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ABSTRACT: A suite of phase separated dynamic covalent networks /T \ .
based on highly tunable dynamic benzalcyanoacetate (BCA) thia- . \J)\V Wy R=-Me -H NO,?* Al
Michael acceptors are investigated. In situ kinetic studies on small 2L L ) X el . o
molecule model systems are used in conjunction with macroscopic /?\j\[ EVL " T /,;;:" o
characterization of phase stability and stress relaxation to understand ( Wy -;;10,2 vv 3 K"1 s
how the molecular dynamics relate to relaxation modes. Electronic \f—ff 3 v s
modification of the BCA unit strongly impacts the exchange dynamics - ﬂ Em—a VoA M OCH,
(particularly the rate of dissociation) and the overall equilibrium /g\ \,‘ v0 slope=1

constant (K,g) of the system, with electron-withdrawing groups leading ( v P /

to decreased dissociation rate and increased K,,. Critically, below a =7 v

eq

chemistry-defined temperature cutoff (related to the stability of the

calculated kd (s 1)
Network stress relaxation “ Molecular exchange kinetics

hard phase domains), the stress relaxation behavior of these phase
separated materials is dominated by the molecular exchange dynamics, allowing for networks with a tailored thermomechanical

response.

he introduction of dynamic covalent chemistries (DCCs)
into cross-linked networks allows for the preparation of
robust, intrinsically reprocessable materials (Figure la).'””
Such dynamic covalent networks (DCNs), also coined
covalent adaptable networks (CANs*), have been employed
with great success 1n a wide range of applications spanning
biological substrates®” to additive manufacturing resins.”” A
critical design parameter of DCNs is the selection of the
dynamic bonding motifs incorporated into the network, as this
determines the exchange mechanism (associative/dissociative),
rate of exchange, response to stimulus, and catalyst require-
ments.'’™"> As such, a wide swath of DCCs have been
explored in materials systems, including transesteriﬁcation,13 1
boronic esters,">'® Diels—Alder reactlons, 17,18 vinylogous
urethanes,'”** and many others.”"”*> While linking molecular
exchange dynamics to network response represents a
convenient approach to DCN design, there are complications.
For instance, it has been demonstrated that a range of design
elements, such as component molecular weight,” location of
dynamic moieties,”* and polymer microphase separation,” can
have dramatic impacts on network relaxation.
While thia-Michael (tM) reactions, the conjugate addition of
a thiol to an electron poor alkene, are typically viewed as
irreversible reactions, reports have shown that certaln Michael
acceptors such as maleimides” and acrylates”” can undergo
dynamic exchange with thiols under elevated temperature in
the presence of a base. This dynamic behavior can be
dramatically enhanced through the use of doubly withdrawn
tM acceptors, allowing for exchange under milder conditions.
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In particular, benzalcyanoacetate/acetamide (BCA/BCAm)
and benzalisoxazolone (BiOX) tM acceptors have been
developed to undergo dynamic exchange with thiols under
ambient conditions (in polar environments), without the need
for catalysts (Figure 1b).*7** A signature feature of these
species is their strong sensitivity to electronic modifications at
the B-phenyl position, with increasing electron-withdrawing
character leading to higher values of the equilibrium constant
(Keq). This key ability to tune the equilibrium position of
BCA/BCAm moieties has been leveraged to prepare a range of
materials from hydrogels”™ ™ to responsive dense suspen-
sions’**” with user designed properties. Notably, when
prepared as bulk films, BCA-based materials can exhibit an
emergent phase separation phenomenon, coined dynamic
reaction-induced phased separation (DRIPS), leading to
robust mechanical properties despite their ambient dynamic
exchange and their relatively low values of K (10 M™! to
1000 M™").*® Leveraging DRIPS morphologies has enabled the
development of responsive materials systems, such as
reprogrammable and self-folding shape memory films™ as
well as multipurpose adhesives.”” However, the rational design
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Figure 1. (a) Schematic of a dissociative dynamic covalent network.
(b) Representative structures of BCAs and the impact of electronic
substituents on K., and exchange dynamics.

of DRIPS-based materials requires a better understanding of
the interplay of the exchange kinetics and the reaction-induced
phase separation and how they synergistically impact the
macroscopic network relaxation.

