Macromolecules 666

pubs.acs.org/Macromolecules Article

Dynamic Polyamide Networks via Amide—Imide Exchange

Yinjun Chen, Huiyi Zhang, Soumabrata Majumdar, Rolf A.T.M. van Benthem, Johan P. A. Heuts,*
and Rint P. Sijbesma*

Cite This: Macromolecules 2021, 54, 9703-9711 I: I Read Online

ACCESS ‘ [l Metrics & More | Article Recommendations | Q Supporting Information

ABSTRACT: The diamide—imide equilibrium was successfully exploited for the
synthesis of dynamic covalent polymer networks in which a dissociative bond
exchange mechanism leads to high processibility at temperatures above ~110 °C. I ] AN
Dynamic covalent networks bridge the gap between thermosets and thermo- YIS
plastic polymers. At the operating temperature, when the network is fixed, Y \

dynamic covalent networks are elastic solids, while at high temperatures,
chemical exchange reactions turn the network into a processible viscoelastic
material. Upon heating a dissociative network, the viscosity may also decrease
due to a shift of the chemical equilibrium; in such materials, the balance between
processibility and excessive flow is important. In this study, a network is prepared
that upon heating to above x110 °C dissociates to a significant extent due to a
shift in the amide—imide equilibrium of a bisimide, pyromellitic diimide, in
combination with poly(tetrahydrofuran) diamines. At room temperature, the
resulting materials are elastic rubbers with a tensile modulus of 2—10 MPa, and they become predominantly viscous above a
temperature of approximately 110 °C, which is dependent on the stoichiometry of the components. The diamide—imide equilibrium
was studied in model reactions with NMR, and variable temperature infrared (IR) spectroscopy was used to investigate the
temperature dependence of the equilibrium in the network. The temperature-dependent mechanical properties of the networks were
found to be fully reversible, and the material could be reprocessed several times without loss of properties such as modulus or strain
at break. The high processibility of these networks at elevated temperatures creates opportunities in additive manufacturing
applications such as selective laser sintering.
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Bl INTRODUCTION exists when the fraction of dissociated functional groups
remains small.** If a significant fraction of exchangeable groups
dissociates upon heating, the viscosity drops more strongly
with temperature, following Williams—Landell—Ferry (WLF)
behavior, similar to what is found for linear polymers around
and above their glass transition temperature.”> Such dis-
sociative networks offer the prospect of having a low-viscosity
regime that facilitates melt processing, but excessive dissoci-
ation will give rise to undesirable flow. The challenge in these
materials is to strike a balance between processibility and
material integrity to provide a sufficiently wide processing
window.”***

Recently, neighboring group participation has been intro-
duced as a strategy to accelerate exchange reactions in
DCNs.***” Involvement of a functional group close to the
exchanging moiety increases the reaction rate by providing a
low free energy pathway to exchange via formation of a cyclic

Dynamic covalent networks (DCNs) are polymer networks
that combine the advantages of thermosets and thermoplastic
polymers due to the presence of chemically reversible cross-
links. While DCN’s possess typical features of thermosets, such
as chemical resistance and dimensional stability, they may
obtain thermoplastic characteristics under an external stim-
ulus,"* such as heat'” ™ or light,s_g which allows them to be
recycled and reprocessed. In the past decade, a large variety of
reversible chemical reactions have been explored for the
synthesis of DCNs, including cycloadditions,"°™" trans-
esterification,” transamination,'” olefin metathesis,"” disulfide
exchange,lé_18 thiol—thioester exchange,19 siloxane—silanol
exchange,m imine—amine exchamge,21 and other reactions.”

Many reversible reactions used in the synthesis of DCNs are
associative in nature,”” and the resulting materials have been
coined “vitrimers” because their temperature-dependent
viscosity follows Arrhenius behavior, reminiscent of that of =
SiO, glass.”® Because the cross-link density is constant, Received: June 29, 2021
vitrimers generally are solvent resistant and retain structural Revised:  September 3, 2021
integrity even at high temperatures.

