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Ethylene networks are investigated with precise spacings
between dynamic covalent bonds. The activation energies
for relaxation increase with crosslink density, and show
deviations from Arrhenius behavior upon cooling towards
the glass transition temperature.
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Dynamic networks which undergo topology conserving exchange reactions, sometimes called vitrimers,
show properties intermediate to thermosets and thermoplastics. The dynamic nature of the networks
results in complex rheological properties and has attracted much attention in the past decade for self-
healing, malleable and recyclable polymers. Here, we investigate a series of precise, high crosslink
density telechelic ethylene vitrimers as a function of temperature and crosslink density. The networks
show a rubbery plateau at high frequencies and a terminal flow regime at lower frequencies. With increasing
crosslink density, the rubbery plateau modulus shows a monotonic increase and the terminal flow shifts
to lower frequencies. The plateau modulus at high frequency increases as a function of temperature, as
expected for a conserved network topology. When plotted against inverse temperature, the zero shear
viscosities show a characteristic Arrhenius behavior, and the activation energy monotonically increases with
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crosslink density. Crossover frequency and shift factors (from time temperature superposition) also show
Arrhenius behavior with activation energies in good agreement with those determined from zero shear
DOI: 10.1039/d0sm01544; viscosity. A positive deviation from this Arrhenius trend is observed beginning as high as 100 K above the

glass transition temperature for Cg and Cg networks. Further investigations of such networks are critical for
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Introduction

Dynamic polymer networks including supramolecular polymers,'
covalent adaptable networks'®™"* and vitrimers'>™** are being
studied as self-healing, recyclable and sustainable polymers
making them attractive materials to replace many commodity
or functional plastics. Their unique properties are a conse-
quence of the dynamic crosslinks which undergo reversible
exchange reactions and allow for local rearrangements of
network strands resulting in stress relaxation and flow. On
short time scales the networks appear permanent and show
a rubbery plateau, whereas on longer timescales they flow.
The rheological properties of dynamic networks depend on
the network architecture, crosslink density, crosslink chemis-
try, solvent, bond exchange kinetics and inherent segmental
dynamics. While supramolecular polymers formed by secondary
interactions such as hydrogen bonding, metal-ligand coordination
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the development of sustainable and recyclable replacements for commercial plastics.

or host-guest interactions and have been studied for almost
half a century, vitrimers differ in one key aspect where the
crosslink junction is formed by dynamic covalent bonds which
exchange in a topology conserving manner. The term vitrimer
was coined by Leibler®® based on an Arrhenius temperature
dependence of viscosity for polyester networks which is remi-
niscent of vitreous silica. It has been noted recently that this
definition is not unique to dynamic networks with conserved
exchange reactions and is also frequently observed in dissocia-
tive dynamic networks.*’ Thus, there is still a need to under-
stand under what conditions the mechanism of the exchange
reaction will play a key role to the function or properties of
dynamic networks. The rekindled interest in these networks in
the last decade has led to numerous articles on vitrimers for
shape memory polymers,**” shockwave dissipation,*® flame
retardants,*® and solid electrolytes.*® While initial work was
focused on stress relaxation times and self-healing as a func-
tion of bond chemistry and polymer backbone, recent work has
moved to investigating the effects of crosslink density,*"*>
defects*® and solvent concentration** on the rheological prop-
erties of vitrimers.

Two areas of vitrimer physics which have received little
attention are the roles of extremely broad temperature windows
and precise spacing between dynamic crosslinks. While the initial
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work of Leibler looked at a 180 °C temperature range,*® sub-
sequent works have been largely limited to a less than 50 °C
window.*® It is important to investigate wider windows because
many polymer are processed well above their use temperatures,
and it is unclear if the Arrhenius dependence will persist. Du
Prez and coworkers found two distinct Arrhenius slopes in
vinylogous urethane vitrimers'” attributed to a change in the
dominant exchange mechanism with temperature. Addition-
ally, many polymer are tested far above T, where bond exchange
is antipacted to control the macroscopic stress relaxation. It has
been suggested'” that viscosity will show increasing deviations
from Arrhenius behavior when approaching T,, but little
experimental data exists in this regime.

The crosslink density in vitrimers has been investigated
showing how the stress relaxation times and creep are
impacted.®’* In supramolecular or dissociative networks,
scaling relationships have been derived*®*” and measured
experimentally*® but similar works do not yet exist for vitri-
meric materials. Additionally, in prior works there is a distribu-
tion of molecular weights between crosslinks and the role of
exact carbon spacers is unknown. Recent work from our group
on permanent networks showed that odd-even effects can
emerge in amorphous materials when the linkers are precise,
and T, jumps up and down as the carbon number system-
atically increases from 4 to 12.*° Winey and coworkers®® have
also shown the importance of precision spacing of ionic groups
along a polyethylene backone which can crystallize and form
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favorable structures for proton conduction. In the context of
vitrimers, an understanding of how precise spacing of dynamic
bonds impacts the macroscopic rheology is lacking.

