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This work provides an overview of sixteen different polymers potentially applicable as vessel materials in
mechanochemical reactions, facilitating the selection of the optimal material tailored to each system
individually. The investigation focused on the chemical resistances, especially under simultaneous
mechanical stress, and the long-term stability of the utilized polymers. To assess these aspects, two
reference reactions were employed: the direct mechanocatalytic Suzuki coupling of iodobenzene and
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Introduction

In the last decades, mechanochemistry has emerged as an
increasingly important method in various fields of chemical
research. Outstanding results can be reported for a large
number of inorganic," as well as organic>* reactions, while
enabling a more sustainable approach in modern day chem-
istry.** As this novel field of chemistry continues to develop, the
demands on the milling materials used are also altering, as
particle size reduction is no longer the main objective.® While
most established materials like steel and zirconium oxide are
well-suited for a range of simple chemical reactions due to their
easily modifiable energy input and inert, chemical-resistant
properties, there are advanced methods in mechanochemistry
like thermomechanochemistry, direct mechanocatalysis and in
situ monitoring, requiring tailored vessel materials. Especially
in direct mechanocatalysis, whereby the milling material itself
serves as catalyst, the vessel material needs to be sufficiently
soft, to prevent excess abrasion of the precious metal catalyst
and contamination of the product.”® For in situ monitoring the
materials need to be transparent to laser light, as well as X-ray
radiation. While combining external heating with mechano-
chemistry, the demand on the vessel is again different, as the
materials need to be temperature stable and need to possess
sufficient heat conductivity. It becomes clearly apparent that the
commercially available materials in use are not optimized for
numerous applications, therefore, a suitable alternative is
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reaction was examined through ICP-OES measurements for the polymers studied. Additionally, the
temperature resistance of the polymers was discussed, along with their aptitude for in situ monitoring.

mandatory. The optimal vessel material not only need to
combine a sufficient density and chemical resistance, but also
transparency regarding laser light and X-ray radiation, and
further feature low hardness and elevated stability under these
demanding chemical, mechanical and thermal conditions
(Fig. 1). In the past, polymers like PMMA (polymethyl methac-
rylate), PTFE (polytetrafluoroethylene) or PFA (perfluoroalkoxy
polymer) have been successfully used in various mechano-
chemical reactions, highlighting the fact that this group of
materials could be an excellent choice for a vessel material.”**
The used polymers, however, are exhibiting disadvantages as
well, as PMMA for example, is not resistant against various

®

Fig. 1 Summary of the optimum properties that a reaction vessel
should possess to establish ideal conditions for various types of
mechanochemical reactions. The optimal reaction vessel needs to
possess sufficiently high density, while being soft, transparent, cost-
efficient, environmentally friendly, resistant to low and high temper-
atures, as well as against various organic and inorganic chemicals.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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organics, and PFA and PTFE are expensive and are currently
encountering restrictions that might impede their future utili-
zation.” Considering the diverse range of polymers available,
we aim to present an overview of sixteen distinct polymeric
materials and their properties. Currently lacking a comprehen-
sive guideline for material selection, we explore the six key
parameters mentioned crucial for an ideal vessel material: cost-
effectiveness, environmental impact, mechanical resilience,
resistance to high temperatures and chemicals, and trans-
parency regarding laser-, and X-ray radiation.

Results and discussion
Prolog

All vessels employed in this work were produced through lathe
processing, based on a uniform prototype. These vessels
measure 66.0 mm in length and comprise an outer diameter of
29.8 mm, along with an inner diameter of 19.0 mm. To
circumvent severe deformation of the vessel during the milling
process, a wall thickness of 5 mm was chosen. The vessels are
composed of two equal parts with identical dimensions, con-
nected by a straightforward plug-in mechanism (Fig. 2B).
Sixteen different thermoplastics were studied, which can be
classified into three subgroups considering their temperature
resistance, as well as their field of application: standard- (<100
°C), construction- (=150 °C) and high-performance (>150 °C)
polymers.***” Here, both amorphous and semicrystalline poly-
mers were chosen from the three polymer classes mentioned.
Regarding the standard thermoplastics, one amorphous ther-
moplastic, PVC (polyvinylchloride), was employed. Additionally,
PP (polypropylene), PE-HD (high-density polyethylene) and PE-

