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Introduction

Stoichiometric effects on bulk stress relaxation to
enhance reprocessability in covalent adaptable
networks+

Jaehyun Cho,? Santanu Ghosh,® Mridula Nandi,© Heejoon Jeon, {2 ° Liang Yue,®
H. Jerry Qi, @2 M. G. Finn® and Blair Brettmann (2 2

Achieving maximum crosslinking density is often thought to be crucial for high performance and
mechanical strength in conventional thermoset covalent adaptable networks (CANs), although some
network defects can enhance properties such as toughness and reprocessability. Controlling functional
group stoichiometry and crosslinking density is therefore key to better understanding and programming
the properties and reprocessability of CANs. Despite efforts to systematically control CAN properties,
many previous studies show inconsistent trends in stress relaxation rates, hindering a clear understanding
of the factors affecting reprocessability. We show that stoichiometry is a critical factor influencing bulk
stress relaxation for a dissociative type of CAN based on the aza-Michael addition reactions utilizing tri-
acrylate monomer and two polymeric amines (Jeffamine and polyethyleneimine, PEI). Relative functional
group reactivity was characterized by Fourier transform infrared spectroscopy, and four different stoichi-
ometries were analyzed. Thermal reprocessing demonstrated the stability of mechanical properties over
multiple cycles, notably in stoichiometrically balanced systems, consistent with the general principle that
mechanical properties and crosslinking density reach a maximum with stoichiometric equivalence. These
findings underscore the importance of careful stoichiometric design in tailoring viscoelastic properties
and mechanical behavior in dissociative type CAN systems, offering insights into polymer material design
for applications requiring dynamic properties and reprocessability.

sing under heat. The reversible behavior is achieved by incor-
porating dynamic covalent bonds’ and/or dynamic noncova-

Polymeric materials are traditionally classified into two cat-
egories: thermoplastics and thermosets, distinguished by their
molecular structures and thermal behavior. Thermoplastics
are characterized by weak intermolecular forces, often making
them prone to low heat resistance and relatively low mechani-
cal strength, whereas thermosets form cross-linked networks
that are challenging to recycle. Recent advances in polymer
science have introduced ‘reversible’ bonds to bridge the gap
between these two distinct types of materials, resulting in a
novel type of crosslinked polymer that can undergo reproces-
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lent interactions™® into polymer networks. Dynamic noncova-
lent interactions include ionic,® telechelic,” metal-coordinate,®
and supramolecular interactions®'° via hydrogen bonding"® or
pi-pi stacking,® each generally less robust than covalent bonds
(bond strengths <100 k] mol™ ws. >350 kJ mol™,
respectively).'"** Thus, covalent adaptable networks (CANs),
which consist of reversible covalent bonds, possess better
mechanical strength than noncovalent systems.® Many types of
covalent dynamic bonds have been introduced over the last
decade, with CANs based on exchange reactions involving bor-
onate esters,® thioesters,'*'® Diels-Alder adducts,” disulfide
bonds,'® aza-Michael adducts,'”*® thia-Michael adducts,®
urea linkages,>® and imine bonds.>' Due to their transient
bond exchange reactions, CANs are widely explored for appli-
cations such as self-healing for spontaneous damage
repair,>***>* shape memory effects,>* and reprocessing and re-
cycling of used materials.>>*®

Controlling the network design and chemistry of CANs is
crucial as these factors determine the final properties of CAN-
based materials. For instance, the use of external catalysts to
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promote network exchange poses challenges due to potential
toxicity and poor catalyst thermal stability in reprocessing,>”*®
prompting the development of catalyst-free CAN systems.>
And the glass transition temperature of the CAN material can
be tuned through the stoichiometric ratios of the monomers,
as was shown for epoxy thermoset polymers.*® Likewise, due to
the thermal sensitivity of CANs, their mechanical properties
can change with heat and humidity variations during product
use by consumers, which are important considerations for
fabrics,®' adhesives,** sensors,** and drug delivery systems,**
where these environmental changes are likely. It is therefore
important to understand how the polymer chemistry and
network structure impact the dynamic properties of CAN
systems if one is to effectively design such materials.

The promotion of faster bond exchange rates is essential to
increasing the efficiency of reprocessing and recycling of cata-
lyst-free CANs,*>%® as these materials reach a new equilibrium
more quickly. This leads to a viscosity drop, making the repro-
cessing more efficient. In other words, faster bond exchange
rates facilitate the reprocessing of materials. In addition to the
intrinsic stabilities of the exchangeable bonds,*” other influen-
tial factors can include the physical properties of the polymer
(backbone stiffness), the nature of the polymer network
(degree of crosslinking), and the concentration of the partici-
pating functional groups. The effective number of molecular
moieties available for exchange nearby decreases with higher
backbone rigidity, higher crosslinking density, and slow
diffusion of the exchangeable groups.”’>?*®%*° While these
factors have been addressed in some efforts to tune the rate of
reprocessing, the complexity of the systems has led to few
structured studies of targeted molecular design parameters.

