Masked Primary Amines for Controlled Plastic Flow of Vitrimers
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ABSTRACT: We present a simple method for increasing the reprocessability of vinylogous urethane (VU) vitrimers while
decreasing the possibility of creep deformation at lower temperatures. In particular, varying amounts of triethylenetetra-
mine were added as co-monomer to the curing VU formulation to ensure that all of the primary amines reacted to form
enaminone cross-links, resulting in a network without reactive primary amine chain-ends. As a result, transamination was
significantly slowed down because secondary amines are much less reactive to VU exchange. On the other hand, at higher
temperatures, pendent primary amines can be released via a dynamic, endothermic exchange with a nearby less reactive
secondary amine, thereby (re)activating material flow. As a result, ambivalent viscoelastic behaviour could be achieved
without depolymerisation by dynamically releasing pendent primary amines from vinylogous urethane polymer chains.
Through careful co-monomer selection, VU vitrimers with low viscosity at processing temperatures and at the same time
high viscosity at service temperatures could be prepared without the use of catalysts or additives, leveraging the synergistic

effects of mildly reactive functionalities through neighboring group participation.

Thermosets are an important class of cross-linked poly-
mers with everyday applications, ranging from thermal
insulation for housing to adhesives and structural compo-
nents in electronics.! Nonetheless, after cross-linking or
curing, they have a permanent shape that makes handling,
reprocessing, and especially recycling difficult. Vitrimers,
on the other hand, are dynamic polymer networks with
reactive or triggerable bonds that allow for continuous
reshuffling of cross-linking sites to relax external
stresses.2® As a result, when heat and pressure are ap-
plied, chemical exchange reactions are activated, allowing
vitrimers to be welded, reshaped, reprocessed, or recycled
without losing network integrity.”-12 Importantly, this
means that the decrease in viscosity of such polymer mate-
rials during flow will be primarily determined by the rate
and nature of chemical bond exchange.!314

A common diagnostic feature used to distinguish vitri-
mers from other reversible networks has been their grad-
ual decrease in viscosity as a function of temperature (i.e.
Arrhenius behaviour) when compared to thermoplastics
and dissociative networks.®1> As a consequence, vitrimers
have good reprocessability over a wide temperature range
but at the same time a lower resistance to permanent de-
formation, ie. creep, during use.’®17 In contrast, a sharper
increase/decrease in viscosity upon cooling/heating is
desired for many applications. To meet these require-
ments, one appealing strategy has been to rely on different
exchange reactions,'8-2¢ or a change in reaction mecha-
nism,%5-28 within the same polymer network. Indeed, syn-

ergistic effects between different chemistries can yield a
remarkable response to temperature, but careful material
design is required to yield the desired effect of inhibiting
exchange at lower temperatures.

Recently, our research group combined two dynamic co-
valent exchange reactions to produce fast reprocessable
elastomeric vitrimers with improved creep resistance.??
Herein, transamination exchange of vinylogous urethane
(VU) vitrimers was significantly accelerated when dicar-
boxamide dissociation resulted in a small degree of depol-
ymerisation, together with the (re)generation of highly
reactive free chain-end amines (Scheme 1a).3° Upon cool-
ing, (re)formation of the small fraction of dicarboxamide
chain-extender resulted in depletion of available ex-
changeable groups, which lead to a decrease and eventual-
ly shutdown of exchange. In other words, the dicarbox-
amide motif served as a dynamic protecting group, facili-
tating the thermal release of the exchange enabling prima-
ry amines.3!
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Scheme 1. a) Previously reported dynamic protecting group strategy, relying on the dissociation of dicarboxamide chain-
extenders for the release of reactive primary amines in a vinylogous urethane vitrimer.2%3° b) Reversible (de)protection strat-
egy used in this work, relying on oligoethyleneimines for primary amine release and subsequent transamination.
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While fast transamination exchange within VU-based
vitrimers is widely reported to critically rely on the pres-
ence of free primary amines,”253233 the presence of sec-
ondary amines in VU networks usually has little effect.
Moreover, secondary amines are not appropriate VU mon-
omers, as they do not form stable adducts when reacted
with acetoacetates, due to a lack of internal hydrogen bond
stabilisation in the resulting VU.32 However, this general
lack of nucleophilic reactivity might be drastically en-
hanced when a secondary amine group is present in close
proximity to a normal VU cross-link.1434 In this case, albeit
only temporarily, we hypothesised here that a secondary
amine may engage a VU linkage as a neighbouring nucleo-
phile (Scheme 1b), temporarily releasing a primary amine
at elevated temperatures.

