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Novel Biobased Self-Healing lonomers Derived from

Itaconic Acid Derivates

Josefine Meurer, Julian Hniopek, Jan Dahlke, Michael Schmitt, Jiirgen Popp,

Stefan Zechel, and Martin D. Hager*

This article presents novel biobased ionomers featuring self-healing abili-
ties. These smart materials are synthesized from itaconic acid derivates.
Large quantities of itaconic acid can be produced from diverse biomass like
corn, rice, and others. This study presents a comprehensive investigation of
their thermal and mechanical properties via differential scanning calorimetry
(DSC), thermo gravimetric analysis (TGA), and FT-Raman and FT-IR measure-
ments as well as dynamic mechanic analysis. Within all these measurements,
different kinds of structure-property relationships could be derived from these
measurements. For example, the proportion of ionic groups enormously influ-
ences the self-healing efficiency. The investigation of the self-healing abilities
reveals healing efficiencies up to 99% in 2 h at 90 °C for the itaconic acid

based ionomer with the lowest ionic content.

Awareness for more sustainable production and use of func-
tional materials, in particular synthetic polymers, not only
determines current world politics and public debate, but has
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also been a major topic in research for a
long time."3l The majority of the plastic
manufacturing industry relies on non-
renewable feedstocks for the produc-
tion of plastics due to limiting factors for
biobased materials such as availability,
price and performance. Thus, it is dif-
ficult to replace currently used materials
based on non-renewable resources with
more sustainable materials. One prom-
ising example for a building block for
biobased polymers is itaconic acid (IA).>°!
Amongst other synthetic pathways, it is
possible to produce large quantities of 1A
by modern biotechnological methods with
the microorganism Aspergillus terreus.!
Biomass derived from corn starch, ligno-
cellulosic feedstock as well as rice can be
utilized for the fermentation process.-1

However, the use of itaconic acid-based polymers poses sev-
eral issues that must be considered. Polymers derived directly
from itaconic acid tend to dehydrate and decarboxylate at
higher temperatures.'>3 This problem was not found for the
corresponding diester species of IA. The polymerization pro-
cess itself is often realized by condensation reactions leading
to polyester structures.] Another method for the polymeri-
zation of IA is via ring-opening-metathesis polymerization.!”]
The radical homo polymerization of IA is rather difficult due
to the low reactivity and potential side reactions.'>'8] However,
there are already some methods established.'*-2% Furthermore,
it is possible to utilize the anhydride or esters as monomers
in different radical polymerization methods.?-23] Hereby, it is
also possible to apply modern controlled radical polymerization
methods such as atom-transfer radical polymerization (ATRP)
or reversible addition-fragmentation chain transfer polymeriza-
tion (RAFT).+2

In order to design new sustainable materials and poly-
mers, two main targets can be identified. On the one hand,
the starting materials should be based on renewable resources
featuring a good availability as well as accessibility via environ-
mentally friendly and efficient production technologies. On the
other hand the life-cycle and the durability of the materials has
to match the desired application.[?l One option can be the use
of self-healing materials to enhance the period of use of func-
tional materials. [27-28]

Ionic interactions have been utilized in intrinsic self-healing
polymers (the so-called ionomers).?31 These polymers con-
tain low amounts of ionic groups within a polymer matrix

© 2020 The Authors. Macromolecular Rapid Communications
published by Wiley-VCH GmbH
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Scheme 1. Schematic representation of 1) the synthesis of the polymers P1 to P4 via free radical polymerization of monoethyl and diethyl itaconate and
I1) the preparation of the ionomers I1 to 13 utilizing tetrabutylammonium hydroxide.

with low dielectric constant. Attractive interactions between the
charged functional groups favor the formation of dynamic and
thermo-reversible ionic aggregates, also known as multiplets or
clusters.3l Consequently, this type of polymer is highly suitable
for the design of self-healing materials.>3-3]

In this work, we present new ionic polymers that combine
the different approaches towards sustainable material design.
The materials consist of mono- and diethyl itaconic acid esters,
which can be derived from renewable resources, neutralized
with a metal free tetrabutylammonium base.