Examples of improvement in bond exchange rate by intrin-
sic chemical factors have included the development of new
types of chemical pairs that enable thermodynamically favored
bond exchanges,”® the utilization of small molecules as
internal catalysts to accelerate exchange reactions,”**' and
neighboring group participation of the kind widely adopted in
organic chemistry.*®*?° Explorations of molecular network
factors have involved variation in crosslinking density, mole-
cular movement, and flexibility, suggesting that a slower relax-
ation is likely to happen when the polymer chains positioned
near exchangeable covalent bonds are restricted in their
movements.>**> Often, the relative importance of each type of
contribution is unclear.**** For example, some reports indi-
cate that faster bond exchanges occur under conditions of rela-
tively high chain mobility,***” while other polymer sets show
fast bond exchanges even with highly dense and crosslinked
networks that restrict chain mobility.***® However, there is a
lack of systematic research on how these diverse chemical
factors and molecular structures integrally influence the
mechanical properties and reprocessability, which would
enable design of more efficient reprocessing and recycling.

Prior work on CANs has highlighted the stoichiometry
between the functional groups participating in the exchange
reactions as a crucial factor influencing the bond exchange
and material properties.*®*>*°>5 In a majority of cases, the
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nominal stoichiometry was taken as the true stoichiometry
and not experimentally measured.*>**>**> This can be a
reasonable assumption for simple, small molecule reactants,
but for oligomeric and polymeric monomers, the actual func-
tionality can differ greatly from the nominal functionality.>®>”
Because slight changes in composition can significantly
impact the bond relaxation and material properties,>® use of
nominal rather than measured functionality in designing stoi-
chiometry of CANs from polymeric/oligomeric monomers can
lead to performance that differs significantly from expected be-
havior and difficulty in identifying trends. Thus, here, we
examine the effect of stoichiometry on the bond exchange
rates, material properties and reprocessability using experi-
mentally determined functionalities of the monomers to select
on-stoichiometry, excess-amine and excess-acrylate compo-
sitions. To our knowledge, there is only one prior study of stoi-
chiometry in CANs that experimentally measures the function-
ality, specifically that of furan-modified rubber via NMR, to
select compositions of varying stoichiometric ratios, in that
case with bismaleimide.”> However, in that work only the
excess furan case was studied and the work was not carried
through to reprocessing studies, as the focus was on the relax-
ation mechanism of the CAN polymers.

In this work, we focused on the stoichiometry of aza-
Michael crosslinking groups using branched polyethyl-
eneimine (PEI) as a multifunctional and branched molecular
crosslinker, Jeffamine as a linear chain extender to modify
flexibility, and a triacrylate for the crosslinked network
(Fig. 1A). We assessed the bond exchange rate, bulk stress
relaxation, and reprocessability for four sets of compositions:
(1) ‘on-stoichiometry’, where the total number of amine and
acrylate groups is precisely matched, assuming full consump-
tion of bond exchangeable units, (2) ‘excess amine’ with PEI,
(3) ‘excess acrylate’ formed by reducing the overall amine
content relative to acrylate with both Jeffamine and PEI con-
currently changing, and (4) ‘excess acrylate’ with constant
Jeffamine content and varying amounts of PEI. We found con-
sistently increased rates of stress relaxation for ‘off-stoichio-
metry’ compositions (both excess amine and excess acrylate),
illustrating a fundamental design tradeoff between mechanical
strength and reprocessability accessible through convenient
adjustment of the material composition.

Results and discussion

A dissociative type of CAN based on the aza-Michael addition
reaction (attack of an amine nucleophile on an acrylate electro-
phile) was designed with a triacrylate, trimethylolpropane tri-
acrylate (TMPTA), and polymeric amines, Jeffamine and PEI
(Fig. 1A). Jeffamine provides a flexible backbone, which pro-
duces CAN films that are not brittle and can be conveniently
handled. We chose PEI as our primary bond exchanging
moiety because PEI contributes a higher number of exchange-
able units (primary and secondary amines) along with tertiary
amine sites that can function as catalysts of aza-Michael

This journal is © The Royal Society of Chemistry 2025
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Fig. 1

(A) Chemical schematic of the three-components in the aza-Michael reaction-based design and (B) illustrations of the CANs showing the

differences between ‘on-stoichiometry’ and ‘off-stoichiometry’, representing excess amine and excess acrylate scenarios.

addition and reversion, facilitating faster bond exchange. The
secondary amine groups of PEI are expected to participate in
exchange reactions at different rates than primary amines.>®

