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Temperable dynamic polymeric glasses as tunable
and rebondable adhesives
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Dynamic covalent polymer networks offer a promising strategy for developing recyclable and stimuli-

responsive adhesives. However, direct modulation of adhesive strength remains challenging. The focus of

this work is on designing glassy dynamic networks that are capable of being tempered to access a range

of mechanical properties dictated by the tempering temperature (Tt) they are exposed to and exploring

their ability as glassy adhesives. To this end a series of thia-Michael (tM) dynamic networks constructed

from rigid benzalcyanoacetate (BCA) and benzalcyanoacetamide (BCAm) ditopic acceptors crosslinked

with a tetrathiol were prepared. The electronic nature of the β-phenyl moieties on the BCA and BCAm

acceptors controls the amount of thia-Michael adduct formed resulting in materials with a range of cross-

link densities and glass transition temperatures (Tg). All the resulting dynamic networks exhibit dynamic

reaction-induced phase separation (DRIPS) to yield robust two-phase materials. Tempering within the

thermal window between Tg and the upper transition temperature (TUT) enables systematic tuning of

network adduct fraction and crosslink density, leading to controllable changes in storage modulus, frac-

ture toughness, and glass transition temperature within the same material. These thermomechanical vari-

ations translate directly to tunable adhesive performance, with lap shear strengths adjustable across mul-

tiple substrates, including aluminum and polyetherimide. The ability to modulate adhesive shear strength

through thermal tempering highlights the potential of thia-Michael dynamic glasses as tunable structural

adhesives for adaptive materials applications.

Introduction

Polymeric glasses are amorphous polymers with a glass tran-
sition temperature (Tg) above room temperature. They are
exemplified by high stiffness and strength and generally
exhibit low extensibility. One important application of such
glasses is as structural adhesives for uses in a variety of fields,
including construction, marine, aerospace, and electronics,
where permanent, one-way bonding imparts high adhesive
strength.1,2 However, this irreversibility hinders reshaping or
reprocessing of the adhesive network after curing. To address
this limitation, prior studies have introduced intermolecular
interactions, coordination bonds, or composite architectures
to enable recyclable and self-healing glassy adhesives with
robust mechanical properties.3,4 In addition, debondable
adhesives have been realized by “switching off” adhesion

strength on-demand through external stimuli—including
temperature, light, electric or magnetic fields, and chemical
triggers—that alter interfacial adhesion, stiffness, contact area,
or suction pressure.5–9

Among the strategies for accessing debondable adhesives,
embedding dynamic covalent chemistries into a polymeric
network has gained some attention over the past decade.10,11

Dynamic covalent chemistry is reversible chemistry whose
equilibrium/exchange rate can be tuned by external stimuli
such as light, heat, or pH and their incorporation into a
polymer networks yields dynamic covalent networks (DCNs)
that are able to respond to an external stimulus resulting in a
change in the physical structure or state of the network.12 The
dynamic covalent bonds in DCNs enable structural rearrange-
ment within the network that brings new behavior to the
resulting polymer (recyclability, self-healing, shape memory,
and improvement in toughness).13,14 A range of dynamic
covalent bonds, including esters,15–18 disulfide,19–21 borate
esters,22–24 and Diels–Alder adducts,25,26 have been incorpor-
ated into networks to yield dynamic covalent glassy adhesives,
which can undergo crosslink exchange triggered by various
stimuli to access rebondable and recyclable adhesives. Despite
these advances, precise control over adhesive strength through
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direct modulation of adhesive forces remains rare, yet such
capability would open new opportunities in robotics, bio-
medical devices, and adaptive material systems.

One versatile class of dynamic covalent chemistry that has
shown impressive tunability is the thia-Michael (tM) reaction,
which is the addition of a thiol across an α,β-unsaturated car-
bonyl compound,27–29 and a wide variety of dynamic networks
have been investigated using the thia-Michael bond.30–33 A
subset of such chemistry is the addition of thiols to the benzal-
cyanoacetate (BCA) and benzalcyanoacetamide (BCAm)
Michael acceptors, which have been shown to yield room-
temperature, catalyst-free dynamic tM bonds with equilibrium
constants (Keq) that can be modulated over nearly three orders
of magnitude, ∼10 to 1000 M−1 for the BCA acceptors and ca.
100–9500 M−1 for the BCAm acceptors, by varying the elec-
tronic character of the β-phenyl moiety (Fig. 1a and b).34–36