Three different ionomers (I1 to I3) were synthesized and
characterized. The preparation of these ionomers was per-
formed via a two-step synthesis (Scheme 1). The synthesis
started with the preparation of the polymers via free radical
polymerization (FRP) of 4-ethyl methylene succinate (further
named as: monoethyl itaconate, MEI) and diethyl itaconate
(DEI) (see Scheme 1 (I)). During the polymerizations, the
content of the monoethyl itaconate was varied (5%, 10%, and
15%) to gain polymers with different compositions and later
with different amounts of ionic groups to investigate the influ-
ence of the ionic content on the properties (detailed informa-
tion regarding characterization can be found in Figure S1 and
Tables S1 and S2 in the Supporting Information).

The molar masses were determined via size exclusion chro-
matography (SEC) and the results are summarized in Table 1
(Figures S2 and S3, Supporting Information). It was found
that all polymers show comparable molar masses and distribu-
tion. This is important to disregard the influence of factors like
entanglement length and molar mass on the properties of the
polymers and ionomers and to be able to focus more on the
structural differences such as the ionic content. Furthermore,
the composition of the polymers P1 to P3 was determined
via titration with KOH (detailed information in the SI). The
ratios found in the polymers are very close to the initially uti-
lized ratios of the monomers for the polymerization (Table 1;
Table S3, Supporting Information). As intended, it was possible
to synthesize polymers with about 5 to 15% MEL.

For the synthesis of the ionomers the calculated content
of MEI was utilized to determine the amount of tetra-N-butyl
ammonium hydroxide required for the complete neutralization
of the polymer. In order to prepare the ionomers, each polymer
was dissolved in THF and the required amount of NBu,OH
was added (see Scheme 1 (II)). Tetra-N-butyl ammonium
hydroxide cannot be produced out of renewable resources;
however, it was utilized for the neutralization due to the suc-
cessful application in other self-healing ionomers in the past.*®

Table 1. Determined molar masses and distribution via SEC, compositions via titration with KOH and thermal properties via differential scanning

colorimetry and thermo gravimetric analysis for the polymers P1 to P3.

Results of the size exclusion chromatography?)

Content of MEI found via titration®)[%] Thermal properties® [°C]

M, [g mol™] M,, [g mol™] b T, T,
P1 27 400 49100 1.79 53 50 273
P2 36 500 64 000 175 10.7 53 273
P3 34000 66 400 1.96 16.1 56 272

AEluent: THF + 0.1% TFA; PMMA-standard; Y0.05 m KOH solution in ethanol, indicator: phenolphthalein; 9determined temperatures for the tempered polymer samples.
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Consequently, three different ionomers I1 to I3 were obtained.
Detailed information about the synthesis and characterization
of the ionomers are presented in Tables S4 and S5 in the Sup-
porting Information.

The thermal properties, in particular the thermal stability,
are important parameters for intrinsic self-healing materials.
Hence, the self-healing process is often thermally triggered,
the material must withstand longer periods of time at elevated
temperatures (often up to 100 °C or higher). Consequently, no
degradation or side-reactions should occur during the healing
process.