Here, we report ethylene vitrimers synthesized by step
growth polymerization of telechelic alkane diols and boric acid.
A series of precise networks with varying crosslink densities
were synthesized with exactly 6, 8, 10 and 12 carbons (C¢-Cs5)
between boronic ester crosslinking junctions. All networks have
sub-ambient glass transition temperatures and are malleable at
room temperature. Oscillatory shear rheology shows an increasing
plateau modulus as a function of temperature, providing
phenomenological evidence that the topology is conserved in
the networks. Increasing crosslink density leads to a monotonic
increase in the rubbery modulus and a delay of the terminal
relaxation. The zero-shear viscosity, shift factors and crossover
frequencies show characteristic Arrhenius behavior when mea-
sured far above T,. The activation energies (E,) calculated from
the fits are in good agreement with each other and system-
atically increase with crosslink density. The values are lower
than reported for prior boronic ester vitrimers,>® which we
attribute to the telechelic nature of the network. With decreasing
temperature, the zero-shear viscosities show positive deviations from
Arrhenius behavior as the glass transition is approached indicating
an increasing role of segmental dynamics on the rheology.
We also discuss the importance of broad temperature measure-
ments in the context of determining topology freezing tempera-
tures of dynamic networks.
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Fig.1 (a) Step growth polymerization of telechelic alkane diols and boric acid produces ethylene vitrimers. By controlling the length of the diols,
networks with precise spacing between crosslinks were synthesized. The arrows in the schematic represent boronic transesterification reactions that
result in local rearrangement of network strands and gives the network its dynamic properties. (b) ATR-FTIR spectra of the vitrimers show no free OH
peak (3000-3500 cm™?) indicating a high reaction conversion as there are no detectable unreacted diols. (c) Heating of the networks after quenching to
—80 “C reveals a non-monotonic increase in Ty (arrows) with increasing linker length or decreasing crosslink density. Following the Ty, cold crystallization

and melting transition were observed in Cy9 and Cy, networks.
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Results and discussion 25-30 °C range. The glass transition temperatures (T,) of the
networks are —27 °C (C,4), —36 °C (Ce), —43 °C (Cg), —41 °C (Cy0)
) ) i and —32 °C (Cy,) (Fig. 1c). The increase in crosslink density is
polymerization of precise telechelic alkane diols and boric acid. expected to lead to a monotonic increase in Tg,49 but a
Networks with exactly 6, 8, 10 and 12 carbons (Ce, Cs, C10, C12) reproducible non-monotonic trend is observed. This is corre-
between boronic ester crosslinking junctions were prepared |ated with the appearance of crystallization during quenching
(Fig. 1a). Fourier transform infrared spectroscopy (FTIR) of and cold crystallization on heating in the C;, and Cy, networks
the networks was performed at 80 °C to confirm the absence (rig. 51, ESIt). No crystallization is observed in the heating or
of the broad OH peak in the 3000 cm™" to 3500 cm ™" range cooling cycles for C,, Cs and Cg networks. The crystalline
corresponding to unreacted species of the diols and boric acid. domains may provide greater area for the rigid amorphous
Within the sensitivity of the instrument, no OH peak is fraction to form which hinders segmental dynamics and raises
detected indicating that the network formation reached high T, All subsequent measurements were performed above any
conversion (Fig. 1b). The emergence of a sharp peak at 1300 cm™ '  melting transitions to avoid competing phenomena.
corresponds to the asymmetric B-O stretch®® indicating the Oscillatory shear rheology was used to probe the storage (G’)
formation of boronic ester crosslinks. and loss (G”) modulus of the PE networks. Since the C;, and
Thermal properties of the networks were investigated using C;, networks are crystalline at room temperature, all experi-