In this work, we report the successful implementation of
this alternative strategy for the reversible ‘in chain’ gener-
ation of primary amines for vinylogous urethane vitrimers.
The obtained materials show high reprocessability at ele-
vated temperatures and an improved resistance to perma-
nent deformation at lower temperatures, when the reac-
tive amines are internally quenched into stable VU bonds.
Specifically, commercially available linear oligoethylene-
imines were added as a co-monomer to the curing VU for-
mulations, aiming to lock all primary amines into stable VU
cross-links. The resulting polymer network does not con-
tain free primary amines, but the unreacted secondary
amine groups now serve as a neighbouring functionality
that upon heating can undergo a fast chain rearrangement
that releases a pendant primary amine. Thus, the sponta-
neous reversal to the thermodynamically more favoured
VU adduct assures the dynamic unmasking and reshielding
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of primary amines, without making use of an additional
dissociative exchange chemistry or any depolymerisation.
Various rheology experiments were used to investigate the
effect of the co-monomer on vitrimer flow properties, such
as stress-relaxation, frequency sweep and creep defor-
mation experiments. In short, a conceptually novel and
quite versatile method for the design of VU vitrimers is
disclosed, ensuring continuous network integrity.

In order to investigate the feasibility of the proposed
strategy, VU formation and transamination studies were
initially performed on small molecules. First, methyl
acetoacetate was reacted in bulk with an equimolar
amount of N-ethylethylenediamine at 80 °C for 4 h. With-
out further purification, the reaction mixture was
quenched with cooled water and submitted for ESI-MS
analysis, which revealed primary amine VU formation,
which was consistent with previous research,3233 and a
‘double’ VU adduct that could be explained by neighbour-
ing group participation of the secondary amine (Figure 1a
and b). In other words, although secondary amine trans-
amination reactions are typically slow and thermodynami-
cally unfavourable, the reactivity of the secondary amine
here is enhanced entropically, due to the intramolecular
nature of the exchange reaction. Thus, the exchange reac-
tion can be assumed to proceed through the formation of a
short-lived imidazolidine intermediate.'35 Assuming that
this process would be more
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Figure 1. a) Scheme of the transamination exchange involving a secondary amine acting as a neighbouring group via an imidazolidine
intermediate. ESI-MS of the model experiment performed at b) 80 °C for 4 h and c) 25 °C for 24 h.

pronounced at higher temperatures, the same experiment
at 25 °C for 24 h indeed revealed almost none of the ‘dou-
ble’ VU adduct being formed (Figure 1c). To further
strengthen the ‘neighbouring group’ hypothesis underlying
our interpretation of these exchanges, a control experi-
ment was conducted by reacting the acetoacetate com-
pound 1 under the same conditions with an equimolar
amount of butylamine and dibutylamine. As expected, ESI-
MS analysis indicated complete selectivity for the primary
amine VU adduct (Figure S1). These initial qualitative
results already displayed a distinct reactivity trend of (-
amino enaminone compounds, which allowed us to quickly
move on to material synthesis.

For vitrimer curing, network formulations were pre-
pared according to a previously reported procedure by
reacting trifunctional 1,1,1-trimethyl-propane trisaceto-
acetate (1) and an amine mixture with a stoichiometric
ratio of 5 mol% excess acetoacetate groups relative to the
primary amines, to minimise the presence of free chain-
end amines.?® First, a reference network (VU-95) was syn-
thesised by solely mixing the trifunctional acetoacetate 1
with Priamine 1074 (2). Next, modified materials were
made by substituting 5 to 20 mol% of the Priamine 1074
content with triethylenetetramine (TETA, 3) designated as
VU-95 + 5% TETA, VU-95 + 10% TETA and VU-95 + 20%
TETA respectively (Scheme 2a). As such, f-amino enami-
none units were randomly distributed along the polymer
backbone and should release the necessary primary
amines for exchange upon heating. Furthermore, to ensure
that measured changes in material properties did not arise
from an enhanced water uptake or changed cross-linking
density associated with the more polar TETA compared to

Priamine 1074, a separate control material was prepared
with 5 mol% of Priamine 1074 substituted by ethylene
glycol bis(2-aminoethyl) ether (EGBA, 4), further referred
to as VU-95 + 5% EGBA (Scheme 2b).