Firstly, a thermogravimetric analysis (TGA) was performed
for all polymers and the corresponding ionomers to deter-
mine the degradation temperature (T;) (Table S2 and S5 and
Figure S8 to S11, Supporting Information). The TGA revealed
that the degradation occurs at lower temperatures in the iono-
mers compared to the polymer they are derived from. In addi-
tion, it was also found that the ionic content has an enormous
influence on the degradation temperature. The polymer as well
as the ionomer with the highest amount of MDI (P3 and I3
about 16%) showed by far the lowest degradation temperature.
In contrast, for the polymer and the ionomer with the lowest
content of carboxylic acid respectively carboxylate groups (about
5%) a much higher degradation temperature was determined.
Starting from a temperature of about 100 °C a small, but con-
tinuous mass loss can be observed (see Figure S8 to S10). This
phenomenon could indicate the occurrence of undesired tem-
perature triggered side-reactions during the heating step. The
fact, that this effect increases with the MEI content suggests
that this reaction is presumably involving the carboxylic acid
and the carboxylate, respectively. Therefore, all polymers and
ionomers were annealed for 12 h at 130 °C and measured again.
During the annealing, little bubbles were observed, which
become less and less with time. The former mentioned little,
but continuous mass loss in the range from 100 to 300 °C was
not detectable in the measurement of the annealed polymers.

Furthermore, via differential scanning calorimetry (DSC)
measurements it was possible to determine the glass transition
temperatures (T) of P1 to P3 and I1 to I3 (Table S2 and S5,
Figure S4 to S7, Supporting Information). All DSC measure-
ments were performed with the annealed samples to avoid deg-
radation during the DSC study. Beside this fact, the first cycle
of the DSC measurement is usually used as annealing step to
clear the thermal history of the sample. Furthermore, the DSC
measurements revealed significant differences between the
polymers and the corresponding ionomers. Interestingly, it was
found that the polymers show higher values for the T, (about
55 °C) compared to the corresponding ionomers (about 30 °C).
This phenomenon may be based on the addition of the tetra-
N-butyl ammonium hydroxide for neutralization. The tetrabu-
tylammonium cation might act as a softener due to the long
alkyl chains. Furthermore, the composition of the polymer or
ionomer influences the T, as well. The T, of the polymers ranges
from 56 °C for P3, the one with the highest amount of MEI, to
50 °C for the one with the lowest, P1. It is possible that the
acid group forms hydrogen bonds with carbonyl groups in the
polymer side chains leading to a supramolecular crosslinking.
In contrast, the T, decreases slightly with the amount of MET
for the ionomers, which is caused by the plasticizing cation.
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Additionally, for the three ionomers a dynamic mechanic
analysis (temperature sweep from 130 to 25 °C) was performed.
Further information about this measurement is presented in
the supporting information, the resulting graphs are shown
in Figure S21. The T,values obtained in this measurement are
slightly higher compared to the DSC measurements, but still in
a similar range.

To investigate the structural changes during thermal treat-
ment of the neutral polymers P1 to P3, and the respective iono-
mers I1 to I3, Raman- and IR-spectroscopy were performed
before and after the annealing process. For P1 to P3 the Raman-
and IR spectroscopic measurements revealed that the free acid
groups of the polymers undergo dehydration to form cyclic
anhydrides,?”) which can be monitored well using Raman spec-
troscopy (details, Scheme S1 (I), Supporting Information).

In contrast, the behavior of I1 to I3 is more complicated:
The general structure of the Raman spectrum of I3 remains
unchanged during the annealing process, most notably no new
bands arise in the spectrum. The largest changes visible in
the Raman spectrum are the significant decrease of a band at
1325 cm™ and a remarkable increase in the intensity of the C =
O stretching vibration band around 1730 cm™ (Figure S13). By
comparison of the spectrum with the Raman spectra of I3KOH
(an ionomer neutralized with KOH instead of NBu,OH),
tetrabutylammonium bromide as well as tributylamine, it was
possible to assign the band at 1325 cm™ to the C-N stretching
vibration of the NBuy" ion, indicating a loss of NBuy" (for fur-
ther information and spectra see SI). Notably it is still possible
to observe a signal in this region, which proves that only parts
of the NBu," get lost during the annealing process. Combined
with the loss of NBuy', the carbonyl vibration increases in
intensity. This observation can be explained by comparing the
spectra to the Raman spectrum of I1. Here the intensity of the
C = O stretching vibration is also higher than in I3. Consid-
ering the higher ratio of DEI to MEI in I1, this shows that the
carbonyl vibration increases in intensity if more ester groups
are present in a polymer. This is consistent with the Raman
spectra of P4 (a DEI homopolymer, which only contains ester
functionalities, see Figure S16), for which the intensity of the C
= O stretching band is even higher and with the known lower
activity of the C = O stretching vibrations in carboxylic acids
compared to esters.[38l