To investigate the impact of the electronic modification on
exchange dynamics, a series of BCA Michael acceptors bearing
a range of withdrawing/donating groups was synthesized (1R,
where R denotes the substituent at the para-position of the f-
phenyl ring). The model compounds were equilibrated with 1-
octanethiol in deuterated dimethyl sulfoxide (DMSO-d,), and
their equilibration kinetics were monitored via in situ NMR
spectroscopy (Figure 2a). As previously demonstrated, the
electronics directly influence the overall reaction equilibrium,
with stronger withdrawing character leading to a higher extent
of dynamic bond formation (10Me < 1Me < 1H < 1CI <
1CF; < 1INO,, Figure 2b), ranging dramatically from 30% to
90% bond formation (@ 100 mM equimolar conditions). This
variation in K,q is well described by Hammett 6" parameters
(Figure S1), in agreement with a recent report.32

By fitting the measured decay with a dynamic equilibrium
model (second order association and first order dissociation;
see SI for full information), rate constants could be extracted.
The rate of dissociation (k;) is primarily affected by the
electronic nature of the R group, with the fastest dissociation
constants (10 h™") for the donating 10Me and the slowest
(20.01 h™") for the strongly withdrawing INO, at 25 °C
(Figure 2c). This 1000X change in ky signifies a wide range of
tunability for the lifetime of the dynamic bonds (1/kg) that can
be achieved by manipulating the substituent electronics. In
contrast, electronic modifications yield significantly less impact
on the association constant, k, (ranging from ~30 M~ h™" to
80 M~' h™"). This implies that the changes in the equilibrium
constants for BCA species are primarily driven by dissociation
kinetics, which directly translates to the bond lifetime in
dynamic material systems. Interestingly, it has been recently
reported that electronic modifications of (structurally similar)
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Figure 2. (a) Chemical structures of small molecule BCA analogues
(1R) used for kinetic studies. (b) Kinetic traces measured at 25 °C for
each system. (c) Rate constants extracted from the fits of the room
temperature kinetic traces (rate constant standard error <2%).

BCAm acceptors result primarily in changes to k, rather than
ks (a 20X vs 6X change across the range in aqueous conditions,
respectively).”> Together, these results highlight how relatively
minor modifications to the acceptor structure can lead to
significant changes in the exchange behavior.

To extract the activation energies of association/dissociation
in these model small molecule systems, kinetic experiments
were carried out over several temperatures from 20 to 45 °C
(Figures S2—S8). As expected, the activation energy for the
association reaction was found to be ~41 kJ/mol irrespective
of electronic modifications, while the activation energy of
dissociation ranged from 79 kJ/mol for 10Me to 138 kJ/mol
for INO, (increasing gradually with withdrawing ability, Table
S1 and Figure S9).

To translate the small molecule studies to DCN, a series of
ditopic tM acceptors (2R) were synthesized using a triethylene
glycol core, following a previously reported method.”® To form
the networks, a stoichiometric mixture (relative to functional
groups) of 2R and a hexathiol cross-linker, dipentaerythritol
hexakis(3-mercaptopropionate) (DPHMP), shown in Figure
3a, was mixed in chloroform and cast into Teflon dishes. The
hexathiol was chosen for this work to expand the rubbery
plateau of the DN-R samples relative to prior studies.”® After
thorough drying, the films were compression molded to afford
the desired dynamic network (DN-R). As shown in Figure 3b,
increasing withdrawing character leads to an increase in glass
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Figure 3. (a) Chemical structures of the monomers used to form the
dynamic thia-Michael networks, DN-R. (b) Differential scanning
calorimetry (DSC) thermograms, where values indicate the glass
transition temperature (Tg), and the second heating scan is shown
(ramp rate 10 °C/min). (c) AFM phase images for each network (2
um scalebar); height images shown in Figure S12. Phase range (x—y
degrees): DN-NO, (0—92), DN-CF; (0—85), DN-H (0—29), and
DN-Me (0-89).

transition temperature (from —3 to 41 °C). Notably, a second
endothermic transition at elevated temperature (2120 °C) was
observed for DN-Me, DN-H, DN-CF;, and DN-NO,, which is
a signature indication of the presence of DRIPS.