In dissociative DCNS, the cross-link density decreases with
temperature due to a shift of the equilibrium. Nevertheless, an
Arrhenius relationship between viscosity and temperature
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Scheme 1. (a) Diamide—imide Exchange Reaction and (b) Proposed Network Rearrangement Using the Diamide—imide
Exchange Reaction as the Dynamic Motif
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Figure 1. Model reaction of N-octylphthalimide (I) and octylamine (II) in toluene-dg ([I], = 0.0503 mol-L™" and [II], = 0.1278 mol-L™"). (a)
Reaction scheme of the model reaction in which characteristic protons are highlighted. (b) "H NMR spectra of the model reaction mixture at 60 °C
showing the evolutions of peak intensities of compounds I, II, and III as indicated in (a). (c) Concentrations over time of compounds I and III,
determined from the peak intensities from the NMR spectra at 60 °C.

intermediate, a dissociative process. In their seminal work, Du neighboring group participation in an acetoacetyl-based
Prez and co-workers showed a neighboring carboxylic acid amide.’
group-participated transesterification of a phthalic acid Although the introduction of neighboring groups in these
derivative via a reactive anhydride intermediate.”® Faster networks has led to faster dynamics, accessing the low-viscosity
transesterification in networks with neighboring group regime of dissociative networks also requires tuning
participation resulted in higher stress relaxation rates as thermodynamics. The equilibrium must be shifted to the
compared to analogous networks without the ortho carboxylic cyclic intermediate to lower the cross-link density at high
acid group. Subsequently, our group incorporated an ortho temperatures.
sulfonic acid group as the neighboring group in aromatic In the current work, we introduce DCNs based on
polyesters,”” resulting in even faster relaxation and improved transamidation via a relatively stable imide intermediate and
recyclability. Temperature-dependent relaxation showed Ar- we show that these networks combine substantial exchange
rhenius behavior for these networks, which are therefore rates at intermediate temperatures with a pronounced shift in
vitrimer-like. Arrhenius-like relaxation behavior was also the diamide—imide equilibrium that leads to network
reported in dissociative DCNs based on transamidation with dissociation at high temperatures (Scheme 1). Facile reactions
9704 https://doi.org/10.1021/acs.macromol.1c01389
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of phthalimides with alkylamines in the aminolysis of
phthalimide®’ and the de-cross-linking of polyimides cross-
linked with diamines at a high temperature under vacuum®
have been reported in the literature. These precedents
encouraged us to explore the diamide—imide equilibrium,
first in a small-molecule model reaction and then used in
dynamic covalent networks formed from dianhydrides and
diamines. The dynamic nature and flow properties of the
networks are studied as a function of temperature.

B RESULTS AND DISCUSSION

Model Reaction. To study the temperature dependence of
the diamide—imide equilibrium, model reactions were
performed using N-octylphthalimide (I) and octylamine (II)
in toluene-d8 (Figure la) between 25 and 100 °C. The
progression of this reaction was monitored by 'H NMR and
the concentrations of I, II, and the product N1,N2-
dioctylphthalamide (III) were determined based on the
integrals of the NMR peaks (Figure 1b). The reaction was
considered to reach the equilibrium state once the concen-
trations of compounds remained constant over time. As shown
in Figure Ic for a reaction temperature of 60 °C, the
concentration of I gradually decreased over time, while the
concentration of III increased; after around 250 h, the
concentrations no longer changed.

Similar experiments as those shown in Figure 1 were carried
out at several different temperatures between 25 and 100 °C
and after achieving equilibrium, the equilibrium constants, K,
were determined as

[1I1]

[

and the results are summarized in Table 1.

(1)

Table 1. Equilibrium Concentrations and Equilibrium
Constants of Model Compounds N-Octylphthalimide (1),
Octylamine (II), and N1,N2-Dioctylphthalamide (III) at
Varying Temperatures

temp. (1. (], (1], K
(°C (mol-L™") (mol-L™") (mol-L™") (L™"-mol)
25 0.0456 0.135 0.0122 1.98
60 0.0419 0.119 0.0084 1.68
80 0.0424 0.120 0.0079 1.55
90 0.0426 0.120 0.0077 1.51
100 0.0429 0.120 0.0074 1.43

