
provide a proper assessment of elevated-T creep resistance for
real-life applications that require dimensional stability over
relatively long time-periods.

Although creep response of specific CANs is often reported
at only one or two T values,'>*%4%46753:53,61,63,64 creepn measure-
ments as a function of T are important as they may enable
direct determination of the 7T-dependent viscosity of these
materials and thus the viscous flow activation energy.'”> To
investigate its T-dependence of viscosity, the creep response of
XLPHMA-5 was studied at four T values from 70 °C to 130 °C
(Fig. 6). The T-dependent viscosity was calculated from the
slope of the linear time-dependent region of the creep curves.
The viscosity (1), creep strain (Ae), and creep recovery as func-
tions of T are summarized in Table 2. The creep strain of
XLPHMA-5 at 70 °C was quantified to be 0.0007 (i.e., 0.07%)

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) Creep and creep recovery curves of the XLPHMA-5 network
at different temperatures under a constant stress of 3 kPa. (b) Creep
curve of the XLPHMA-5 network at the processing temperature (130 °C)
under a constant stress of 3 kPa. (c) Strain recovery as a function of time
for the XLPHMA-5 network at different temperatures after 13.9 h of
creep testing under a constant stress of 3 kPa.

Table 2 Viscosity, creep strain, strain recovery, and residual strain of
the XLPHMA-5 network at different temperatures under a constant
creep stress of 3 kPa

n” Instant strain Total strain ~ Residual
T (°C) (Pas) Ae? recovery® (%) recovery? (%) strain?
70 3.85x 10" 0.0007 78.2 99.98 0.00000355
90 4.48 x 10" 0.0038 73.3 81.85 0.00541
100  1.71x10" 0.019 45.9 51.29 0.0246

130  1.45x10° 0.125 — — —

“Viscosity (17) was calculated using eqn (1) with the strain rate calcu-
lated from the slope of the creep curves between ¢ = 30000 s and ¢ =
50000 s. ” Creep strain (Ae) was calculated as the difference in strain
between ¢ = 50 000 s and ¢ = 1800 s. “ Measured 2 s after the stress was
removed. ¢ Measured 1.4 h after the creep was removed for 70 °C and
2.0 h after the creep was removed for 90 °C and 100 °C.

after 13.9 h of continuous stress, affirming the network’s excel-
lent dimensional stability. The strain at 70 °C was nearly fully
recovered less than 30 min after stress removal (Fig. 6¢). These
results indicate that the BITEMPS chemistry is extremely slow
at 70 °C allowing both creep arrest and full or nearly full strain
recovery at this temperature. XLPHMA-5 also maintained its
excellent creep resistance at 90 °C; the network exhibits a
creep strain of only 0.0038 (i.e., 0.38%). These creep strain
comparable exhibited by static

values are to values
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networks.>**® We note that the disulfide bond in BiTEMPS
has been shown to undergo perceptible radical-mediated
exchange reactions at 80 °C.°* Thus, we expect that BITEMPS
chemistry was active but at very low levels during 90 °C the
creep test. This is also confirmed by the creep-recovery behav-
ior of the network at 90 °C as the strain was incompletely
recovered 2 h after stress removal. However, given the negli-
gible creep strain and the low residual strain (0.54%), we
believe that the rate of disulfide dissociation is sufficiently low
to nearly arrest creep at 90 °C.

At 100 °C, XLPHMA-5 exhibited a creep strain of 0.019 or
1.9%, indicating a faster rate of disulfide dissociation under
these conditions. Although BiTEMPS chemistry was unable to
arrest creep completely at this 7, the response of the network
is consistent with strong creep resistance at 100 °C. Upon
increasing the 7 to the 130 °C processing 7T, the sample exhibi-
ted a more pronounced creep strain, which is expected as the
network is malleable at this 7. One may expect CANs to creep
significantly at the processing 7. However, although more pro-
nounced, the creep strain was only 12.5% after 13.9 of continu-
ous stress at 130 °C. These results suggest that a significant
fraction of the dynamic cross-links in XLPHMA-5 remain
linked in this dissociative CAN at the processing 7 and atmos-
pheric pressure.