Vessel dimensions

5.4 mm¢

@ 29.8 mm
19.0 mm
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v

66.0 mm

Plug-in mechanism

Fig. 2 Schematic representation of the vessel dimensions (A) and the
straight-forward plug-in mechanism (B).
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UHMW (polyethylene with ultra-high molecular weight) were
selected from the pool of semicrystalline standard thermoplastics.
In case of semicrystalline construction thermoplastics, PA6
(polyamide 6), PA66 (polyamide 66), PET (polyethylene tere-
phthalate) and POM C (polyoxymethylene copolymer) were
chosen. To achieve an increased hardness and heat deflection
temperature due to an improved support of the nylon matrix, glass
fibre reinforced thermoplastics were included in this study.
Thereto, PA6 GF30 (polyamide 6 reinforced with 30% glass fibres),
as well a PA66 GF30 (polyamide 66 reinforced with 30% of glass
fibres) were utilized. A solid lubricant modified polyethylene (PET
GX) has been chosen for its advantageous sliding properties.
Additionally, the amorphous construction thermoplastic PC
(polycarbonate) and its glass fibre reinforced counterpart PC GF
were tested, as well as PFA, PEEK (polyetheretherketone) and
PEEK GF from the group of semicrystalline, high-performance
thermoplastics.

To gain an initial overview of the features of the materials
tested, certain material properties are considered in the next
chapter. However, as the emphasis lies on performance under
real conditions, the stability of the vessel underwent testing not
only during extended milling periods but also through the
execution of two distinct reactions, aiming to encompass
a broad spectrum of requirements. Here, the acetalization
reaction of 3-nitrobenzaldehyde and ethylene glycol served as
measure of the vessel materials performance regarding the
yields obtained under these demanding chemical and
mechanical conditions. The Suzuki coupling, on the other
hand, was conducted to investigate their abrasion resistance.
Furthermore, an overview of their suitability regarding in situ
measurements, as well as thermomechanochemistry is given.

Material properties

One of the most important characteristics a reaction vessel
needs to possess is high chemical resistance. The properties
shown in Fig. 3A indicate varying suitability of the chosen
materials for different reactions, emphasizing the need to tailor
the vessel material selection individually to achieve optimal
conditions. PFA, PP and PE-HD are exhibiting high chemical
resistance, rendering them suitable materials for a wide range
of reactions. Especially considering the low price of PP and PE-
HD (Fig. 3C) compared to PFA, they should be shortlisted if
strong oxidizing acids are not necessary in the regarded system.
Despite PP and PE-HD being only partially resistant to certain
organics, durability may be elevated, as mechanochemistry
primarily operates with little to no solvent and the reactants are
typically dispersed within a solid bulk material. This also
applies to PE-UHMW, despite its diminished persistence to
halogenated hydrocarbons compared to PE-HD. The chosen
polyamides are exhibiting high resistance to most organics,
although halogenated hydrocarbons, as well as strong and
oxidizing acids should be avoided, or only used in small
amounts, diluted in an appropriate bulk material. PC, PET GX
and PVC on the other hand are exhibiting rather low chemical
resistance, nonetheless, especially PET GX and PVC could be
favourable alternatives for one-time use due to their low price
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(Fig. 3C). The price, but also the potential impact of the
different materials on the environment, are important factors
that need to be considered as well. Therefore, the global
warming potential (GWP) serves as simplified measure, as the
assessment of the sustainability of a material or a process is
complex. Risks regarding for example human health, or the
pollution of soil, groundwater or seas are not included in this
value. The studied polyamides, their glass fibre reinforced
counterparts, as well as PC show higher GWPs, as well as
slightly higher prices compared to PP, PE-HD, PET and PVC
(Fig. 3C). Therefore, especially PP, PE-HD and PVC could be
suitable alternatives for one time use as well. Comparing the
prices of PEEK, PEEK GF and PFA to the other thermoplastics
utilized, it is apparent, that these materials should only be
considered when sufficient durability can be ensured.