Prior work has shown that crosslinking ditopic BCA end-
capped oligoethylene glycol acceptors with the tetrathiol cross-
linker (PTMP) yields networks that are mechanically robust on
account of a dynamic reaction-induced phase separation
(DRIPS) process.34 Interestingly, it was subsequently shown
that tempering—defined as isothermally heating below a criti-
cal temperature followed by rapid quenching—of related thia-
Michael networks gives access to a wide spectrum of mechani-
cal properties from the same source material.37,38 The temper-
ing temperature (Tt) controls the amount of the thia-Michael
bond formed in the network impacting the crosslink density
and glass transition temperature (Tg). If the network is
designed to have Tg around room temperature then materials
with pluripotent-like properties can be accessed, in which,
depending on the Tt, either stiff and brittle films (higher cross-
link density and Tg above room temperature) or soft and exten-
sible films (lower crosslink density and Tg below room temp-
erature) can be prepared from the same source material.37

Tempering at low temperatures results in a stiff material that
could be used as a spoon, while tempering at higher tempera-
tures yields a material that is a pressure sensitive adhesive.
Furthermore, it has been shown that crosslinking BCA-based
Michael acceptors with the PDMS-based polythiol afforded low
Tg materials that exhibit both pressure-sensitive adhesive and
hot-melt adhesive characteristics highlighting the inherent
adhesive capability of these materials.39

Building on these insights, this work sought to explore if
thia-Michael (tM) networks with Tg greater than room tempera-
ture could not only act as glassy adhesives but if tempering
could be used to influence the strength of their adhesive bond.
The majority of the previous studies on BCA/BCAm thia-
Michael containing networks focused on polymer networks
with Tg below or around room temperature,34,37 thus it was of
interest to explore the corresponding dynamic polymer
glasses. To access higher Tg thia-Michael dynamic networks
the core of the ditopic Michael acceptor was changed from the
flexible oligoethylene glycol to a stiffer meta-substituted phenyl
core (Fig. 1c). Expanding the library of materials further, both
benzalcyanoacetate (X = O) and benzalcyanoacetamide (X =
NH) Michael acceptors were synthesized allowing for an
exploration of how the additional hydrogen bonding in the
BCAm networks plays a role.

Results and discussion

Two classes of ditopic Michael acceptors based on either BCA
and BCAm that bear three different para-substituted β-phenyl
moieties (–NO2, –H, –OMe; 1N, 1H, 1M, 2N, 2H, and 2M,
respectively) were synthesized via a two-step procedure34 (see
SI for details). The appropriate bis-alcohol or bis-amine is
reacted with 2-cyanoacetic acid or methyl 2-cyanoacetate to
yield 1,3-phenylenebis(methylene) bis(2-cyanoacetate) or N,N′-
(1,3-phenylenebis(methylene))bis(2-cyanoacetamide), respect-
ively. The Michael acceptors 1R and 2R (where R denotes the
para substitution on β-phenyl ring – i.e. NO2, H or OMe) are

Fig. 1 (a) General reaction scheme of the thia-Michael addition of a
thiol to a benzalcyanoacetate (BCA) or benzalcyanoacetamide (BCAm)
Michael acceptor. (b) Equilibrium constants (Keq) of benzalcyanoacetate
(BCA) and benzalcyanoacetamide (BCAm) Michael acceptors.34–36 (c)
Chemical structures of Michael acceptors and tetrathiol crosslinker pen-
taerythritol tetrakis(3-mercaptopropionate) (PTMP) studied in this work.
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then prepared by reacting the bis(2-cyanoacetate) or bis(2-cya-
noacetamide) with the appropriate para-substituted benz-
aldehyde via a Knoevenagel condensation (1H and 13C NMR
Fig. S1–S12). The resulting acceptors 1R or 2R were mixed with
the tetrathiol pentaerythritol tetrakis(2-mercaptoptopionate)
(PTMP) in dimethylformamide (DMF) at a 1 : 1 stoichiometry
of [thiol] : [double bond] to yield the thia-Michael (tM) net-
works 3R or 4R, respectively. Thermogravimetric analysis
(TGA) confirmed that the resulting networks were solvent free
(Fig. S13).