After the network formation, all samples were shredded
into smaller pieces and subsequently compression mould-
ed at 160 °C. Furthermore, ATR-FTIR and swelling experi-
ments were used to characterise network integrity, yield-
ing values that reflect an efficient curing (Table S1 and
Figure S2). From DSC analysis, Ty values were obtained in

Scheme 2. Schematic overview of the used curing formula-
tions for modified vinylogous urethane vitrimers. The tri-
functional acetoacetate (1) was cured with an amine mix-
ture containing a) triethylenetetramine (3) and b) ethylene
glycol bis(2-aminoethyl) ether (4).
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the range of -13 to -4 °C, indicative for elastomeric vitri-
mers (Figure S3). Sufficient thermal stability could still be
retained, as evidenced by TGA analysis, even after intro-
duction of a relatively large amount of secondary amine
groups (Figure S4). Moreover, when mimicking
(re)processing conditions by performing an isothermal
TGA experiment at 160 °C for 2 h, only negligible mass
losses could be detected (Figure S5).

To determine the changes in dynamic behaviour upon
addition of the reactive co-monomer (3), stress-relaxation
experiments were performed from 160 °C to 110 °C and
could be fit to a single exponential decay within reasonable
error, which was calculated via least squares fitting (Fig-
ure S6-S9).
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Figure 2. Normalised stress-relaxation data indicating the
impact of introducing a) f-amino enaminone bonds and b) [-
alkoxy enaminones on the overall relaxation rate. c) Arrheni-
us plot of the modified VU vitrimers compared to the refer-
ence network.

A clear dose-responsive acceleration effect could be ob-
served in the comparison of relaxation curves at 160 °C for
different added fractions of the reactive co-monomer (Fig-
ure 2a). In addition, the reference material VU-95, where
the presence of pendent primary amines could only be
explained by imperfect network formation, did not show
complete relaxation while yielding only partially healed
samples after reprocessing (Table S2).

However, when considering the modified materials, a
significantly faster relaxation could be observed when
adding only 5 mol% of TETA (4390 s vs. 380 s). Moreover,
our hypothesis for primary amine release was further
supported by the absence of a similar improvement in
relaxation rate for VU-95 + 5% EGBA (Figure 2b). Further
increasing the content of f-amino enaminone bonds re-
sulted in vitrimers with even faster exchange dynamics, i.e.
with relaxation time (t*) values down to 35 s. This in-
crease in reaction rate was compared to that of a previous-
ly reported sample,?° formulated with 5 mol% excess pen-
dent amines (VU-105), indicating that similar t* could be
obtained. Importantly, this increase in processability did
not come at a (significant) cost of dimensional stability,
since relaxation rates of, for instance, VU-95 + 20% TETA
only increased with a factor 4 at 110 °C, while a 120-fold
increase at 160 °C was observed.

The observed discrepancy in dynamic behaviour as a
function of temperature was further visualised when ob-
serving the Arrhenius plot in Figure 2c. Interestingly, the
‘loss of linear Arrhenius behaviour’ for the modified vitri-
mers should not be attributed to an additional dynamic
chemistry, nor to a change in the overall exchange mecha-
nism or a drop in network connectivity, but simply to a
shift in the availability of reactive primary amines upon
heating.?® To verify this claim, frequency sweep experi-
ments were conducted in the same temperature range to
indicate possible changes in cross-linking density or chain
mobility (Figure S10). All materials displayed a constant
plateau modulus (G’) as a function of temperature, except
VU-95 + 20% TETA. The small variation in G’ (above 10
rad.s’!) in the latter case was rationalised by a temporarily
larger portion of dangling chain-ends (Scheme S1), which
are intrinsically non-elastic. Nevertheless, this would not
have an effect on the overall number of cross-linking
points, but does have an influence on the average cross-
linking density. These results demonstrated the existence
of an upper limit to the addition of such a reactive co-
monomer to still yield a good balance between dynamic,
thermal, and mechanical properties as summarised in
Table 1.