Material performance under mechanical stress

In preparation for initial use, the vessels were pre-milled for one
hour at 35 Hz each using K,COj; and ethanol, along with a steel
ball. Ensuring the smoothness of the vessel surface is crucial to
prevent remaining shavings from the manufacturing process,
thus minimizing the risk of heightened contamination.
Furthermore, vessels that cannot withstand the mechanical
stress can be immediately ejected from the study. After this
procedure, the PC and PC GF vessels already showed consid-
erable damage, consequently precluding their continued utili-
zation (ESI, Fig. S2C and Dt).

Further PET displayed extensive damage (ESI, Fig. S2At) after
prolonged reaction times. This is likely to be caused by the high
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hydrolysis sensitivity of the material and the alkaline conditions
applied during milling. After repeating this experiment using
sodium chloride instead of potassium carbonate, PET proved
satisfactory durability, showing that basic bulk materials
should only be used short-term, to ensure sufficient stability. In
case of the PEEK vessel, metal particles of the ball material used
were incorporated into the vessel ends during the milling
process (ESI, Fig. S2BT). Hence, the possibility of contamination
and the occurrence of side reactions in subsequent experiments
should be contemplated. The remaining materials employed
proved contenting long-term stability, rendering them suitable
for use in mechanochemical reactions, even under high
frequencies and extended reaction times. This is also reflected
in the approximate polymer abrasion, which was determined
through gravimetrical tests (ESI, Fig. S17).

Material performance during mechanochemical reaction

To investigate the influence of the exposure of different chem-
icals in addition to the simultaneously occurring mechanical
impact, the first reference reaction selected is a simple acid
catalysed acetalization reaction of 3-nitrobenzaldehyde and
ethylene glycol (Fig. 4A). Here, the influence of a strong acid, as
well as different organic species can be detected while
mechanical stress is simultaneously affecting the durability of
the vessels. The yields attained for various vessels, considering
the material densities, are illustrated in Fig. 4B. Interestingly,
there is no correlation observable regarding the yield and the
densities of the materials investigated. It needs to be consid-
ered, however, that the densities of the tested materials are

Material properties
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PE-UHMW 0 0 80 -95 38 0.95 | 8.90
PA6 ¥ & 100 45 160 1.14 13.10 9.620
PA66 110 72 170 1.15 19.20 8.436
PAG6GF 110 60 240 1.35 29.30 7.599
PA66GF 110 48 270 1.35 31.50 8.436
PC 120 148 110 1.20 33.50 8.348
PC GF 120 148 145 1.42 48.00
POMC 100 -60 150 1.41 12.90
PET 100 80 140 1.38 14.50 3.436
PET GX 115 80 160 1.44 16.70
PEEK 260 143 200 1.32 145.70
PEEK GF 260 143 270 1.51 283.10
PVC 60 80 120 1.38 | 7.30 2918