Differential scanning calorimetry (DSC) of the six materials
reveals how the changes in the acceptor chemistry impacts
their thermal transitions (Fig. 2a). Comparing the two
different series, it is evident that the amide-containing 4R
materials exhibit higher Tg (as cast) than the ester-containing
3R materials. This observation aligns with the presence of
hydrogen bonding between amide groups in the BCAm-
Michael acceptors within the 4R material (Fig. S14 and S15).
In both BCA and BCAm networks, Tg (as cast) was dependent
upon the electronic nature of the R group on the β-phenyl ring,
with more electron-withdrawing groups yielding higher Tg (as
cast) values: BCAm series Tg (as cast) = 74 °C, 66 °C and 50 °C
for 4N, 4H, 4M respectively, and BCA series had Tg (as cast) =
61 °C, 7 °C and 5 °C for 3N, 3H and 3M respectively (Table S1).
This correlation of Tg (as cast) to electronic-withdrawing nature
of Michael acceptors (and therefore higher Keqs) was also
observed in the previously studied PEG-based BCA networks,34

and is consistent with a higher degree of crosslinking and
reduced molecular chain mobility. Of the six materials only 3M
does not form mechanically robust films. The DSC of 3M also
showed a melting peak at 166 °C (Fig. 2a), which correlates with
the melting of the starting Michael acceptor 1M (Tm = 170 °C,
Fig. S16), suggesting crystallization of the free Michael acceptor
during film formation, which in turn hinders network for-
mation. As such 3M was not studied further. The other five
materials show the presence of an upper transition (TUT) in the
DSC consistent with the previously studied BCA tM networks
(Fig. 2a) that exhibit dynamic reaction-induced phase separation
(DRIPS) during formation.23 AFM imaging of these films con-
firmed DRIPS occurred in both BCA and BCAm networks,
characterized by globular domains embedded in a continuous
domain (Fig. 2b, S17 and S18).

The thermomechanical properties of the four glassy
dynamic networks (3N, 4N, 4H, 4M) probed using shear rheol-
ogy showed a thermal transition corresponding to a Tg, con-
sistent with the DSC (Fig. 2c, S19 to S22, see Fig. S23 for the
data on 3H). The glass transition temperatures (determined by
the peak in tan δ) followed the same trend as the DSC thermo-
grams; in which the 4R films have higher Tg than the 3R films
and networks with more electron-withdrawing R groups have
higher Tg. 4N has the highest glass transition of 111 °C, fol-
lowed by 4H (76 °C), 4M (66 °C), and 3N (58 °C). The films that
contain higher Keq dynamic bonds, 4H, 4N, and 3N display a
distinct rubbery plateau modulus (1 × 106 Pa for 4N, 2 × 105 Pa
for 3N and 5 × 104 Pa for 4H) above Tg, while the storage
modulus of 4M continually decreased above Tg (Fig. 2c and

Fig. 2 (a) Differential scanning calorimetry (DSC) curves for 3N
(purple), 4N (red), 4H (blue), and 4M (black). (b) Atomic force
microscopy (AFM) phase images of BCAm and BCA networks showing
dynamic reaction induced phase separation (DRIPS). Temperature of
scans: 3N (75 °C), 4N (73 °C), 4H (65 °C), 4M (49 °C). Phase degrees are
labeled below. (c) Shear rheology (temperature ramp rate 3 °C min−1,
frequency 1 Hz, parallel geometry) for 3N, 4N, 4H, and 4M.
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S21). At higher temperatures a second thermal transition (TUT)
was observed, above which the materials entered the flow state
as evidenced by a precipitous drop in modulus. For the
dynamic material with the highest Keq (4N) this second tran-
sition was observed at 153 °C, while 3N and 4H exhibit tran-
sitions at 138 °C and 127 °C, respectively. It is worthy of note
that while the reaction of a thiol with 1N and 2H have similar
Keq values, the rheology of 3N and 4H is distinctly different,
likely driven by the presence of the amide hydrogen bonding
in 4H as detected through Fourier-transform infrared spec-
troscopy (FTIR) at various temperatures (Fig. S14 and S15).