Fig. 7 shows an Arrhenius plot of the T-dependent viscosity
calculated from the XLPHMA-5 creep data, confirming that the
network viscosity of our dissociative CAN can be fit with an
Arrhenius relationship over the tested 7 range (70-130 °C). The
viscous flow activation energy (E,,) was calculated from the
slope of the linear fit to be 106.7 k] mol™". It is noteworthy
that the E,, value is very close to the value reported for the
bond dissociation energy of the disulfide bond in BiTEMPS
(109.6 k] mol™).°* This indicates that, for the conditions of
our study, the network creep behavior is dominated by the
dynamic chemistry of the cross-linker. These results corrobo-
rate the findings we reported recently that indicate that having

22¢ E, ,=106.7 kd/mol
21} R? = 0.999 i
24 25 26 27 28 29 3.0
1000/T (K"

Fig. 7 Arrhenius activation energy of viscosity for the XLPHMA-5
network as calculated from creep data taken over a T-range of
70-130 °C.
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Fig. 8 (a) Normalized stress relaxation curves of the XLPHMA-5
network at different temperatures under a strain of 5%. (b) Arrhenius
apparent activation energy of stress relaxation associated with average
relaxation time for the XLPHMA-5 network.

a dynamic chemistry with a sufficiently high activation energy
is a key for arresting elevated-T creep in CANs.?” We also note
that studies are warranted to consider how creep resistance
may be modified in going from the linear viscoelastic regime
to the nonlinear viscoelastic regime at much higher stresses.
We also studied the T-dependent stress relaxation behavior
of XLPHMA-5 (Fig. 8a). We note that stress relaxation measure-
ments are generally done at sufficiently small strain that the
response is in the linear viscoelastic regime which allows for
rational comparison with 7T-dependent creep response in the
linear viscoelastic regime, a condition met by our creep
studies. Many studies that have reported the stress relaxation
of CANs assume that these materials follow the Maxwell model
with a single-mode exponential decay and thus a single relax-
ation time, e.g., ref. 78. Based on this assumption, the relax-
ation time (z) is estimated as the time required for the relax-
ation modulus to decrease to 1/e (37.8%) of its initial value.
Using this method, we estimated the 7T-dependent 7z values,
which were observed to reasonably follow the Arrhenius
relationship (Fig. S71). The single-mode stress-relaxation acti-
vation energy was calculated from the slope of the linear fit to
be 108.5 k] mol~", which is in relatively close agreement with
the activation energy reported for a similar poly(hexyl meth-
acrylate) network cross-linked with a different BITEMPS-con-
taining cross-linker (105.8 kJ mol™").'** However, it is known
that in general the stress relaxation of CANs does not corres-
pond to a single exponential decay.’’*° This also applies to
XLPHMA-5 as the stress relaxation curves of the network do
not fit single exponential decays as described by the Maxwell
model (Fig. S8af). The Kohlrausch-Williams-Watts (KWW)
stretched exponential decay function, which accounts for a
breadth of relaxation times, is widely used to describe stress
relaxation in polymers.*'?*'%* The KWW decay function can

be written as:
p
vl e

where E(t)/E, is the normalized relaxation modulus at time ¢,
7* is the characteristic relaxation time, and § (0 < § < 1) is the
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stretching exponent that serves as a shape parameter charac-
terizing the breadth of the relaxation distribution. The average
relaxation time, <z>, is given by:'%®

- £Lu) )

where I” represents the gamma function. We applied the KWW
function for fitting the stress relaxation data. As shown in
Fig. S8b,T the KWW function provides a much better fit to the
experimental data. The calculated average relaxation times and
fitting parameters (z*, f) as functions of T are summarized in
Table 3.

The average relaxation time decreases significantly with
increasing 7, consistent with a change in network structure as
a result of more de-cross-linking at higher T. These results are
also consistent with the strong 7-dependence of BiTEMPS
dynamic chemistry. The processing time employed in this
study (1 h) is roughly 4.7 times the average relaxation time at
the molding temperature (130 °C). Previous study has indi-
cated that three times the average relaxation time is a good
empirical molding time for polymers.'*® This suggests that the
processing time of XLPHMA-5 at 130 °C may potentially be
reduced from 1 h to ~40 min. The values of  associated with
the KWW fits were also observed to vary with 7. Typically,
studies that have analysed the dynamics of amorphous
materials via KWW fits have reported a narrower relaxation dis-
tribution (higher g values) with increasing 7, regardless of
whether the relaxation dynamics were associated with a- or
p-relaxation processes.’”” "% Of course, the <> values for
either a- or P-relaxation processes would be many orders of
magnitude lower than those associated with stress relaxation
results such as those in Fig. 8 and Table 3 at T'> ~T, + 100 °C.
Thus, the stress relaxation results for XLPHMA-5 shown in
Fig. 8 are not reflective of such polymer dynamics.
Importantly, for our stress relaxation studies of the XLPHMA-5
system, we found that the value of # decreases slightly with
increasing 7, consistent with broader relaxation distribution at
higher T over the T-range studied. This trend is likely due to
the reduction of the network character of XLPHMA-5 system
with increasing T from 120 °C to 150 °C.