In branched materials, the effective functionality of the
reactive centers often deviates from the theoretical values due
to steric hindrance, chain mobility, and differences in reactiv-
ity of different amine species (i.e., primary, secondary, and ter-
tiary).”® We therefore focused on functional stoichiometry by
empirically measuring the reactivity of the component
materials (in terms of functionality parameter, f) using attenu-
ated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) to measure the disappearance of acrylate groups
during or after the aza-Michael addition reaction of different
compositions (ESI Fig. S1-S57). Starting with a fixed amount
of TMPTA and using the nominal stoichiometric reactivity of
Jeffamine based on product data sheets, we prepared a series
of samples differing in both directions from theoretical stoi-
chiometric equivalence (i.e., TMPTA: Jeffamine molar ratio =
1:0.75 to 1:1.5). The extent of these reactions was determined
by measurement of the peak areas of characteristic acrylate
peaks normalized to the C=O stretching band (Fig. S3B-3G
and S5B-5Gt) and the expected shift in the frequency of that
band from 1729 to 1735 cm™" (ESI Fig. S4t). The stoichio-
metric point is taken as the TMPTA : Jeffamine ratio at which
the peak area has decreased by at least 80% of the initial peak

This journal is © The Royal Society of Chemistry 2025

area and this was used to estimate f. Using this FTIR method,
the empirical f values for the reactive groups per molecule of
Jeffamine and PEI were estimated to be in the range of f =
2.1-2.3 and f= 10.7-12, respectively. Interestingly, these values
can differ significantly from those reported in the literature
and commercially available data.'” For example, commercially
available data sheets (from Huntsman Jeffamine
Polyetheramine ED-600) list the amine hydrogen equivalent
weight of Jeffamine as 132 g per eq (f = 4.55), while our FTIR
analysis suggests it to be 273 g per eq (f = 2.2; within 2.1-2.3),
and "H NMR estimates it to be as high as 310-330 g per eq (f=
1.85-1.9, data shown in ESI Fig. S67), close to the fvalues esti-
mated by FTIR analysis.

Using this determination of quantitative reactivity of the
component monomers, we designed four different scenarios
to explore the effect of stoichiometry on material properties
such as stress relaxation, crosslinking density, and mechanical
strength. Table 1 summarizes these scenarios and the range of
compositions tested. The first category, labeled as ‘on-stoichio-
metry’, set an exact balance of the total number of acrylate and
reactive amines. The second category, labeled as ‘excess PET’,
represents the amine-rich case achieved by adding more PEI to
a stoichiometrically matched mixture of TMPTA and
Jeffamine. The last two composition categories were designed
to have excess acrylate by reducing the amount of Jeffamine; in

Polym. Chem., 2025, 16, 1031-1043 | 1033
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Table 1 Overview of four different categories of compositions based on stoichiometry

Molar ratio Functional group

Sample TMPTA JEFFAMINE PEI  C—=Crwmpra NHjeftamine NHpg

Composition category code (mol) (mol) (mol) (eq) (eq) (eq)
On-stoichiometry 3] + OP 1 1.36 0 3 3 0
2] +1P 0.91 0.08 2 1
1] + 2P 0.45 0.15 1 2

Off- Excess amine 3] +0.5P 1.36 0.04 3 0.5

stoichiometry 3] +0.9P 1.36 0.07 3 0.9
Excess acrylate (decreasing Jeffamine and 2] + OP 0.75 0 2 0
increasing PEI) 1J+1P 0.5 0.07 1 1

0.5] + 1.5P 0.25 0.13 0.5 1.5

Excess acrylate (fixed Jeffamine and 2] +0.4P 0.75 0.03 2 0.4

increasing PEI) 2] +0.7P 0.75 0.05 2 0.7

one case changing the Jeffamine : PEI ratio to ensure that the
total number of amines remains the same, and the other in
which the Jeffamine concentration was fixed while increasing
the PEI concentration. Fig. 1B shows idealized representations
of these scenarios with dots representing the dynamic C-N
linkages.

Each of the compositions shown in Table 1 were prepared
and characterized as described in detail in the methods
section. We first examined the stress relaxation of the CANs by
dynamic mechanical analysis (DMA). In this test, applied
stress diminishes over time through molecular rearrange-
ments, and thus the rate of relaxation is directly relevant to the
rates of dynamic bond exchange and network movement.***°
These factors are expected to be different when more free reac-
tive groups are present. Fig. 2 shows the characteristic time for
stress relaxation of each composition, defined as the time
when the relaxation modulus reaches 1/e of its initial value;
based on the single mode Maxwell relationship, this is con-
sidered full relaxation (The stress relaxation raw data is pro-
vided in ESI Fig. S7.1).

For the ‘on-stoichiometry’ sets, no significant change was
observed in the characteristic relaxation time with changing
Jeffamine : PEI ratio at any temperature (Fig. 2A). This suggests
that the tertiary amines (present in PEI but not Jeffamine) are
not acting as self-catalysts or their effect is countered by the
more restricted movement of the branched structure of PEL
When there is an excess of amines overall, a small but signifi-
cant decrease in the characteristic network relaxation time was
found with increasing amounts of amines provided by PEI
(Fig. 2B). Interestingly, the impact of the availability of more
amine functional groups on the characteristic time was
smaller at higher temperatures, likely due to greater chain
mobility, which can overshadow contributions from covalent
bond exchange to network relaxation.