To visualize the DRIPS morphology, atomic force
microscopy (AFM) was carried out (Figures 3c and S12—
S16). To ensure optimal phase contrast, imaging was carried
out over a range of temperatures (in most cases, contrast was
maximized near T,). Remarkably, a wide array of DRIPS
morphologies (hard phase, bright) was found, indicating that

176

the substituent at the fS-phenyl position is a key parameter in
determining phase morphology. Despite the obvious impact of
electronics on the final morphology, exact trends remain
elusive, implying that secondary design parameters (kinetics,
solubility, steric bulk, etc.) play important roles in the
formation of DRIPS domains. Interestingly, an inverted
morphology (isolated low T, domains) was found in the
DN-Me films (the most donating and lowest K., network).
This morphology, in combination with the low phase contrast,
implies that the two phases of DN-Me exhibit a much smaller
difference in modulus than the other DN-R samples.*’

To investigate the effect of the dynamic bond exchange
kinetics and phase morphologies on the material macroscopic
relaxation, stress relaxation experiments were performed in the
temperature range of 60 to 150 °C using a strain-controlled
shear rheometer. Prior to the measurement at each test
temperature, the samples were heated to well above the upper
phase transition temperature to erase any hard phase domains
or thermal history and were then cooled to each test
temperature at a constant rate of 10 °C/min. Once the
sample was equilibrated at the test temperature (a minimum of
30 min), a step strain within the linear viscoelastic range was
applied, and stress relaxation was recorded (Figures 4a and
$18—S21). For all DN-R samples investigated, the data were
well described by a stretched exponential fit (eq 1):

G
Go

— e—(t/z*)"

(1)

where G is the starting modulus (as measured at 0.1 s); 7* is
the characteristic relaxation time; and S is the stretching
exponent. In all but the highest temperature measurements,
values of B primarily ranged from 0.8 to 0.9, suggesting a
narrow breadth of the relaxation time distribution.*'
Interestingly, for lower testing temperatures in DN-H, DN-
CF;, and DN-NO,, the measured 7* values were found to
follow Arrhenius behavior, with calculated activation energy
values ranging from 112 to 138 kJ/mol for DN-H to DN-NO,,
respectively. The extracted relaxation activation energies, as
well as the measured In(7,) values (Arrhenius prefactor), were
found to scale linearly with the calculated activation energy of
dissociation from small molecule studies, an ideal behavior for
bond-mediated relaxation (Figure S22). In contrast, DN-Me
was also found to behave in an Arrhenius fashion within the
measured range, albeit with an unexpectedly high activation
energy of ~182 kJ/mol. This strongly temperature dependent
behavior is linked to the breakdown of network connectivity,
leading to significant decreases in viscosity at considerably
lower temperatures than the other studied networks (Figure
$23), implying large changes in structure between measure-
ments, as expected for weak dissociative bonds."

To directly relate the relaxation data to the molecular
exchange dynamics, the measured 7* values were plotted
against the calculated dissociation rate (from NMR) for each
DN-R. For an ideal dynamic bond-mediated system, 7* is
directly proportional to the bond lifetime (z* o 1/k,),
resulting in a slope of 1 in Figure 4b. At lower temperatures
(corresponding to low k4 values), DN-NO,, DN-CF;, and DN-
H exhibit this ideal behavior until a deviation occurs at a
certain temperature (Tj,,) as indicated by the arrows in Figure
4b. Intuitively, Ty, increases with electron-withdrawing
character (and therefore bond strength), from 100 to 130 to
160 °C for DN-H, DN-CF;, and DN-NO,, respectively. In the
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Figure 4. (a) Stress relaxation measurements for DN-CFy;. In all cases,
the data are well-fit by a stretched relaxation model. (b) Comparison
of measured 7* values from stress relaxation experiments and
calculated rates of dissociation from NMR kinetic studies. Onset of
deviation is labeled with an arrow and temperature (in °C). (c) Mixed
acceptor network DN-NO,/OMe showing an enhanced region of
Arrhenius response (dashed line) relative to DN-H with similar
relaxation time scale.

case of DN-Me (the only example with an inverted phase
morphology), the data were found to deviate from the ideal
trajectory across all of the measured temperatures.