Fig. 3

(A) Table of chemical properties including the chemical resistance of the 16 different polymers used. Green (+) indicates excellent

chemical resistance of the material, while yellow (0) is representing partial resistance. Red boxes (—) demonstrate poor resistance of the material
regarding the substance group stated. Additionally, the maximum working and glass transition temperature, the hardness as well as the density of
the materials used are shown (B). Economical and ecological factors are additionally considered, namely the price and the global warming
potential. (C) The global warming potential was ascertained through the software “open LCA” using the database “exiobase”. The missing data still
need to be determined.
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Fig. 4 (A) Reaction scheme of the acetalization reaction. (B) Yields of

the acetalization reaction of 3-nitrobenzaldehyde and ethylene glycol
using the different vessel materials, as well as their respective densities.
Further, a 14 ml steel vessel, as well as a 10 ml ZrO, jar were used as
reference. All reactions were repeated 3 times to ensure reproduc-
ibility. The reactions were conducted in a MM500 mixer mill by Retsch
at a milling frequency of 35 Hz for 1.5 h and one steel ball with
a diameter of 10 mm was used. In case of the zirconia jar, one ZrO, ball
(@ 10 mm) was used.

significantly lower compared to the commonly used materials
like steel (7.87 ¢ em™>) or ZrO, (5.89 g cm™?). The densities of
the polymers tested, on the other hand, are highly similar,
which is why the influence of these is presumably not decisive.
The results show that the tested thermoplastics display slightly
lower yields compared to PFA, but primarily higher, or similar
yields compared to the commercially available steel and
zirconia jars. Nevertheless, PP, PA66, PE-HD and PE-UHMW can
potentially be used as alternatives to the commonly used poly-
mers. PA66 GF shows similar yields to PA66, but there was
severe abrasion of the polymer, as well as the ball material
observable, which possibly leads to the contamination of the
product. This is further discussed in the next chapter.

Material performance regarding milling ball abrasion

The direct mechanochemical Suzuki coupling (Fig. 5A) was
performed to incorporate the impact of the vessel material's
hardness, which is of significant importance in direct mecha-
nocatalytical reactions, as this is crucial for minimizing the
abrasion of the precious metal catalyst employed. Fig. 5 displays
the ICP-OES (Inductively Coupled Plasma - Optical Emission
Spectroscopy) data obtained from measuring the palladium
content of the Suzuki reaction in dependence of the material
hardness (Fig. 5B). It is apparent, that most thermoplastics
investigated exhibit low abrasion of the valuable ball material,
due to the inherent softness of thermoplastics. Along with the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Illustrates the reaction scheme of the Suzuki coupling. (B)
Shows the Pd abrasion in ppm for the tested polymers in dependence
of their respective hardness. As reference reaction, a simple Suzuki
coupling of iodobenzene and phenylboronic acid was conducted. (C)
Shows an EDS measurement of the raw reaction mixture of the Suzuki
coupling using a PA6 GF vessel. Si (blue) was detected in the mixture,
which shows that the material itself got abraded.

softness of thermoplastic polymers, these are susceptible to
deformation which can be an obstacle. This issue was
addressed by incorporating glass fibre reinforced materials to
enhance the vessel stability. Nevertheless, material reinforce-
ment results in increased density and hardness, along with the
potential for additional ball damage from glass fibre fragments
that may be present on the vessel surfaces, making these
materials highly abradant. It is observable, that all glass fibre
reinforced polymers are associated with a strikingly high
palladium abrasion, which clearly shows that these materials
are unsuitable for numerous mechanochemical reactions due
to the elevated contamination of the generated product, as well
as the substantial losses of the precious ball material involved
in direct mechanocatalytic reactions. Only one of the non-glass
fibre reinforced polymers, namely PEEK, showed an elevated
ball abrasion, due to the slightly increased hardness of this
material compared to the other thermoplastics utilized. This

RSC Mechanochem., 2024, 1, 386-392 | 389
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indicates the importance of choosing materials for direct
mechanocatalysis with hardness values not surpassing that of
PA66 (approx. 170 MPa). Following the reactions, further
damage to some of the materials used was detected. The glass
fibre-reinforced polymers, specifically PA6 GF and PA66 GF, but
also PVC and PEEK exhibited polymer fragments distinctly
observable in the solution during the work-up process, which is
also apparent through EDS (energy dispersive spectroscopy)
measurements (Fig. 5C). This leads to the materials being
unsuitable due to poor vessel stability, as well as further
contamination of the reaction products. For the yields of the
Suzuki coupling using the tested polymers, similar trends can
be observed, as for the acetalization reaction (ESI, Fig. S261).