The next step was to explore if it was possible to temper
these dynamic glasses. On account of their similarity in Keq

and thermal transitions 4H and 3N were selected as represen-
tative systems for probing differences in the physical pro-
perties of the BCA- versus BCAm-based materials. The temper-
ing window of the tM networks was defined as the temperature
range between Tg and TUT; for 3N and 4H, this corresponds to
ca. 70 to 110 °C based on their DSC curves. Shear rheometry
measured the evolution of the storage modulus during temper-
ing as a function of time in order to define the time required
to reach equilibrium at each tempering temperature (Tt).
Isothermal shear rheometry growth curves were taken for both
3N and 4H across a range of Tt. For both materials, storage
modulus increased with tempering time and the required time
to reach equilibrium shortened with increasing Tt. For 3N, it
took ∼17 h at Tt = 70 °C for the storage modulus to plateau
and ∼15 min at Tt = 110 °C. For 4H, it took ∼21 h at Tt = 70 °C
and ∼35 min at Tt = 110 °C (Fig. S24). As can be seen, BCAm-
based 4H required longer tempering times compared to BCA-
based 3N at both tempering temperatures, which is presum-
ably on account of the existence of amide hydrogen bonding
present in 4H. DSC of the tempered materials were then under-
taken to explore if tempering impacts the materials thermal
transitions. For 3N, no significant changes in both Tg (tem-
pered) and TUT (tempered) are observed with different temper-
ing temperatures (Tt = 70, 80, 90, 100 or 110 °C) (Table 1 and
Fig. S25a, b). However, for 4H, it was found that the Tg (tem-
pered) after tempering had a strong correlation with tempering
temperature (Tt) with Tg (tempered) decreasing from 84 °C
(Tt = 70 °C) to 68 °C (Tt = 110 °C), while there was no signifi-
cant difference in TUT (Table 1 and Fig. S25a, b).

The relatively slow equilibration time of these materials
opens the door to using tempering time (in addition to Tt) to
control the material properties. When 3N was tempered for
different lengths of time at Tt = 70 °C or 110 °C, Tg remained

unchanged (Fig. S25c and d). However, when 4H is tempered
at Tt = 70 °C there is a gradual increase in Tg (tempered) from
65 °C to 85 °C, reaching its equilibrium Tg (tempered) value in
around 20 h (Fig. S25e). This timing is consistent with the
equilibrium tempering time found through shear rheology
(∼21 h). The correlation between Tg (tempered) and tempering
time demonstrates that material properties can not only be
controlled using different Tt but also using different tempering
time. At higher Tt (110 °C) there is no significant change of Tg
(tempered) as a function of similar tempering times
(Fig. S25f), which is also consistent with the shear rheology
and suggests that the material reaches its equilibrium value in
around 35 minutes. For consistency in the following studies,
the tempering time for both 4H and 3N were set to 24 h for all
tempering temperatures to ensure full equilibration.

Raman spectroscopy was used to probe changes in tM
adduct fraction after tempering. For both 3N and 4H, spectra
collected after tempering (Tt = 70 and 110 °C) at room temp-
erature showed systematic shifts in the relative intensities of
nitrile stretches corresponding to the Michael adducts
(2253 cm−1 for 3N, 2247 cm−1 for 4H) and unreacted acceptors
(2226 cm−1 and 2217 cm−1, respectively) (Fig. 3a and S26). It
was found in previous studies that the ratio of the integration
of adduct peak to the integration of both peaks is proportional
to the amount of tM adduct in the material.37 The lower tem-
pering temperature of 70 °C afforded an adduct peak fraction
of 50% and 36% for 4H and 3N, respectively. Increasing the
tempering temperature to 110 °C reduced the adduct peak
fraction to 36% in 4H and 21% in 3N, reflecting a decrease in
crosslink density (Fig. 3b). This reduction in crosslink density
was manifested through a decrease in storage modulus
observed via nanoindentation measurements performed at
room temperature (Fig. 3c). Tempering at 110 °C results in a
drop in the storage modulus (at 1 Hz) of 4H to 2100 ± 121
MPa, from 3050 ± 148 MPa when tempered at 70 °C, while 3N
dropped to 1500 ± 125 MPa from 2040 ± 108 MPa over the
same temperature range (Tables 1 and S2). Overall, 4H exhibi-
ted higher storage moduli than 3N, consistent with 4H having
higher crosslinking density (from Raman) as well as additional
hydrogen bonding from the amide groups in BCAm acceptors,
which are not present in the BCA acceptors.