Table 1. Overview of thermal properties and relaxation data of (modified) vinylogous urethane vitrimers.

Vitrimer Tg? Tas%° Ea T* 160 °cd * 110°c? (S)
(°C) (°C) (kJ.mol %) (s)

VU-95 -4 315 585 4390 +34 | 38720200

VU-105 -15 315 91+2 20+0.3 640 2
VU-95 + 5% TETA -5 311 751 3808 34470 + 84
VU-95 + 10% TETA -6 305 1052 50+£1 16 500 * 28
VU-95 + 20% TETA -13 260 1072 3B+l 11100 + 105
VU-95 + 5% EGBA -5 305 794 1955 + 24 38340 +91

a Determined from the second heating in DSC analysis (10 °C.min1). » TGA onset temperatures after 5% weight loss (Tas%). ¢ Determined
in low temperature region (110 °C to 140 °C) if a non-linear viscosity profile is present, otherwise full temperature region. 4 Obtained
from a single exponential fit to the relaxation data. Standard errors were calculated via regression analysis. Note that a larger uncer-

tainty might be present depending on the completeness of relaxation.

Prompted by the interesting viscoelastic behaviour,
creep experiments were performed to study the effect of
gradually and thermally releasing primary amines on the
dimensional stability of the modified vitrimers (Figure
$11). Measurements were conducted from 30 °C to 100 °C
by applying a constant shear stress of 2 kPa over the
course of 5000 s. The resulting strain was monitored as a
function of time and compared to that of the previously
reported VU-105 sample (Figure $12).2° A clear difference
in creep behaviour could be observed, e.g. at 90 °C, which
was correlated to the availability of the pendent primary
amines required for a fast network rearrangement (Figure
3a). Moreover, from the slope of the steady-state region

(ie. after applying a constant stress for 4000 s), re-
sistance to permanent deformation was assessed by plot-
ting the calculated creep rate (¢) as a function of tempera-
ture (Figure 3b and Figure S13). Although there was a
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significant creep onset for the modified VU vitrimers from
70 °C onwards, absolute creep rates were remarkably
lower than for the VU-105 material (Table S3). In essence,
we were able to combine the processability of a standard
VU-105 vitrimer with the increased creep resistance of a
VU-95 material.

In summary, creep-resistant vinylogous urethane vitri-
mers were prepared by simply adding a commercially
available oligoethyleneimine co-monomer, which allows
the design of an inactive VU vitrimer network in which
transamination is hampered by the inaccessibility of free
primary amines. Through neighbouring group participa-
tion of a nearby secondary amine, VU linkages will behave
as free amine defects at high temperatures, giving a clear
and significant improvement of the network’s rheological
properties. This thermal activation occurs without under-
going network depolymerisation, but only through chain
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Figure 3. Creep data of (modified) VU vitrimers with a) representative creep curve at 90 °C and b) creep rate (€) as a function of tem-

perature. Note that some of the data points overlap.



rearrangements, shifting the network topology towards
the release of pendent primary amines. Stress-relaxation
experiments revealed drastic changes in exchange rate at
elevated temperatures, resulting in a deviation from linear
Arrhenius behaviour commonly observed for vitrimers,
and approaching - at high temperatures - the dynamic
behaviour usually only seen for VU vitrimers with a high
degree of free amine network defects. Upon cooling, the
primary free amines revert back to the thermodynamically
favoured bonds, and cross-linking exchanges are inhibited,
resulting in polymer networks with enhanced perfor-
mance. Furthermore, creep experiments revealed that no
significant permanent deformation could be measured for
any of the modified vitrimers up to 70 °C. Consequently,
these findings confirmed that a strategic monomer selec-
tion enabled the rational design of vitrimers with predict-
able and tuneable properties, greatly expanding their ap-
plication potential.
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OFF

A reversible ‘in chain’ deprotection strategy was used to control dynamic behaviour of vinylogous urethane vitrimers without
depolymerization, allowing to suppress creep upon cooling and (re)activate material flow upon heating.