It is clear from these data that with increasing temperature,
the equilibrium shifts toward the imide. The temperature
dependence of this diamide—imide equilibrium was then
further quantified by plotting the Van’t Hoff curve (Figure 2)
of the above model reaction. In toluene, the equilibrium
constant K decreases with increasing temperature from 1.99 at
25 °C to 1.43 at 100 °C and shifts toward the imide, which is
in line with the literature.”"** The standard reaction enthalpy
(AH®) and entropy (AS®) were determined from the slope and
intercept of the plot and resulted in AH’ = —3.7 kJ-mol™" and
AS® = —6.6 J-mol ™K,

Synthesis of Dynamic Polyamide Networks. Based on
the diamide—imide exchange reaction, a catalyst-free amide—
imide dynamic covalent network is designed and synthesized in
three steps as shown in Scheme 2. In the first step,
stoichiometric amounts of poly(tetrahydrofuran)-diamine
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Figure 2. Van’t Hoff plot of the model reaction of N-octylphthalimide
(I) with octylamine (II) in toluene-d8 with [I], = 0.0503 mol-L™" and
(1], = 0.1278 mol-L ™.

(PTHF-diamine) and pyromellitic dianhydride (PDMA)
were reacted in anhydrous tetrahydrofuran (THF) for 30
min at ambient temperature to form poly(amic acid)s. The
FTIR spectrum of the product after removal of THF (see
Supporting Information (SI) Figure S7) confirmed full
conversion of anhydride to amic acid groups based on the
disappearance of the anhydride bands at 1854 and 1775 cm™.
Subsequently, poly(amic acid) was dissolved in THF and
refluxed at 66 °C overnight for imidization. After removal of
the solvent, imidization was then completed by heating at 80
°C in vacuo for 15 h. After drying, Fourier transform infrared
(FTIR) spectroscopy was performed to verify formation of
imide from the appearance of bands at 1780 and 1725 cm™
(see SI Figure $7)** and further confirmed by 'H NMR
spectra of poly(amic acid) and polyimide (see SI Figure S2).
The number-average molar mass, M, of the linear polyimide
was determined with size-exclusion chromatography in THF
(see SI Figure S8) to be 20 kg'mol ™' relative to polystyrene
standards. To this linear polyimide, various amounts of PTHF-
diamine were added as cross-linker to form polyamide—imide
networks, denoted as PTHF-PMDA-X, where X represents the
combined feeding ratio of diamine to dianhydride, with X = 1
being the linear polyimide and X = 2 being the network cross-
linked with one additional equivalent of PTHF-diamine with
respect to PMDA. Gel fractions of 84, 82, and 69% were
determined with a hydrogen bond-breaking solvent mixture
MeOH/THF for PTHF-PMDA-2, PTHF-PDMA-1.75, and
PTHF-PMDA-1.5, respectively (see the SI for details).
Amide—Imide Exchange in the Network. The dia-
mide—imide equilibrium in the PTHF-PMDA-2 network was
investigated with variable-temperature infrared (VT-IR) spec-
troscopy by monitoring the intensities of the diamide and
imide bands over a range of temperatures from 30 to 155 °C at
a heating rate of 1 °C-min™". The IR spectra in Figure 3a show
the carbonyl bands of the imide at 1780 and 1725 cm™, and of
the diamide at 1630 and 1550 cm™'. The position of the
diamide bands, as well as that of the N—H stretch band at
3310 cm™' (see SI Figure S9), indicates that the diamides are
hydrogen bonded, probably leading to aggregation of the
tetraamides in columnar stacks similar in structure to those
found in tetraamide columnar liquid crystals’ or benzene-
triamide thermoplastic elastomers.”® As shown in Figure 3b,
the intensities of the diamide bands decrease, while for those of
imide the bands increase upon heating. Above 140 °C, the
bands corresponding to the diamide groups almost disappear,
indicating the dissociation of the network. Similarly, the
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Scheme 2. Three-Step Synthesis of the Polyamide Network
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Figure 3. (a) Carbonyl region in VT-IR spectra of the PTHF-PMDA-
2 network upon heating at a rate of 1 °C-min™" from 30 to 155 °C:
the imide peak (1725 cm™) increases and the diamide peaks (1630
and 1555 cm™') decrease with increasing temperature. (b) Ratio
between the intensities of diamide and imide peaks as a function of
temperature.