A similar effect, but of much slower relaxation rate, was
observed in the presence of excess acrylate groups.
Interestingly, this was seen for both cases tested: constant con-
centration of total reactive amines with increasing fraction pro-
vided by PEI (Fig. 2C) and increasing concentration of total
reactive amines provided by PEI, with constant Jeffamine com-

1034 | Polym. Chem., 2025, 16, 1031-1043

position (Fig. 2D). In both systems, a relatively large increase
in network relaxation rate (decrease in characteristic time) was
observed as PEI was added, at least at the lowest temperature
(150 °C). At higher temperatures, the decrease was not always
statistically significant, possibly due to the masking of PEI-
related effects by higher temperature-dependent chain mobi-
lity. Since relaxation time decreases with increasing PEI con-
centration in both cases (constant or increasing overall
number of amine groups), features of the PEI structure com-
pared to Jeffamine are important in the stress relaxation
phenomenon. The relevant factors could include higher reactiv-
ity provided by tertiary amine catalysis, inhibition of network
relaxation by limitation of chain mobility due to the branched
nature of the PEI structure, or changes in how the overall
network is formed with PEI vs. Jeffamine. The relative contri-
butions of these factors cannot be separated, but point to an
interesting direction for further study. From a practical design
perspective, however, it is clear that off-stoichiometry formu-
lations with either excess amine (Fig. 2B) or excess acrylate
(Fig. 2D) consistently provide for faster stress relaxation of CANSs.

Fig. 3 shows the temperature dependence of stress relax-
ation, which allowed us to extract a simple estimate of acti-
vation energy (E,) for this process in each case. Acrylate-amine
based materials comprise so-called dissociative CANs because
the molecular event required for bond exchange first requires
a bond disconnection (retro-Michael elimination). For such
systems, if two materials exhibit similar activation energies but
show different stress relaxation behavior, attention should
turn to their viscosity profiles (indicative of chain entangle-
ment) and potential differences in the reactivity of the
debonded state, which is ordinarily not rate-limiting. However,
especially at temperatures high enough for bond dissociation
to become fast and the equilibrium to shift toward the
debonded state (endothermic side), re-bonding can become
important to the overall stress relaxation rate and therefore to
the overall bulk relaxation behavior.°®* For the materials
studied here, no significant differences were found in acti-
vation energy values within experimental error; extracted
enthalpies and entropies of activation (ESI Fig. S8t) were simi-
larly consistent.

This journal is © The Royal Society of Chemistry 2025
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The similar activation energies suggest one of three possibi-
lities: (i) one particular process (among covalent bond
exchange reactivity, chain mobility, and chain entanglement)
is rate-determining in all cases, (ii) more than one process con-
tributes with similar temperature-dependent kinetic para-
meters, or (iii) the contributions counterbalance each other to
yield a similar average rate in each case. The first is unlikely,
since all of the reactivity and structural parameters should
change significantly among the sample set. For example, chain
mobility will be dominated by the Jeffamine chains as the
component containing by far the greatest number of rotatable
bonds, and the concentration of Jeffamine in the various
samples can vary greatly. The second possibility also seems un-
likely, as the activation energy for the rate-determining step of
bond exchange (amine elimination) will be very different from
the activation energy of any process involving only chain
motion. This leaves the third possibility as the most likely,
albeit one for which we are as yet unable to offer detailed
mechanistic insights. The measured activation energies in this
work of 84-114 k] mol™" are on the low end of bulk activation

This journal is © The Royal Society of Chemistry 2025

energy values for aza-Michael CANs reported in the literature,
many of which are based solely on monomers with different
crosslinking densities or the addition of an internal
catalyst."”'®*° (Note that these values are for overall network
relaxation, sometimes called the “apparent activation energy”
or “flow activation energy”). For example, Taplan et al
designed aza-Michael CANs with f-amino esters and achieved
activation energies ranging from 110-242 kJ mol™","” while a
fluro-containing CAN from bio-based bis-hydroxylated amine
and bis-trifluoromethylacrylate, described by Berne et al.,
showed activation energies of 99-191 k] mol %% A study
specifically designed to improve reprocessability through a
lower activation energy without a significant increase in creep
used liquid crystals in the CAN matrix to produce activation
energies on the order of 100 kJ mol™.°** In our case, PEI
clearly plays an important role in enhancing bond exchange
rates within these materials.

Love et al. measured activation energies from 22.2-69.9 kJ
mol ™" for the aza-Michael exchange of a number of reacting
pairs in solution using NMR.®> We attempted similar experi-

Polym. Chem., 2025, 16, 1031-1043 | 1035
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ments using monovalent reactants resembling the molecular

motifs in Jeffamine, PEI, and TMPTA, as shown in Fig. 4.

