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The mechanochemical polycondensation between a diamine and
a dialdehyde constitutes a sustainable alternative to classical solvent-
based polymerization reactions. This process not only allows for
a higher conversion and a shorter reaction time as compared to
standard solvent-based syntheses of this conjugated polymer, but the
reaction can also be adjusted by the energy introduced via the ball mill.

Lately, mechanochemical reactions have proven to be some of
the most successful solvent-free synthetic approaches." Initi-
ated and/or sustained by mechanical energy these reactions
offer a sustainable alternative to many wet-chemical methods.
Innovative uses have made their way into the fields of phar-
maceuticals,”* material synthesis*® and foremost to organic
chemistry,'*"* where the vast potential of this rediscovered field
has been demonstrated. Common reactions can be undergone
with high yields, short reaction time and in the absence of
solvents. While publications in the field of polymerization are
scarce, some groups have indeed used the ball mill for oxidative
and GILCH polymerizations,"*"” but up to now no attempt has
been made to perform a polycondensation reaction mecha-
nochemically. To investigate whether such an approach is
possible and to further understand the method, we focused on
a model reaction — namely the formation of a Schiff base by the
reaction between a primary amine and an aldehyde.”® We
choose the formation of poly(1,4-phenylene-methylidynenitrilo-
1,4-phenylenenitrilo-methylidyne) (PPI) from p-benzoldi-
carbaldehyde and p-phenylenediamine (Fig. 1). This system is
prone to be investigated, not only is the reaction fast but the
polymerisation by solution methods suffers from the bad
solubility of the forming polymer - an issue not relevant for
a solid state reaction.'” To overcome this obstacle either high
temperatures, multi-step reactions or toxic solvents such as
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hexamethylphosphoramide have been employed in the past.®
The resulting poly(azomethine)s (PA) are conjugated polymers
that show a high thermal stability and photoluminescence.*
Therefore they are especially interesting for a potential appli-
cation as transparent conductors,* liquid crystals,*® aerospace
coatings® and light emitting diodes.>*** Here we present the
first solvent-free, mechanochemical synthesis of PPI in a plan-
etary ball mill. Advantages over traditional method arise from
the short reaction time, low temperatures, higher molecular
weights and the sustainable nature of the process.

In a surprisingly simple manner equal molar amounts of
both monomers are mixed together in a zirconium oxide
milling cup (V= 45 mL) with 22 zirconium oxide milling balls (d
= 10 mm). Further details can be found in the ESL{ After 45
minutes of grinding at 800 rpm the resulting polymer was
investigated via IR and UV/vis spectroscopy, dynamic scanning
calorimetry, thermogravimetric analysis and SEM imaging. Due
to the insolubility of the polymer in common solvents none of
the textbook polymer characterization methods could be
applied and we had to resort to other means. At first, we
determined the general success of the reaction by IR spectros-
copy (Fig. 2). The appearance of a vibration of the C=N group at
1609 cm ™" as well as the fading of the vibrations of the carbonyl
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Fig. 1 The polycondensation reaction between p-benzoldicarbalde-
hyde and p-phenylenediamine conducted in a planetary ball mill can
be controlled by milling material, ball size, milling time and addition of
small amounts of solvent.
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and amine groups at 1686 cm ' and 1514 cm ™' respectively,

proof the formation of an imine group.”” The solid state UV/Vis
(SFig. 1) showed coherent results. After 1 minute of grinding
the formation of the product could already be confirmed by the
appearance of the band around 400 nm (7-system) but mono-
mer absorption bands at 259 nm and 305 nm from p-benzol-
dicarbaldehyde still remained in the spectrum. Interestingly,
only 5 minutes into the reaction the monomer peaks had almost
disappeared and longer reaction times only lead to a bath-
ochromic shift of Ayax to 427 nm. This is accompanied by
a decrease of the optical band gap to 2.18 eV (STable 1, SFig. 2
and 31) - far superior to literature values of 2.50 eV.?” This
change can be attributed to the longer chains and therefore
bigger conjugated m-system achieved by the mechanochemical
approach.