reformation of the diamide bonds was studied by cooling the
sample (see SI Figure S9). Analysis of the band intensities as a
function of temperature gave a K value that decreased from ~5
M at 115 °C to 0.8 at 155 °C (see SI Table S1).
(Thermo)Mechanical and Rheological Properties.
Thermal properties of the networks were first studied by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). Thermograms are shown in Figure 4.
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Figure 4. (a) TGA thermograms of the different PTHF-PMDA-X
networks obtained using a heating ramp from 30 to 600 °C at a rate of
10 °C-min™" under N, flow. (b) DSC thermograms of the second
heating run traces of the different PTHF-PMDA-X networks obtained
at a ramping rate of 20 °C-min”". The networks presented are PTHF-
PMDA-X, with X = 2, 1.75, and 1.5.

From the TGA results (Figure 4a), it can be concluded that the
networks are stable up to 200 °C and have a degradation
temperature Ty, > 300 °C. Furthermore, the networks
contain (probably PTHF) crystalline regions below 0 °C as
can be concluded from the cold crystallization and melting
peaks in the DSC thermograms (Figure 4b).

To further characterize the (thermo)mechanical properties
of the networks, dog-bone-shaped samples were prepared using
a hot press at 125 °C for 30 min under a pressure of 100 bar
and studied with tensile testing and dynamic mechanical
thermal analysis (DMTA). The results of these studies are
shown in Figure 5.

Tensile tests were carried out in triplicate and representative
stress—strain curves at room temperature are shown in Figure
Sa (see the SI for more details). From these measurements, it
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Figure 5. (a) Stress—strain curves of PTHF-PMDA-X (with X = 2,
1.75, and 1.5) networks from tensile testing, obtained at room
temperature using a strain rate of 30 mm'min~'. (b) Dynamic
mechanical thermal analysis curves of the same networks, at a heating
rate of 3 °C-min™" from —60 to 180 °C and a frequency of 1 Hz.

is clear that the Young’s modulus increases with increasing
amount of cross-linking diamine in PTHF-PMDA-X: E = 1
MPa for X = 1.5, E & 2 MPa for X = 1.75, and E ~ 3 MPa for X
= 2. Furthermore, the material with the lowest amount of
cross-linker, PTHF-PMDA-1.5, has a significantly higher
elongation at break than the other two materials. Qualitatively,
these results are expected as a higher cross-link density leads to
stiffer materials. This is further confirmed by the DMTA
results shown in Figure Sb, where the increasing storage
modulus of the rubbery plateau with increasing X is directly
related to an increasing cross-link density. It is interesting to
note that only the least cross-linked network showed a melting
transition between —60 and 10 °C, while PTHF-PMDA-1.75
and PTHF-PMDA-2 remain amorphous (see Figure 4b). The
dog-bone-shaped samples after compression molding were all
transparent; hence, the crystallinity of the PTHF-PMDA-1.5
network might stem from the cold crystallization of pendent
(and/or free) PTHF chains during the conditioning step prior
to DMTA measurements as shown in Figure Sb. At
temperatures above 120 °C, the storage modulus drops
precipitously, indicative of the transition to viscous flow of
the materials. Furthermore, there is a shift to higher
temperatures for this transition with increasing cross-link
density. It is clear that this viscous flow is related to the
dynamic character of the dynamic covalent networks. We
hypothesize that the abrupt transition is the combined (and
possibly cooperative) effect of a shift in the diamide/imide
equilibrium and dissociation of tetraamide stacks. Since the
nature of the exchange reactions is dissociative, the observed
flow may be accompanied by a greater (or even complete)
disintegration of the network.