The KWW average relaxation times calculated from eqn (3)
were also fitted to the Arrhenius equation (Fig. 8b), yielding a
stress relaxation activation energy (E,.) of 106.2 k] mol~", only
slightly lower than the E, . value calculated using the Maxwell
model which assumes a single exponential decay response.
Notably, the stress relaxation activation energy value deter-

Table 3 KWW function parameters and average relaxation times
obtained from best fits to the XLPHMA-5 stress relaxation data

T (°C) 7* (s) p <> (s) R?

120 1367 0.76 1604 0.999
130 650 0.75 773 0.999
140 266 0.73 323 0.998
150 127 0.68 166 0.993
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mined from the fitting of the stress relaxation data (obtained
from 120 °C to 150 °C) to the KWW function is in excellent
agreement with the viscous flow activation energy (E,, =
106.7 k] mol™") determined from the creep experiments
(obtained from 70 °C to 130 °C). Thus, for the T-ranges
studied, these results indicate that the creep and stress relax-
ation mechanisms in these networks have the same
T-dependence. Furthermore, the values of E,, and E, . are in
very good agreement with the bond dissociation energy of di-
sulfide bonds in BITEMPS (BDE = 109.6 k] mol™").”* In total,
these results provide a strong argument for the notion that,
over relevant 7 ranges, the dynamic mechanism of the di-
sulfide bonds in BIiTEMPS dominates the XLPHMA-5
responses associated with elevated-T creep and stress relax-
ation behaviors.

4. Conclusions

We prepared two reprocessable poly(hexyl methacrylate) net-
works containing different amounts of the dynamic cross-
linker BITEMPS methacrylate. Using the rubbery plateau E', we
demonstrated the dissociative nature of the BITEMPS dynamic
chemistry. The reprocessability of the synthesized networks at
130 °C, including the full recovery of cross-link density after
multiple recycling steps, was also demonstrated. It is worth
noting that BITEMPS methacrylate utilized in this study is the
only dynamic cross-linker reported in the literature that could
be utilized in the synthesis of addition-type polymer networks
made exclusively from vinyl monomers and recovering full
cross-link density after reprocessing.”” Furthermore, we have
shown that the amount of cross-linker incorporated in the
network can have significant impact on the creep response.
When BIiTEMPS methacrylate content was increased from
2 mol% to 5 mol%, the creep resistance and creep recovery
were significantly enhanced. Importantly, the network must
contain sufficient dynamic cross-linker to exhibit long-term
arrested creep at elevated 7. With the addition of 5 mol% of
BiTEMPS methacrylate, the XLPHMA-5 network exhibited
almost no creep at 70 °C and 90 °C after 13.9 h of continuous
3 kPa shear stress. Based on our results for XLPHMA-2, we
have also illustrated the importance of long-term creep charac-
terization of CANs because the excellent short-term creep sup-
pression (10-30 min) at 70 °C in no way reflected the poor
long-term creep performance (up to 13.9 h).

High-T stress relaxation of the network containing 5 mol%
BiTEMPS methacrylate was also characterized. The stress relax-
ation experimental data in the 120-150 °C T-range were fitted
to single exponential decay (Maxwell model) and stretched
exponential decay (KWW function). We found that KWW pro-
vides a much better fit to the data, indicating that the network
stress relaxation mechanism cannot be described by a single-
relaxation process. The stress relaxation activation energy
(Ea), associated with the average relaxation time calculated
from stress relaxation data, and the viscous flow activation
energy (E,,), associated with the network viscosity as deter-
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mined from creep data, were found to be in excellent agree-
ment. The values of E, ;. and E, , were also very similar to the
bond dissociation energy of the disulfide bond in BiTEMPS,
indicating that, for the conditions studied, the creep and
stress relaxation responses are predominantly controlled by
the BITEMPS dynamic chemistry.

This work provides a simple method to prepare dissociative
CANs that not only exhibit full cross-link density recovery after
multiple reprocessing steps but also long-term creep resistance
at elevated-T up to 90 °C that is similar to that of conventional,
permanently cross-linked polymer networks. The effectiveness
of BITEMPS dynamic chemistry in arresting elevated-T' creep
offers a potential solution to the technological stumbling
block associated with the creep susceptibility of CANs.
Combined with the results of another recent study of elevated-
T creep resistance in alkoxyamine-based dissociative CANs,"”
our results indicate that dynamic chemistries with high acti-
vation energy or bond dissociation energy can provide an
important route to achieve excellent creep resistance at temp-
eratures a few tens of degrees below the reprocessing T.
Further studies are warranted of the utility of other dynamic
chemistries, whether dissociative or associative or both, for
achieving excellent elevated-T creep resistance in addition-type
as well as step-growth-type CANs.
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