Under a variety of conditions, including in the presence and

absence of solvent and catalyst at temperatures up to 150 °C,

CHs 0
HsCO\/\O o} N/\)Lo/ﬁ/
n H
2

Fig. 4 Attempted model exchange reactions.
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the desired exchange reactions were not observed (ESI
Fig. S9A-9Df¥). Only the reaction of 1 with acrylate 5, a simple
mimic of the ‘excess acrylate’ network condition, gave a new
product: adduct 6 by virtue of conjugate addition with the sec-

n-CygHz3—NH,

O

N

/" \NHE

4

\/\NH2

oY

» no exchange

3
X ....... » no exchange
0
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ondary amine group in 1 (Fig. 4). This suggests that direct
f-aminoacrylate exchange may not play a large role in material
relaxation, although we cannot be sure that the conditions of
the model reactions adequately represent those of the bulk
material, the key difference being the presence of nearby basic
nitrogen atoms in the materials, which can serve as catalysts
for amine elimination in ways that cannot be matched by
monomeric reactants even at high concentration.

Fig. 5 shows swelling ratio and glass transition temperature
(Ty) values of the bulk CAN materials for each composition.
Even though dissociative networks can dissolve in a good
solvent under favorable conditions®" (e.g., high temperature)
where crosslinked chains are highly mobile and solvent
diffusion is sufficient to penetrate all crosslinked points, the
samples studied here did not dissolve after 48 hours of immer-
sion at room temperature. Consistently decreased swelling and
increased T, were observed with increasing PEI content,
whether stoichiometrically balanced or not. We attribute this
trend to the creation of additional crosslinking nodes from the
branched structure of the polyvalent amine. Furthermore, the
magnitude of swelling was considerably greater for materials
having excess acrylate groups (Fig. 5C and D) than the on-stoi-
chiometry and excess amine cases (Fig. 5A and B), and the
excess amine materials also exhibited much less variation in
T, than the other groups (Fig. 5B). The greater degree of cross-
linking produced by stoichiometric matching should naturally
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lead to decreased swelling, and the presence of excess amine
also ensures maximum use of the tripodal acrylate connectors,
which can also be expected to be very important in setting the
crosslinking density. These are also consistent with the gener-
ally lower characteristic relaxation times shown in Fig. 2A and
B for the ‘on-stoichiometry’ and excess amine cases. We note
that all of the T’s are well below 0 °C, which means that these
materials are softened at room temperature and may not have
sufficient mechanical stability for some applications. We did
not aim to correct this deficiency or optimize for other
material properties, focusing instead on the fundamental
relationships between stress relaxation and related properties
vs. composition.

To assess reprocessability of the materials used here, small
pieces of the polymer films were placed in a mold and sub-
jected to thermal compression at 180 °C and 1 MPa pressure
for 40 minutes. Starting films were made directly by solution
casting of the mixture of monomers in dimethyl formamide
(DMF), followed by vacuum drying and heating to 70 °C to
complete crosslinking by aza-Michael reaction. The as-syn-
thesized and reprocessed films for ‘on-stoichiometry’ with
only the Jeffamine (3], OP) samples are shown in Fig. 6. We
observed that there are slight color changes (i.e. yellowing) as
these materials are repeatedly reprocessed. Analysis by FTIR
showed no significant changes in peak intensities from the
first to third reprocessing step (ESI Fig. S107), demonstrating
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that the samples were chemically stable within this reproces-
sing window. We did note some changes in peak intensity in
N-H (3000-3500 cm™') and C=0 (1735 cm™") stretching
vibrations between freshly-prepared and reprocessed materials,
attributed to the different thermal history of sample fabrica-
tion (the pristine sample was cured at 70 °C in a vacuum oven
while the reprocessed sample was fabricated at 180 °C under
compression).

Furthermore, we assessed the stress relaxation and mechan-
ical properties of the reprocessed films to determine whether
the reprocessing changed their material properties. Fig. 7A
and B show the characteristic time measured at a fixed temp-
erature of 160 °C for on-stoichiometry and excess amine cases,
respectively (stress relaxation and storage modulus raw data in
ESI Fig. S111), for the neat films and after the 1°* and 3™
reprocesing step. We selected 160 °C because it was one of the
temperatures that showed a significant decrease in character-
istic time for the excess amine case (Fig. 2B) and we plotted
the results on the same y-axis scale as Fig. 2 to enable compari-
son. We see that the measured characteristic time does not
change significantly from the as-synthesized to the first repro-
cessing step or from the first to the third reprocessing step.
This indicates that the reprocessed materials maintain their
ability to relax applied stress through at least 3 cycles, likely
through both bond relaxation and chain mobility
mechanisms.