Dynamic PE networks were synthesized by the step growth

differential scanning calorimetry (DSC) by first rapidly quenching ments were performed above 40 °C to prevent the interference
from 150 °C to —80 °C and then heating at 20 °C min~'. of crystallization on rheological measurements. Frequency
The C¢ and Cg networks show no melting transitions while sweeps were performed at 10 °C intervals from 40 °C to
the Cy0 and C;, networks show cold crystallization followed by 140 °C. The ethylene networks show a solid like (G’ > G”)

a melting transition with peak melting temperatures (7,) in the rubbery response at high frequencies and the plateau modulus
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Fig. 2 (a) Storage and loss moduli of ethylene vitrimers at 40 °C. A monotonic increase in rubbery plateau modulus at high frequency is observed with
increasing crosslinking density. The terminal relaxation shifts to lower frequency as the crosslink density increases. (b) A comparison of the rubbery
modulus with increasing linker length (decreasing crosslink density) shows a linear decrease as anticipated. (c) The rubbery modulus of the networks also
shows a slight increase with increasing temperature as expected for networks with conserved topology. Symbols are the same as in (a).
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at 40 °C varies from ~4 to 14 MPa depending on crosslink
density (Fig. 2a). This is expected of a rubbery network® and
similar results have been shown in other experimental works
on dynamic networks.’ Although some of the data overlap at
low frequency, the modulus at 20 Hz changes proportionally to
the carbon spacer as expected (Fig. 2b). At lower frequencies a
terminal flow regime with characteristic slopes of ~2 for G’
and ~1 for G” (Fig. S2, ESIt) is seen for all temperature. The
terminal relaxation shifts to lower frequencies with increasing
crosslink density, as has been previously reported for other
telechelic systems.*">®> The modulus measured at a constant
frequency of 20 Hz also increases with temperature, as expected
for systems with conserved network topology due to entropic
elasticity.>?

Master curves of the storage and loss modulus (Fig. 3) are
made by horizontally shifting individual frequency sweeps onto
a reference curve (Tir = 140 °C) using the time temperature
superposition (TTS) principle. On a seven order of magnitude
log scale, the plateau appears constant; however, a closer
inspection reveals that the modulus does increase with tem-
perature, particularly at higher frequency (Fig. 2c and Fig. S3,
ESIT). Boronic transesterification exchange reactions proceed
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in a topology conserving manner as shown by several groups®>*>’
and thus this increase is expected. In prior work, polyethylene
oxide dynamic networks with the same boronic ester bonds as
the present work also showed an increase in modulus on
heating.”® This trend is in contrast to dissociative dynamic
networks where modulus decreases with temperature.'**’

From the horizontal shifting of frequency sweeps, shift
factors (ar) were obtained and plotted for all networks and
show a systematic increase in the slope, and thus activation
energy, from an Arrhenius fit (Fig. 4a). Next, the zero shear
viscosity of the networks was calculated from 140 to 0 °C using
the low frequency slope of the loss modulus,*® and a monotonic
increase with increasing crosslink density is observed (Fig. 4b).
Complex viscosity was also calculated and compared to this
method, with both approaches yielding identical results within
error (Fig. S4, ESIT). Viscosity plotted against inverse tempera-
ture was fit to an Arrhenius expression, and shows quantitative
agreement with the values from a; data (Table 1) indicating
that they both reflect the same macroscopic flow controlled
by dynamic bond exchange. A third metric, the crossover
frequency (Werossover)y Was also examined and defined where
G' = G" corresponding to the transition from a viscoelastic solid
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Fig. 3 Horizontally shifted master curves (T.ef = 140 °C) of the networks. The high frequency rubbery modulus remains constant with increasing
temperature, intermediate to expectations for permanent and dissociative dynamic networks.
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Fig. 4 (a) Shift factors, (b) zero shear viscosity and (c) crossover frequency as a function of inverse temperature. All quantities show an Arrhenius

behavior in the 100 °C temperature window.

to a viscoelastic liquid. In the case of C;o and Cy,, a crossover
frequency could not be measured at temperatures above 60 °C
because even at the highest frequencies G’ > G'. For C,, C¢ and
Cg networks crossover frequencies were obtained as a function
of temperature and are shown in Fig. 4c. Although ®crossover Was
only obtained in three networks, it is also in good agreement
with zero shear viscosity and shift factor in reflecting the
activation energy associated with flow. In the case of vitrimers
which obey time-temperature superposition, the choice of
analysis metric does not appear to matter for determining
activation energies. The E, values for our telechelic networks
are all lower than what has been reported for boronic ester
vitrimers with pendent dynamic bonds along the backbone by
Guan and coworkers who measured E, = 52.7 k] mol™'.*!
Sokolov and coworkers have noted that in associating polymers,
telechelic structures lead to lower bond breaking energies®®
which is consistent with our findings. Additionally, we observe
a major increase in E, with increased crosslink density suggesting
that exchange processes are easier in more open networks
(Table 1). From the shift factor data E, ~ N °* and it will
be important to push to higher linker lengths to determine
where the value becomes molecular weight independent. It is
also unclear at present how linker polydispersity will affect these
values.