IR spectroscopy provides further insight into the changes
during annealing. Figure S15 shows the IR spectra for the same
samples. Contrary to its very low Raman activity, which pre-
vents its detection for the samples investigated here, the asym-
metric COO™ vibration of the carboxylate group shows high IR
absorbance and can be detected at 1585 cm™. The intensity of
this band decreases significantly during the annealing process,
but, corresponding to the observed loss of NBu," in the Raman
spectrum, not completely.

Considering this, the most likely mechanism for the changes
during annealing is a partial trans-alkylation of one of the butyl
chains from the quaternary ammonium ion to the carboxylate
resulting in tributylamine and an ethylbutyl itaconate unit in
the polymer (see Scheme S1 (II), Supporting Information).

To confirm this proposed mechanism, an IR spectrum of
the gas phase over 12 during tempering was recorded. Since IR
spectroscopy is a highly sensitive method, the vapor pressure of

© 2020 The Authors. Macromolecular Rapid Communications
published by Wiley-VCH GmbH
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the tributylamine at 150 °C is sufficient to be detected in the gas
phase. Indeed, the gas phase IR spectrum in large parts agrees
with the IR spectrum of pure tributylamine thus supporting the
proposed mechanism (see Figure S14, Supporting Information).
Comparing the band areas of the residual asymmetric COO~
vibration of the carboxylate in the IR spectra of I1 to I3 after
annealing (see Figure S15 and S19, Supporting Information), it
is furthermore apparent that the amount of residual carboxylate
depends on the amount of MEI in the original polymer. There-
fore, it can be followed that a roughly constant ratio of COO~/
BuyN* is the cause for the ionomeric behavior and shows strong
enough interaction as to not be reactive under the annealing
conditions.

Due to the results of the Raman- and IR-spectroscopic inves-
tigation, which indicated a partly loss of the ionic groups in the
ionomers during the annealing step, rheology measurements
were performed. These measurements should prove the pres-
ence of ionic supramolecular crosslinking. For this reason,
frequency sweeps of the ionomers were performed (detailed
information in the Supporting Information, Figure S22 to S24).
For reversible supramolecular networks usually, a crossover
of G’ and G" is detected during a frequency sweep measure-
ment.l After the crossover (at higher frequencies) the behavior
of the sample changes and the storage modulus (elastic proper-
ties) is dominant. For each ionomer (I1 to I3) frequency sweep
measurements at two different temperatures were performed.
First, a measurement at 25 °C, where the supramolecular
network should be in a quasi-irreversible state (temperature

Scratch

Tt} Bten

www.mrc-journal.de

low — exchange reaction extremely slowed or prevented).
Second, a measurement at 90 °C was performed (above T, and
activation of the supramolecular bonds). The expected behavior
could be observed for all ionomers. At 25 °C the storage mod-
ulus lies nearly one decade above the loss modulus indicating a
kind of permanent crosslinking. At 90 °C the former described
behavior of supramolecular crosslinked networks could be
observed. The crossover of G’ and G" was detected at a fre-
quency of about 10 Hz for all ionomers, which corresponds to a
supramolecular bond life time of 0.08 s.

To investigate the self-healing abilities in a comparable
manner, an established experimental setup and evaluation
procedure based on tactile measurements was applied.?>3
The healing efficiency (H.g) could be calculated based on the
volume of the initial scratch (V;) compared to the volume after
certain healing steps (Vy) (Equation 1).