The dynamic nature of the polyamide-imide networks was
further investigated using shear rheology with disk-shaped

9707

samples of 8 mm diameter and 1 mm thickness. The
frequency-dependent shear moduli at varying temperature of
the PTHF-PMDA-2 network are presented in Figure 6a. The
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Figure 6. Shear rheology of the PTHF-PMDA-2 network at 80, 90,
100, 110, 120, and 130 °C. (a) Oscillatory frequency sweep
measurement: @ = 628 to 107> rad-s™" at 0.1% strain. (b) Step-
transient stress relaxation curves of the network at varying
temperatures from 80 to 130 °C; a step strain of 1% was applied.
The dashed lines represent the stretched exponential fitting using eq
2.

significantly decreasing values for G' at higher frequencies for
T > 120 °C are consistent with an increased, but not a
complete, disintegration of the network at higher temper-
atures; if disintegration of the network were complete, a
stronger frequency dependence of the moduli would be
expected, as well as G” > G’ at high frequencies. The
oscillatory frequency sweep measurements further reveal the
transient nature of the PTHF-PMDA network, evident by the
significant drop of G’ at lower frequencies (<1072 rad-s™") for
temperatures above and including 120 °C. At 130 °C, PTHF-
PMDA-2 shows a crossover of G’ and G” at a frequency of
0.02 rad-s™". Similar results were obtained for PTHF-PMDA-
1.5 and PTHE-PMDA-1.75 (see the SI for more details).
Stress relaxation measurements of the PTHF-PMDA-2
network at temperatures between 80 and 130 °C are shown
in Figure 6b. As the temperature decreases, the relaxation
curves shift to longer time scales as the exchange reaction slows
down and the equilibrium shifts toward diamide from imide,
resulting in a higher cross-link density and less network
mobility. The relaxation behavior cannot be adequately
described by a Maxwell model (i.e., a single exponential
decay), which describes relaxation in many of the reported
dynamic covalent networks quite well.”’ > In a number of
studies,**™* a stretched exponential decay (eq 2) was used to
describe the relaxation of the stress o(t), where the exponent j
is often considered as a factor taking into account the
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Table 2. Fit Parameters of Stress Relaxation Curves of PTHF-PMDA-X Networks Using Equation 2

network X=2 X =175 X=15
temp. (°C) 6o (kPa) p 7 (s) 6o (kPa) p 7 (s) 0o (kPa) p 7 (s)
80 29 0.06 0.39 10 0.25 1.3 x 10* 9.5 0.37 L5 x 10*
90 13 0.13 2.1 x 10* 9.6 0.27 9.3 x 10° 9.4 0.39 9.7 X 10°
100 12 0.13 1.8 x 10* 8.5 0.29 4.5 x 10° 8.3 043 5.0 x 10°
110 7.7 0.27 1.3 x 10* 6.6 0.34 2.0 x 10° 6.1 048 2.1 x 10°
120 4.8 0.36 1.9 x 10° 4.0 0.44 52 x 10 33 0.57 44 x 10
130 44 0.31 98 1.8 0.44 1.3 x 10? 1.8 0.58 L1 x 10?
dispersity in a particular relaxation mode, with characteristic (@ 2
relaxation time 74"
. _ 1 -
o(0) = oy o (1] o E | s
£ 104
3
Although it is not possible to fit the relaxation data using this
model over the entire range of time, we nevertheless decided to 51 /’—’/
use this relatively simple model to numerically characterize the
stress relaxation behavior. Since our primary interest lies in 0 . . ; ; ;
network relaxation caused by transamidation characterized by oo Ti:,?[s] fo Tt 1
longer relaxation times, data were fitted for t > 10 s (see the SI (b) 0.5
for more details). The results of curve fitting using eq 2 are
shown in Figure 6b and the best-fit values of each parameter 0.04 ]
are summarized in Table 2. Adequate fits are obtained at 7 =
longer times, but at most temperatures relaxation below ¢ = 10 &, 0.031
s is strongly underestimated, indicating that separate, faster %002_
relaxation modes are important at short time scales. These £
modes are more important at lower temperatures and are 3 001 °
responsible for the aberrant fit results at 80 °C, with an f o ox=2
unrealistically low value of 0.39 s for 7 in PTHF-PMDA-2. At op e e e 80