To probe the effect of tempering on material properties and
fracture toughness (Kc) of the dynamic glasses, nanoindenta-
tion of 4H and 3N films was carried out using a Berkovich
indenter. Melt-pressed 4H and 3N films were tempered at
70 °C, 90 °C, and 110 °C, quenched on a cold (∼0 °C) surface,

Table 1 Tg (tempered), TUT (tempered), storage modulus, and fracture toughness of 3N and 4H tempered at various tempering temperatures (Tt)

3N 4H

Tt (°C) 70 90 110 70 90 110

Tg (tempered) (°C) 61 ± 1.1 62 ± 1.2 62 ± 0.9 84 ± 1.6 80 ± 1.4 68 ± 1.2
TUT (tempered) (°C) 114 ± 1.8 115 ± 1.5 115 ± 1.6 112 ± 1.1 112 ± 0.7 111 ± 1.0
Storage modulus (MPa) 2040 ± 108 1680 ± 117 1500 ± 125 3050 ± 148 2600 ± 135 2100 ± 121
Fracture toughness (MPa m1/2) 5.23 ± 0.4 4.66 ± 0.5 4.25 ± 0.4 7.25 ± 0.6 6.51 ± 0.5 5.28 ± 0.4
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and subsequently analyzed at room temperature by nanoin-
dentation and AFM. Characteristic load–depth curves
(Fig. S27) were used to derive values of hardness (H) and
Young’s modulus (E) as a function of tempering temperature.
For 3N when Tt is increased from 70 °C to 110 °C, there is a
slight-to-no overall decrease (within experimental error) in
both H and E (H: from 290 ± 62 MPa to 240 ± 35 MPa and E:
from 4500 ± 390 MPa to 4000 ± 350 MPa). For 4N a similar
trend was observed with H exhibiting a slight decrease from
230 ± 57 MPa to 180 ± 38 MPa and the E showing a more sig-
nificant decrease from 4400 ± 380 MPa to 2700 ± 340 MPa
(Table S3). Decreasing tempering temperature does result in
an overall increase in fracture toughness in both systems: 4H
tempered at 70 °C exhibited a 2 MPa m1/2 increase relative to
the film tempered at 110 °C: from 5.3 ± 0.4 MPa m1/2 to 7.3 ±
0.6 MPa m1/2, while the fracture toughness values of 3N
increased from 4.3 ± 0.4 MPa m1/2 to 5.2 ± 0.4 MPa m1/2 over
the same tempering range (Fig. 4, Tables 1 and S3). At all tem-
pering temperatures, 4H was tougher than 3N. Intermediate
values obtained at tempering temperature of 90 °C (6.5 ± 0.5
MPa m1/2 for 4H and 4.7 ± 0.5 MPa m1/2 for 3N) confirmed
that fracture toughness can be systematically tuned within this
window by adjusting the tempering temperature. Additionally,
aging tests were done with 3N and 4H samples where the frac-
ture toughness of these films was measured every 24 h after
tempering over a course of a week. Both samples were able to
maintain their fracture toughness values and no significant
decrease was observed (Fig. S29 and S30) in this time frame.

As mechanical differences were observed upon tempering
these dynamic glasses it was of interest to explore if tempering
would impact their adhesive properties. If the dynamic glass
can be efficiently adhered to a given substrate and cohesive
failure of the bond occurs, then it could be expected that these
dynamic glasses would exhibit tunable adhesive behavior
through tempering. To that end lap shear tests were conducted
with 3N and 4H films tempered at 70 °C, 90 °C and 110 °C,
using aluminum substrates at room temperature. Lap shear

Fig. 3 (a) Room temperature partial Raman of 4H films tempered at
various temperatures, with the nitrile stretch of the free acceptor peak
at 2217 cm−1 and the nitrile stretch of the tM adduct peak at 2247 cm−1.
(b) The % adduct of 4H and 3N films tempered at various temperatures
(n = 5). (c) Room temperature frequency sweeps of 4H and 3N tempered
at various temperatures, measured with a flat-punch tip.