Fig. 7C and D present DMA results aimed at exploring the
impact of reprocessing on crosslinked network formation,
focusing on the rubbery plateau values after each thermal
reprocessing cycle and the T,. The results also indicate that
the material system can withstand three cycles of reprocessing
without detrimental effects on these material properties, as
they remain practically unchanged compared to the original
values. The only sample showing a significant change in

1038 | Polym. Chem., 2025, 16, 1031-1043

Images of as-synthesized films and films after three reprocessing steps of ‘on-stoichiometry’ with only the Jeffamine (3J, OP) samples.

rubber modulus was the 1 Jeffamine + 2 PEI in ‘on-stoichio-
metry’, which showed a decreasing value of rubber modulus
with reprocessing up to 3 cycles. The reason for this is unclear;
however, this change in modulus and slight increase in glass
transition temperature did not affect exchange kinetics for the
current course of reprocessing.

Tensile properties were assessed to investigate changes in
mechanical behavior over multiple reprocessing cycles. Fig. 8
plots specific mechanical property parameters extracted from
stress—strain curves including the Young’s modulus, tensile
strength at break, and elongational strain at break for both the
‘on-stoichiometry’ sets (A-C) and excess amine sets (D-F) over
three cycles of heat-press reprocessing. While a statistically sig-
nificant decrease in Young’s modulus and tensile strength
were observed between the as-synthesized and 1% reprocessing
samples, which is attributed to the different thermal history of
sample fabrication as noted above, we were most interested in
the impact of multiple thermal reprocessing steps on the
material properties. In most on-stoichiometry cases, no signifi-
cant change was observed in the mechanical properties from
the first to the third reprocessing cycles (only the Young’s
modulus for the 2 Jeffamine + 1 PEI material showed a statisti-
cally significant difference), indicating that for the on-stoichio-
metry samples the mechanical properties were maintained
well during reprocessing. In contrast, there was a statistically
significant decrease in mechanical properties from the first to
the third reprocessing step at the highest amount of PEI in
excess amine cases (Fig. 8D-F, blue). Taken together with
stress relaxation measurements (excess amines give rise to
relatively fast relaxation) and network characterization (low
degree of swelling but also low glass transition temperature),
we suggest that the presence of relatively large amounts of the
mobile Jeffamine component leads to significant rearrange-
ment during reprocessing that induces irreversible changes in

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Characteristic times for stress relaxation obtained by DMA at 160 °C for (A) the ‘on-stoichiometry’ and (B) the ‘off-stoichiometry’ excess
amine cases. (C) Plateau modulus at 100 °C and the glass transition temperature determined by the peak tan delta value for the ‘on-stoichiometry’
cases. (D) Plateau modulus at 100 °C and T, for ‘off-stoichiometry’ samples with excess amine. “As syn” refers to freshly-prepared films; “15* and

"3 refer to materials reprocessed by heat one or three times, respectively.
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the network, but this would need to be confirmed through
additional study.

Because acrylates are sensitive to further curing in thermal
post-treatments and re-processing is a thermal treatment, we
also examined the change in mechanical properties of the
excess-acrylate case. ESI Fig. S13 presents the mechanical pro-
perties (modulus, stress at break, and elongation at break) for
the three excess-acrylate materials as-synthesized and after the
1% and 3™ re-processing steps. We observe that all three pro-
perties increased from the as-synthesized state to after the first
thermal reprocessing cycle and were maintained over sub-
sequent reprocessing cycles, up to three cycles. This indicates
that further reactions (post-curing or post-reaction) occurred
due to the excess acrylate remaining in the material system,
but only during the first cycle.

Conclusions

In this study, we targeted a specific CAN design parameter, the
stoichiometry of the reactive components (amines and acry-
lates in aza-Michael reactions), determining the functional
values by quantitative assessment of reactivity rather than
assuming ideal structures and behavior. We also varied the
linear-vs.-branched nature of the amine nucleophile to gain
some insight into the role of network structure in controlling
properties. Our assessments focused on the important
material properties of stress relaxation, solvent swelling, glass
transition temperature and tensile strength. We showed that
stress relaxation is more sensitive to the number of amines
provided by PEI (as compared to Jeffamine) when the amine-
acrylate stoichiometry is not matched, but that it is insensitive
to this parameter when the stoichiometry is matched. This has
important implications for considering how to tune stress
relaxation, as the characteristic time for relaxation could be
lowered by increasing the proportion of PEI only in the off-stoi-
chiometry cases. From a mechanistic perspective, inaccuracies
in stoichiometry matching are likely to produce different con-
tributions from associative, dissociative, and concerted bond
exchange mechanisms,®"®>%%%” and thus difficulties in accu-
rate modeling of the properties of such materials.