A glimpse onto the SEM images showed agglomerated
micrometer sized particles with a smooth surface. This is in
contrast to the reference material, synthesized in a classical
solution polymerization, which formed flaky particles (SFig. 4
and 5t). Differences between the two methods could also be
observed in the thermochemical behaviour of the materials
(SFig. 6-8f). While the reference shows a relatively strong
melting peak at 375 °C with a melt enthalpy of —15.27 J g™, the
melting peaks for the products in the ball mill were much
broader with enthalpies only half as big and peak temperatures
between 350 °C and 360 °C. Both effects are expected for PA with
growing chain length and diminishing crystallite size.>® The
thermal resistance of the prepared materials is with an onset of
decomposition around 490 °C quite high for polymers (SFig. 97).

For an in depth investigation of the mechanochemical
polymerization we focused on the influence of the milling
material and the ball size in the second part of the study. In
addition to the analysis methods presented above we also took
a look at the kinetics of the reaction to compare said parameters
better. Due to the poor solubility of the polymer, textbook
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Fig. 2 IR spectra of the monomers and the polymer yielded by ball

milling after 40 min with 10 mm ZrO, milling balls.
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methods could not be applied to our system. We resorted to the
intensity of the carboxyl group in the infrared spectrum in order
to follow the progress of the polymerization. To compare the
integrals with one another they have to be normed to the CH
vibration at 2850 cm ™. Since the intensity of a vibration in the
IR range is linear proportional to the concentration of the
specific group, the peak integrals presents an easy way to
monitor the reaction. Looking at the conversion curves, one can
see that the reaction is proceeding swiftly and reaches a plateau
after around 20 minutes (Fig. 3A). In addition we plotted the
rate laws and determined that the polymerization follows
a second order law. Furthermore, one can see the dependence
of the conversion on the reaction parameters.

Consequently, the ball diameter was varied from 5 mm over
10 mm to 15 mm. As the milling balls became bigger the
conversion of carbonyl groups became quicker and higher
(Fig. 3A). This effect can be attributed to the higher collision
energies of the bigger balls. To further proof this assumption we
went on to investigate different milling materials. A wide range
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Fig.3 (A) Conversion (full lines) and 2" order rate law (dashed lines) in

function of the zirconium oxide ball size. (B) Conversion after 40
minutes in function of different parameters. For detailed spectra see
SFig. 10-15.F
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of material densities from 14.89 ¢ cm ™ for tungsten carbide,
over 7.9 g cm* for steel to 5.7 g cm™* for zirconium dioxide has
been explored. As expected the higher density materials led to
a higher conversion (Fig. 3B). In an attempt to increase the
conversion further we investigated the influence of small
amounts of solvents (liquid assisted grinding, LAG) on the
reaction. As described by Kaitner and co-workers ethanol has
a positive influence on the formation of azomethines.”® For the
polymerization a similar trend can be observed. The samples
created by LAG show a higher and faster conversion than the
ones prepared by neat grinding (SFig. 161). Moreover, the
ethanol is also promoting a crosslinking reaction in the polymer
backbone (eqn (1)).2>°
Possible cross-linking process (adopted from ref. 27).
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(1)

Since this is breaking the conjugated -system and thereby
increasing the optical band gap, the crosslinking can be seen in
the solid state UV/vis spectra (SFig. 171). In addition, Ayax is
shifted to 456 nm indicating a strong change in the conjugated
m-system. All utilized analysis methods point towards longer
chains created by the mechanochemical approach but the
absolute chain length is hard to determine for an insoluble
polymer. However, with a volume mean diameter (determined
by dynamic light scattering of the soluble part of the polymer
(SFig. 187)) of 140 nm the ball milled sample is way bigger than
the reference sample with 5.5 nm. In addition the MADLI-TOF
analysis of two samples (SFig. 19f) proves that the reference
shows a short oligomeric character (M,, = 1700 g mol™"; P =
1.14) and the milled sample a nearly twice as high molecular
weight (M, = 3010 g mol '; B = 1.36).

Conclusion

Summing up, we demonstrated for the first time that a poly-
condensation reaction can be carried out in a solvent- and
catalyst-free manner in a ball mill. The model system of
a conjugated PA achieved high conversion in a short time. The
polymers showed high thermal stability and low optical
bandgaps. Furthermore, the influence of the milling ball size as
well as the milling material was investigated. Tungsten carbide
milling material lead to the highest conversion but all mecha-
nochemical syntheses yielded higher conversions than the
classical solution polymerisation. The energy input seems to be
the key parameter which can easily be influenced by the milling
material. In combination with different monomers these find-
ings can lead to a scalable and sustainable production of PA. Via
polycondensation reactions a vast variety of polymers are
accessible and the ball mill may overcome solubility problems
faced by a multitude of systems.
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