Fig. 4 Fracture toughness of 4H and 3N films tempered at various
temperatures (n = 5).
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samples were prepared with solvent-free melt-pressed 3N and
4H films, which were put in between two aluminum plates,
clamped on the bonding site with two binder clips (exerting
∼30 N pressure) and heated in the oven until the films became
soft and attached onto the substrates. The bonding tempera-
tures of 3N and 4H were chosen at the point when the material
had softened enough (see Fig. 2c) to aid the bonding between
the adhesive and substrates: 3N at 150 °C and 4H at 130 °C (if
temperatures above 150 °C were used for bonding degradation
was observed). Attempts to bond 4H at the same temperature
as 3N (150 °C) resulted in the materials flowing out of the
aluminum plates as the viscosity of this material is too low at
this T. After bonding with the substrates, the lap shear
samples were tempered at a given Tt for 24 hours, quenched in
the fridge (∼4 °C), and were tested under tension until
adhesive bond failure at room temperature. As expected,
results showed that the adhesive shear strength for both 3N
and 4H samples were lowered with higher tempering tempera-
tures, consistent with the tempering yielding a weaker
dynamic glass. The aluminum plates bonded with 3N had an
adhesive shear strength (measured as maximum stress at
break) of 4.9 ± 0.7 MPa at Tt = 70 °C and 2.7 ± 0.6 MPa at Tt =
110 °C while those bonded with 4H recorded an adhesive
shear strength of 5.9 ± 0.8 MPa at Tt = 70 °C and 3.6 ± 0.6 MPa
at Tt = 110 °C (Table 2, Fig. 5a and S31). Across all conditions,
4H exhibited higher shear strength than 3N even with the fact
that 4H was bonded at a lower temperature, which was consist-
ent with the previous mechanical characterization of the
glasses. After the tests, both samples exhibited cohesive failure
as demonstrated by the fact that sample was adhered to both
sides of aluminum plates. Cohesive failure confirmed good
surface adhesion between the samples and aluminum surfaces
and that the interfacial bond strength was sufficiently high to
result in bulk fracture of the dynamic network (Fig. 5c, left and
S32). Rebonding tests were performed with both 3N and 4H
samples, the samples were prepared and tested in the same
way as previously described. After the test the substrates were
reassembled at the same bonding site, clamped, and heated
for 24 h. Both 3N and 4H went through three cycles of rebond-
ing tests at Tt = 70 °C and were quenched to room temperature
before testing. 4H had consistent shear strengths, within error,
over the three cycles. However, the adhesive shear strength of
3N dropped from 4.9 ± 0.4 MPa to 4.0 ± 0.4 MPa after the first
round of rebonding, and the shear strength slightly dropped
to 3.8 ± 0.3 MPa after the second round (Fig. 5b). The reason
for this difference in rebonding performance could arise from
the rebonding process, where the modulus of 3N at 150 °C is

Table 2 Adhesive shear strength (measured as maximum stress at break) of 3N and 4H tempered at various tempering temperatures (Tt) (n = 5)

3N 4H

Tt (°C) 70 90 110 70 90 110

Adhesive shear strength (aluminum substrate) (MPa) 4.9 ± 0.7 3.3 ± 0.5 2.7 ± 0.6 5.9 ± 0.8 4.8 ± 0.6 3.6 ± 0.6
Adhesive shear strength (polyethermimide substrate) (MPa) 2.38 ± 0.3 1.89 ± 0.2 1.16 ± 0.2 1.92 ± 0.3 1.45 ± 0.2 0.95 ± 0.2

Fig. 5 (a) Representative room temperature stress–strain curves of the
debonding of 4H bonded to aluminum substrates after being tempered
at various temperatures (n = 5). (b) Maximum stress at break at room
temperature for rebonding tests of 3N and 4H with aluminum substrates
(n = 3). (c) Representative photos of lap shear samples of 3N after tests,
showing cohesive failures with both substrates (left: aluminum, right:
polyetherimide).
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much higher than that of 4H at 130 °C (see Fig. 2c) leading to
less efficient bonding.