Hy = 100%(1—V—”) (1)

1

For this reason, samples of the annealed ionomers were pre-
pared (detailed information in the SI). The surface was dam-
aged with an indenter followed by a profile measurement of
the initial scratch. Exemplarily, the picture of the scratch and
the corresponding 3D-profile for the ionomer I1 is shown in
Figure 1 (left side). Afterwards, the sample was annealed for 2
h at 90 °C to trigger the healing process. Subsequently, the area
of the scratch was investigated optically (photo) and via a profile

After healing
(2 h at 90 °C)

Tunt] uBen

Figure 1. Optical images (top) and 3D-plot of the profile measurement (bottom) of the ionomer I1 during the performed scratch-healing test (left:

Surface with scratch; right: Surface after healing for 2 h at 90 °C).
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measurement (see Figure 1, right side). All photos and 3D-pro-
files are presented in the supporting information Figure S21 to
Figure S22. The calculated volumes and healing efficiencies are
summarized in Table S6.

During this test I1 (about 5% MEI) showed the best healing
performance. The first healing step (2 h at 90 °C) already lead
to a healing efficiency of 99.3%. Furthermore, the ionomer con-
taining about 10% ionic moieties showed a healing efficiency
above 90% after 2 h at 90 °C. Since such high values already
had been determined for these two samples, no second healing
step was performed. In opposite to this, the ionomer with the
highest ionic content (I3) exhibited the worst healing perfor-
mance. After the first healing step, the sample I3 just reached
a healing efficiency of 46.9%. Therefore, a second healing step
was carried out with this sample (same conditions), increasing
the healing efficiency to 58.1%. Consequently, an influence of
the ionic content on the healing properties can be observed.
Thus, increasing the ionic content leads to decreased healing
ability of the ionomer. We suppose that the increased supramo-
lecular interaction leads to a decreased mobility in the ionomer
and within this a decrease of the self-healing abilities. For the
ionomers I1 and 12, which showed the best healing perfor-
mance, the test was repeated to prove the reproducibility. The
second test of the healing efficiencies revealed also efficiencies
above 90%.

Furthermore, the hardness was investigated via a Vickers
hardness test. Self-healing materials can be useful in almost
every area where materials get damaged. Such properties are
helpful to increase the lifetime of materials. One very impor-
tant application of self-healing polymers is for example the use
as coating. Within this field the hardness of material plays an
important role. A good way to determine the hardness of mate-
rial is the Vickers hardness test. The test was performed analog
to literature,3! for the annealed polymer and ionomers. A sum-
mary and comparison of the calculated values for the Vickers
hardness is presented in Figure S28. During this test the cal-
culated Vickers hardness showed for all polymers significantly
higher values compared to the ionomers. As mentioned before,
this effect may result from hydrogen bonds in the polymers
and the softener effect of the alkyl chains in the counter ions
of the ionomers. In general, the hardness decreases with the
content of MEL

It was found that the polymers are all much harder com-
pared to the ionomers. The results are summarized in the sup-
porting information Table S7, Figure S27 and S28.

This work presents the synthesis of novel smart polymers.
One of their special features is the biobased nature combined
with smart properties like self-healing behavior. The polymers
are synthesized from diethyl itaconate and 4-ethyl methylene
succinate. The three synthesized polymers differ in their com-
position (MEI content from 5 to 15%). lonomers are formed
via the neutralization reaction with tetra-N-butyl ammonium
hydroxide. Investigation of their thermal properties via dif-
ferential scanning calorimetry, thermogravimetric analysis,
dynamic mechanical analysis and FT-Raman and -IR spectros-
copy revealed a composition dependent degradation behavior.
Furthermore, detailed self-healing tests were performed. The
ionomer with the best healing behavior was able to heal 99% of
the damage within 2 h at 90 °C.
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Experimental Section

Detailed information about the synthesis and characterization
of the polymers and ionomer are provided in the supporting
information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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