With the long-term goal of preparing reprocessable plastic
materials, we also examined the ability to maintain properties
after multiple cycles of reprocessing, again finding significant
differences in on- vs. off-stoichiometry materials. Thus, bulk
properties changed significantly from as-synthesized (prepared
at 70 °C in a vacuum oven) to first reprocessing (180 °C under
compression) for off-stoichiometry cases, but mechanical pro-
perties and stress relaxation did not change significantly for
on-stoichiometry CANs when reprocessed at constant con-
ditions. Furthermore, the incorporation of high PEI content
gave rise to more dramatic degradation in the mechanical pro-
perties in off-stoichiometry materials, suggesting a practical
tradeoff between the achievement of high rates of reprocessing
with off-stoichiometry formulations and maintaining good

properties through multiple reprocessing cycles. These
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insights may be useful for catalyst-free CAN design, particu-
larly systems with slow stress relaxation, where formulation-
based approaches to increasing relaxation rate are of particular
value.

Materials and methods
Materials

Trimethylolpropane triacrylate (TMPTA), branched polyethyl-
enimine (PEI, average M,, = 800 g mol™ " by LS, average M, =
600 g mol™" by GPC), and Jeffamine (ED-600) were purchased
from Millipore Sigma. Dimethylformamide solvent (DMEF,
anhydrous, 99.9%) was purchased from Beantown Chemical.
All reagents were used as received. According to the manufac-
turer (Millipore Sigma), the Jeffamine has an approximate
value of x + z ~ 6 and y ~ 39. According to Grenda et al., who
studied the branched PEI used here, the value of n cannot be
defined, but rather, the branched PEI can have a general for-
mulas C,¢HggNy4 that contains approximately 20 aziridine-
derived fragments in different branching patterns to give a
mixture of primary, secondary, and tertiary amine sites.

Synthesis

The initial state of all monomers (i.e., TMPTA, Jeffamine, and
PEI) was liquid. TMPTA was stored in a closed cabinet to
prevent light-induced termination of the active acrylate, while
the other two monomers, Jeffamine ED-600 and PEI, were
stored in a desiccator. Jeffamine was used as a chain extender
(i.e., to modulate T,) for mechanically viable samples, as the
resulting crosslinked material between TMPTA and PEI is
brittle. Each monomer was mixed in DMF solvent, based on
the molar ratios shown in Table 1. The target concentration of
the solution was adjusted by varying the amount of solvent for
solution casting to produce a film thickness of 0.2 mm. After
mixing on an orbital shaker (Benchtop Orbital Shaker Model 416
HP, Thermo Scientific) at 200 rpm for 30 minutes, the monomer
mixture was cast into a PTFE Petri dish. To ensure complete
crosslinking, the solutions were placed in a heated vacuum oven
at 70 °C for 24 hours, resulting in a robust, free-standing, cross-
linked film based on dynamic aza-Michael bonds.

Characterization

ATR-FTIR. Attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) was conducted using a
Spectrum Two™ instrument from PerkinElmer over a wave-
number range of 4000-450 cm™" at a resolution of 4 cm™ with
16 scans on all fabricated samples. A background scan for the
ambient atmosphere was performed first. Using isopropanol,
the surface of the diamond reflectance cell was cleaned.
Consistent force was applied to have all samples have full
contact to the cell, monitored by the pressure sensor built in
the system.

The functionality parameter, f, was determined by using
measured FTIR spectra of different ratios of TMPTA and
Jeffamine or TMPTA and PEL For Jeffamine, molar ratios from

This journal is © The Royal Society of Chemistry 2025
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1:0.75 to 1:1.5 were mixed at room temperature and cured
overnight at 80 °C in an oven. For PEI, molar ratios from
1:0.2 to 1:0.3 were mixed at room temperature and cured
overnight at 80 °C in an oven. The Jeffamine peaks in the
regions 820 cm™" to 795 cm™?, from 1440 cm ™" to 1380 cm ™,
and from 1660 cm " to 1600 cm " were extracted and the
baselines were added by using the tangent method in the
PerkinElmer software. The PEI peaks in the regions 825 cm™
to 790 cm™', from 1440 cm™' to 1380 cm™', and from
1660 cm™' to 1600 cm™ " were extracted and the baselines
were added using the tangent method. Peak areas were calcu-
lated using the baseline-corrected peaks by the PerkinElmer
software. The area was plotted vs. the TMPTA : amine oligo-
mer ratio and the first TMPTA : amine oligomer ratio where
the peak area was >80% less than the maximum area was
taken as the stoichiometric point. 80% decrease was chosen
because in most cases, the peak area did not continue
decreasing from there. To calculate f from the ratio corres-
ponding to the stoichiometric point, the following equation
was used:

f(amine oligomer) x mol(amine oligomer)
= f(TMPTA) x mol(TMPTA)

The molar extinction coefficient (&) for composition quanti-
fication was determined using ATR-FTIR in the following
manner. Different concentrations of TMPTA in DMF under
dilute conditions were prepared and changes in absorbance
intensities of the relevant peaks (C=O and C=C stretching
and bending) were plotted against the solute molar concen-
tration. The slope obtained from linear regression represents
the molar extinction (or absorption) coefficient (ESI Fig. S27).