this temperature, a large contribution of the faster modes
around t & 10 s overlaps strongly with relaxation through
transamidation and obscures the dynamic covalent relaxation
time. Above 80 °C, the data follow the trends expected for a
thermally activated chemical exchange in combination with a
shift in the diamide—imide equilibrium to lower the cross-link
density. Fitted relaxation times and the values of o,
continuously decrease with increasing temperatures, and the
values of fitted o, are close to the stresses observed in
oscillatory shear rheology at a strain of 1% and @ = 6.28 rad-
s (see SI Figure S23). The very low values for /3, however,
indicate a very high dispersity of relaxation times and suggests
that relaxation at longer time scales is also a complex process
that may involve dissociation of hydrogen-bonded aggregates
in addition to the contribution from transamidation. A more
detailed calculation of the retardation spectra is nontrivial,*®
and is beyond the scope of the current study.

The creep response of the materials was investigated by
applying a constant shear stress of 10 kPa to the material for
1200 s at varying temperatures and monitoring the strain as a
function of time. The results for PTHF-PMDA-2 are shown in
Figure 7a (for the other two systems, see the SI). In all
systems, below 110 °C, less than 3% strain is observed after the
initial response, more than 90% of which is recovered after the
release of stress. Above 110 °C, the strain linearly increases
with time after the initial response and the recovery drops to
29% of the deformation (see SI Figure S18 for creep recovery
experiments). To compare the three materials better, the strain
rates were determined from the strain—time curves for 200 s
onward and are shown as a function of temperature in Figure
7b. The strain rates for all three networks increase drastically
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Figure 7. Shear rheology of PTHF-PMDA-X networks at 80, 90, 100,
110, 120, and 130 °C. (a) Creep results for PTHF-PMDA-2 at a
constant stress of 10* Pa. (b) Comparison of strain rates (derived
from the creep data acquired in (a) using t > 200s) for different
PTHF-PMDA-X networks (where X = 2, 1.75, L.5).

above 110 °C with a higher temperature dependence, evident
from the steeper slope in Figure 7b. The temperature at which
these changes occur corresponds to the transition to viscous
flows as observed in the DMTA thermograms (Figure Sb).

Reprocessibility and Reversibility of Dynamic Poly-
(amide—imide) Networks. To confirm the reprocessibility
of the dynamic poly(amide—imide) networks, the PTHF-
PMDA-2 samples were shredded and compression molded for
three cycles. The stress—strain curves of the samples after each
reprocessing cycle presented in Figure 8a show there is neither
a significant loss in the Young’s modulus nor in the elongation
at break.

Furthermore, the reversibility of the network was studied
using oscillatory shear rheology to heat and cool the sample for
six cycles at a rate of 1 °C-min~" and a strain of 1% and w =
6.28 rads™!. As can be seen from Figure 8b, the temperature
dependences of the moduli remain the same, and despite some
hysteresis in the reformation of the network upon cooling, the
network fully restores if given sufficient time, allowing
processing or reprocessing of the network without significant
loss of mechanical properties.
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Figure 8. (a) Stress—strain curves of the PTHF-PMDA-2 network
with three cycles of reprocessing by shredding and compression
molding the samples acquired by tensile testing at a strain rate of 30
mm-min~!' at room temperature. (b) Reversibility of the network
dissociation/reformation was studied using shear rheology for six
cycles of heating and cooling from 80 to 140 °C at a rate of 1 °C-
min~! (strain of 1% and @ = 6.28 rad-s™').

B CONCLUSIONS

A novel type of dissociative dynamic covalent network has
been synthesized by making use of the dynamic equilibrium
between diamides and imides derived from pyromellitic
dianhydride. Above 80 °C, the networks show significant
stress relaxation due to chemical exchange of amides via imide
intermediates. The temperature dependence of the diamide—
imide equilibrium leads to a significant, but fully reversible
reduction of cross-link density in the network above 110 °C.
These features result in a moldable material with a strong drop
in viscosity at high temperatures that aids its (re)processing.
Probably as a result of extensive hydrogen bonding and
aggregation of the tetraamide, viscosity loss is limited and
material integrity is retained at intermediate temperatures.

We expect that the amide—imide chemistry demonstrated in
this paper will find use in applications where temporarily
reaching low viscosities is important, e.g., improving interfacial
adhesion in additive manufacturing techniques such as fused
filament fabrication.
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