In addition to T, and Ty, a hypothetical topology freezing
temperature (7,) has been suggested for vitrimers where the
bond exchange occurs on slow enough timescales that the
network is frozen and y = 10'? Pa s,°° the same criterion

Table 1 Activation Energy from Arrhenius fits to shift factors, zero shear
viscosity and crossover frequency

Activation Energy, E, (k] mol ")

Shift factors Zero shear viscosity Werossover
Cy 43.0 41.6 38.5
Ce 32.3 = 0.12 28.9 + 0.12 33.0 = 0.13
Cg 32.2 + 0.15 25.4 + 0.08 28.9 + 0.10
Cio 27.6 & 0.06 25.6 & 0.08 —a
Ci 27.3 £ 0.02 26.4 + 0.03 —a

“ Not observable.

This journal is © The Royal Society of Chemistry 2021

invoked for the glass to rubber transition. The position of the
T, with respect to the T, and T, may provide insights regarding
the relative importance of bond exchange or segmental
dynamics in controlling stress relaxation in different tempera-
ture regimes.®®> The T, of our networks was obtained by
extrapolating the zero shear viscosities to a value of 10" Pa s
(Fig. 5a). We note this massive extrapolation is not rigorous but
was used to mimic protocols in the vitrimers literature.®* We
view T, as a potentially ambiguous temperature as it shares the
same criteria as the glass transition (viscosity = 10'> Pa s).
Additionally, depending on the modulus the T, could corre-
spond to timescales of relaxation spanning 10° to 10 s for
networks ranging from ultrasoft (10 kPa) to glassy (1 GPa)
through the Maxwell relation n = Gt. A topology freezing
transition based on a relaxation time would seem more infor-
mative than a temperature, but it is unclear what timescale is
appropriate.

The T, values were determined as —116 °C (C6), —135 °C (C8),
—149 °C (C10) and —143 °C (C12) which are all well below T.
Thus, upon cooling the Ty is expected to intervene and lead to
an increase in viscosity above the extrapolation of an Arrhenius
fit. Such a deviation is observed at ~T, + 100 °C, and corre-
sponds to a transition from a regime controlled by exchange
reactions to a regime where segmental dynamics begin to
contribute to an increased viscosity (Fig. 5b). This can be clearly
seen in Cg and Cg as their zero shear viscosities show a positive
deviation from the Arrhenius trend on a 1000 T~ " plot (Fig. 5c).
These networks remain amorphous on cooling (Fig. S1, ESI}),
while C;o and Cj, crystallize and thus viscosity measurements
were not made below a temperature of 40 °C. Our findings are
in contrast to the initial work of Leibler who found a single
Arrhenius dependence of zero-shear viscosity from T, to
T, + 180 °C, presumably because their 7, was higher than 7,.*°
In the present work, the extrapolation based on high temperature
gives a different T, than would be determined from the lower
temperature data, and emphasizes the importance of measuring
relaxation over a broad temperature window. Understanding
where deviations begin depending on the combination of dynamic
bond and polymer chemistry will be an important direction for
future research.
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Fig. 5 (a) The topological freezing temperature (T,) is defined as the temperature at which the melt viscosity equals a value of 10*2 Pa s. We obtained the
T, by extrapolating the Arrhenius zero shear viscosity fit to a value of 10'? Pa s. (b) Zero shear viscosity vs. temperature and (c) inverse temperature. As the
Ty is approached a positive deviation from the Arrhenius behavior is observed. The deviation indicates a transition from a regime controlled by exchange
reactions to a regime where slow segmental dynamics begin to contribute to viscosity.

Conclusion

A series of precise telechelic ethylene vitrimers was investi-
gated to understand the effect of temperature and precise
crosslink density on their rheological properties. The
dynamic nature of the networks manifests as a rubbery
plateau at high frequencies and a low frequency terminal
relaxation. Increasing crosslink density (C;, to Ce) leads to a
monotonic increase in the rubbery modulus and a delay of
the terminal relaxation. The zero shear viscosity shows a
characteristic Arrhenius temperature dependence and mono-
tonically increases with increasing crosslink density. Similar
Arrhenius fits are made for the crossover frequency and
shift factors, and the activation energies calculated from
all metrics are in good agreement with each other. Telechelic
networks show a lower activation energy than pendant
networks with boronic esters.” At high temperature, the rheo-
logical properties of the networks are dominated by the
exchange reactions while a deviation from Arrhenius behavior

3574 | Soft Matter, 2021,17, 3569-3577

is observed upon cooling. The additional increase in viscosity
is attributed to the impending T, and slowing segmental
dynamics which begin to contribute as T, + 100 K. These broad
temperature window studies on model systems provide key
insights to the understanding and application of vitrimers for
a range of applications.
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