In addition to aluminum substrates, the adhesive capabili-
ties of 3N and 4H were explored with polyetherimide sub-
strates, chosen for their low surface energy and smooth, non-
porous surfaces that can be challenging to form strong
adhesive bonds. On account of the poor heat conductivity of
polyetherimide substrates, samples prepared with melt-
pressed films gave poor adhesion as the dynamic films did not
soften/flow enough to adequately adhere to the substrate
surface. Instead, lap shear samples were prepared using DMF
plasticized films, which facilitated the bonding to the sub-
strate by softening the adhesive and allowing it to better attach
onto the substrate surface. The bonding process involved
slowly heating the assembly that is held together with two
binder clips clamped on both sides of the adhesive bonding
site exerting ∼30 N pressure. The residual DMF was then
removed via vacuum oven drying. After solvent removal, lap
shear samples were tempered at the designated temperatures
(70 °C, 90 °C, and 110 °C) for 24 hours and were quenched to
room temperature prior to testing. The resulting films were
clear and bubble-free (Fig. S33); films were confirmed to have
less than 1% DMF in weight as tested in TGA after the lap
shear tests. As expected, the overall adhesion shear strength is
less with these polyetherimide substrates than was observed in
the above aluminum substrates. However, as with the alumi-
num substates, a clear trend was found in adhesive shear
strength with Tt, with lower Tt’s resulting in stronger adhesion
(Fig. S34 and S35). 4H had an adhesive shear strength of 1.0 ±
0.2 MPa at Tt = 110 °C and 1.9 ± 0.3 MPa at Tt = 70 °C while 3N
had an adhesive shear strength of 1.2 ± 0.2 MPa at Tt = 110 °C
and 2.4 ± 0.3 MPa at Tt = 70 °C (Table 2). Different to what was
observed with the aluminum substrate there is not a signifi-
cant difference the adhesion capabilities of the two dynamic
films to the polyetherimide substrates. This change in behav-
ior could be related to differences in the surface adhesion of
the two films to the lower surface energy substrates. While 3N
demonstrated cohesive failure (Fig. 5c, right), 4H exhibited a
mix-mode failure surface, suggesting the interface bond
strength is on par with the bulk shear strength of 4H
(Fig. S36). For comparison, a commercial epoxy adhesive was
tested on the same substrates at ambient temperature and dis-
played an adhesive shear strength of 1.73 ± 0.2 MPa but the
bond failed adhesively, placing tempered tM networks on par
with a commercial system while retaining cohesive failure.

Conclusions

In summary, this work developed thia-Michael dynamic poly-
meric glasses using ester-containing BCA- and amide-contain-
ing BCAm-based Michael acceptors. These materials exhibited
a wide range of thermomechanical properties which were gov-
erned by the electronic nature of substituents on the acceptor.
The glassy networks were shown to be temperable exhibiting
significant changes to the material properties depending on

the tempering temperature (Tt). Upon tempering at the upper
and lower bounds of their tempering windows (70 °C and
110 °C), 3N and 4H demonstrated a 17% and 15% change in
the adduct fraction within the networks. The change in adduct
fraction, and therefore change in crosslinking density, mani-
fested as a change in the thermomechanical properties of the
glassy films. Comparison of the BCA film (3N) with the BCAm
film (4H), which have similar Keqs and thermal transitions,
showed that the BCAm films take longer to reach equilibrium
during tempering, consistent with the presence of additional
hydrogen bonding in the amide-based networks. The longer
time to reach equilibrium allows tempering time to be used to
control the Tg of the BCAm glassy network. From a mechanical
properties perspective tempering 4H at 70 °C results in an
increase in the storage modulus of ca. 940 MPa relative to the
same film tempered at 110 °C, while 3N increased ca. 540 MPa
when tempered under the same conditions. In addition, the
fracture toughness of 4H and 3N increased by 2.0 MPa m1/2

and 1.0 MPa m1/2, respectively, when comparing tempering at
the upper and lower bounds of the tempering window.
Moreover, these dynamic materials exhibited adhesion behav-
ior and were shown to bond and rebond with aluminum sub-
strates as well as bond lower surface energy polyetherimide
substrates on par with commercial adhesives. Importantly, the
level of adhesion of the networks to both substrates can be
tuned by Tt consistent with the changes observed in the
mechanical properties of the glassy networks, with higher Tt
yielding lower adhesive shear strengths.
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