NMR. Nuclear magnetic resonance (NMR) spectroscopy was
conducted on a Bruker AV3 400 MHz spectrometer using
CDCl; as the solvent. For Jeffamine, the amine hydrogen equi-
valent weight (AHEW) and the functionality parameter, f, were
determined by "H NMR spectroscopy following a previously
reported procedure that uses benzophenone as an internal
standard.®® The AHEW was determined using the following
equation:

AHEW : ([ PhCOPh/ J amine) X (Hamine /Hphcoph)
X (Mamine/Mphcoph) X Mphcoph

where, [PhCOPh: integral of the signal from benzophenone
protons; [amine: integral of the signals from protons in
a-position to the primary amine functionality; H,mine: Number
of protons in o-position to the primary amine functionality;
Hppcopn: Number of benzophenone protons; mamine: mass of
amine; Mppcopn: Mass of benzophenone; Mppcopn: benzophe-
none molar mass.

The AHEW was determined by comparing the value of the
integral of the signals arising from the benzophenone protons
(7.6-7.64 ppm) with the value of the integral of the signals
arising from the -CH protons (2.86-3.04 ppm) in a-position to
the primary amine groups in Jeffamine (ESI Fig. S6f). The
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measurement of AHEW was done in duplicate. The fwas calcu-
lated as: (molecular weight of amine/AHEW).

DMA. Dynamic thermomechanical properties were investi-
gated using a DMA instrument (Q800, TA Instruments, New
Castle, DE, USA). For stress relaxation measurements, the
built-in procedure of DMA Stress Relaxation was employed.
Samples were cut into strips approximately 10 mm x 5 mm x
0.2 mm in size for testing. A strain of 1% was applied with an
initial preload force of 0.1 N to prevent slippage on the grips
during testing. For relaxation measurements, samples were
heated in the range of 150 °C to 180 °C. Due to the heat sensi-
tivity of the relaxation behavior, samples were allowed to
stabilize at elevated temperature for 2 minutes before the
measurement starts. Storage modulus measurements were
conducted using samples of the same dimensions. A tension
mode of measurement with 1 Hz frequency and a tempera-
ture ramping rate of 10 °C min~' was employed (ESI
Fig. S127%).

To determine the free energy (AG) the enthalpy (AHY), and
entropy (ASt) of activation, the Eyring equation was used. The
temperature (7) and characteristic relaxation time (¢*) were
obtained from the stress relaxation measurement from the
DMA experiment and the activation enthalpy (AHZI) and acti-
vation entropy (ASi) were determined using the Eyring
equation:

h _astoang
™ = X e R eRT
KkBT

where « is assumed to be 1, kg is the Boltzmann constant, 4 is
Planck’s constant and R is the gas constant. We plotted
1/(z*-T) vs. 1/T and the activation enthalpy (AHY) and acti-
vation entropy (AS}) were calculated by slope and intercept
of a line fit to the data, respectively. The slope is equal to
—AHZ/R. The intercept is equal to In(kg/h) + ASE/R.

DSC. A Mettler Toledo DSC 3+ with an autosampler was
used to measure the T, of the crosslinked film. The scanning
rate was 10 °C min~" and nitrogen gas was purged. To remove
thermal history, the measurement started from —75 °C to
190 °C, held at 190 °C for 1 min, then cooled to —75 °C at
10 °C min~", held at —75 °C for 1 min, and then heated again
to 190 °C at 10 °C min~". The second heating portion of the
entire cycle was used to estimate the Ty.

Tensile testing. Tensile testing was performed using a TA
Instruments DHR-3 rheometer equipped with a rectangular
extension accessory. The dimensions of the gauge region of
the samples (approximately 12 mm x 5 mm x 0.2 mm) were
recorded prior to testing and programmed into the TRIOS
software. Samples were securely clamped in the top and
bottom holders using a torque driver set to 10 uN m™". The
axial force was zeroed before each test, and a pull rate of
0.5 mm min~" was set. Three samples were tested for each
condition.

Swelling ratio. To evaluate the cross-linking density of the
samples, various compositions according to Table 1 were pre-
pared. Initially, the mass of fully vacuum-dried samples, which
were dried overnight at 50 °C, was measured. These samples
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were then individually soaked in 3 mL of DMF for 48 hours at
room temperature. Subsequently, the swollen samples were
removed, wiped to remove residual solvents on the surface,
and the swollen mass was recorded. The ratio between the
mass of the completely dry samples and the swollen mass was
used to calculate the swelling ratio.

Reprocessing. “As-synthesized” samples were prepared follow-
ing the previously described procedure. For reprocessing, they
were cut into small pieces and placed inside a hole in
0.15 mm-thick PTFE films serving as spacers. These assem-
blies were then sandwiched between two additional Teflon
films and further enclosed within two aluminum plates. The
plates were placed in a Carver Press for thermal compression
at 180 °C and 1 MPa pressure for 40 minutes. This process was
repeated for up to three cycles to fabricate the three reproces-
sing cycles.
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