One of the key advantages of BCA tM acceptors is their
broad tunability; however, as demonstrated by the stress
relaxation experiments, when targeting faster exchange times
(donating groups and lower K,), the window of well-
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controlled Arrhenius relaxation is significantly limited. This
issue can potentially be addressed through forming networks
from mixtures of ditopic Michael acceptors, combining fast and
slow exchange dynamics to selectively tune the exchange rate
while relying on the stronger bond to maintain network
connectivity. To test this approach, a mixed network sample
composed of an equimolar mixture of the slowest (2NO,) and
fastest (20Me) ditopic tM acceptors was prepared (DN-NO,/
OMe). Similar to the other studied networks, DN-NO,/OMe
was found to exhibit DRIPS via DSC and AFM (Figure S24).
At lower temperatures (60 to 100 °C), the hybrid network was
found to have nearly identical relaxation time scales as DN-H.
However, a notable difference emerged at higher temperatures,
where the hybrid material continued to display an Arrhenius
behavior well above the breakdown temperature of DN-H
(Figure 4c). This result highlights that mixed acceptor systems
can be used as a broad platform for ideal, user-defined
relaxation behaviors with extended temperature ranges.

To further investigate the cause of these well-defined
deviation temperatures, tandem rheology and Raman spec-
troscopy measurements (rheo-Raman) were carried out,
allowing for the direct measurement of the thermal evolution
of network chemistry.” It was previously shown that Raman
spectroscopy could estimate the extent of bond formation
through the nitrile stretch region (%2220 cm™' to 2260 cm™"),
where peaks corresponding to associated and dissociated
Michael acceptors can be readily identified (Figures Sa and
$26).”® Due to sample fluorescence, DN-NO, and DN-Me
were unsuitable for measurement (Figure S27). Samples were
first annealed well above the DRIPS phase transition (>150
°C) to effectively clear hard phase domains and then were
cooled to 60 °C and subsequently reheated to the starting
temperature at a fixed rate of 1 °C/min. As expected, the initial
cooling cycle leads to a steady increase in bond formation
(points 1—-3 in Figure Sb), inducing gelation and DRIPS.
Upon heating, however, a pronounced plateau in bonding was
observed (points 3—4 in Figure Sb). In both DN-CF; and DN-
H, this plateau in bonding was found to abruptly decline and
close the hysteresis loop at a repeatable onset temperature
(Topser), Occurring at 130 and 100 °C for DN-CF; and DN-H,
respectively. The corresponding rheology data show that T,
directly relates to the temperature at which the samples
experience flow upon heating (Figure Sc). To ensure that T,
is not determined solely by the cooling conditions, a series of
experiments cooling to different set points were performed on
DN-CF;. In all cases, T, remained unchanged (Figures $29
and S30). Taken together, these data suggest that the plateau
region is related to trapped out-of-equilibrium bonds within
the hard phase, which are rapidly released upon hard phase
softening (above the onset temperature). Notably T, differs
substantially from the DRIPS signature in DSC, potentially
highlighting the influence of applied stress. The sudden loss of
reinforcement in a network composed of low K, bonds results
in a loss of network integrity. Remarkably, this phase softening
temperature (for DN-CF; and DN-H) as measured by rheo-
Raman closely matches the temperature at which stress
relaxation measurements deviate from Arrhenius behavior
(Tgey = Tonser)- At temperatures below T, networks are
stabilized by hard phase domains and behave in an Arrhenius
fashion, in strong agreement with model exchange kinetics.
When heated above T, the hard phase domains are
destabilized, leading to the loss of mechanical integrity.
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Figure 5. (a) Peaks of interest for determining the extent of bonding
using Raman spectroscopy (data shown for DN-CF;). (b) Hysteresis
loops as measured by Raman during a cooling—heating cycle. Onset
of peak area reduction on heating is denoted with an arrow. (c)
Corresponding temperature ramp rheology data; arrows match
placement from Figure Sb.

In summary, dynamic covalent networks based on
benzalcyanoacetate (BCA) Michael acceptors are highly
sensitive to electronic modifications, giving access to tunable
thermomechanical properties. Manipulating the electronics of
the BCA dramatically impacts the rate of dissociation, slowing
by 1000X with increasing withdrawing character. Preparing
bulk films from ditopic BCA acceptors leads to phase separated
networks with thermomechanical properties highly correlated
to electronic modification. Comparisons between small
molecule exchange dynamics and bulk stress relaxation
experiments reveal that despite their relatively low K., values

the networks show ideal bond-mediated, Arrhenius relaxation
up to a chemistry-defined deviation temperature. The network
chemistry as measured by rheo-Raman spectroscopy reveals
that this deviation temperature is linked to hard phase stability,
with hard phase domains trapping out-of-equilibrium bonds
and lending reinforcement to the otherwise weak networks.
Ongoing research seeks to use filler additions and heat
treatment processes to further manipulate DRIPS to access
highly controlled phase separated morphologies and network
thermomechanical properties.
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