In situ monitoring

In order to conduct Raman measurements, the materials need
to be transparent, which already excludes certain materials
studied, however PP, PE-HD, PE-UHMW, PA6 and PA66 were
tested to observe their suitability. As previously shown with PFA,
despite being opaque featuring a wall thickness of 5 mm,
reducing the wall thickness to 2 mm results in the material's
transparency being sufficient to conduct in situ Raman
measurements.” Therefore, the other semi-transparent mate-
rials mentioned could be suitable as well.

The results display product peaks with low intensities, gener-
ally the range of possible measurable peaks is comparable to
these of PFA and PMMA (ESI, Fig. S20-S25%). Under optimised
conditions, all tested materials could be alternatives to PFA, as
well as PMMA (Fig. 6A), but possible interferences with the
measured substances need to be contemplated. Additionally,
PXRD spectra were obtained for the semicrystalline polymers to
assess their potential suitability for in situ measurements
(Fig. 6B). Notably, PFA exhibited one single, distinct reflection at
approximately 17°, minimizing the probability of overlapping
reflections of numerous substrates, which is also reflected in
several in situ measurements conducted.®*'®* Moreover, PA6, PA66
and their glass fibre reinforced counterparts, as well as PE-HD,
PE-UHMW, PET GX and PP are emerging as promising candi-
dates for in situ monitoring, whereas POM C, PET, PEEK and
PEEK GF are displaying reflections ranging from 20° to 50°, which
may intersect with the substances being measured. PVC, generally
being the only amorphous thermoplastic, is the most appropriate
alternative if no additives are used in the manufacturing process,
as no interference with substance peaks is possible.

Material performance under elevated temperatures

While mechanochemistry typically operates without heating the
reaction mixture, there are instances where external heating
becomes an effective tool to increase reaction efficiency."** As
the vessel material in thermomechanochemical trans-
formations experiences simultaneous mechanical stress, the
vessels can potentially not be employed continuously at their
maximum working temperatures (Fig. 3B). This became
particularly evident, as some vessels were displaying minor
damage while heating to the maximum working temperature

recommended by the manufacturer (ESI, Fig. S57). All standard
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Fig. 6 (A) Shows the regions with prominent (green) and low intensity
(blue) peaks in the Raman spectra of the tested polymers. (B) Shows
the areas of prominent (green) and low intensity (blue) reflections in
the PXRD spectra of the tested polymers. *Reflections are caused by
an additive, as PVC itself is amorphous.

and construction polymers could, however, be used at temper-
atures 10 °C below their maximum working temperature. For
the chosen high-performance polymers, temperature elevation
beyond 240 °C was precluded, as in the case of PFA observable
melting of the vessel was evident. PEEK and PEEK GF, however,
were successfully used at 240 °C under milling conditions. To
maintain safety standards and ensure the durability of the
vessels, it is recommendable to limit the temperature during
milling to approx. 200-240 °C for PEEK and PEEK GF, as well as
190 °C for PFA and to ensure sufficient ventilation.

Performance assessment

The overall performance (Fig. 7G) of the materials is quantified
by comparing the most important properties a reaction vessel in
mechanochemical transformations needs to possess. The ball
abrasion, the chemical resistance, the long-term and tempera-
ture stability, their suitability regarding in situ measurements,
as well as their price were considered and compared to be able
to facilitate the decision of the determination of the most
appropriate material for every system individually (Fig. 7A-F).
An excellent performance is highlighted by numbers between 2
and 5, depending on which property was evaluated. As perfor-
mance declines, so do the associated values. The assessment

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Performance assessment of the tested polymers. (A) Shows the potential for ball abrasion. Therefore, values from O to 3 were assigned to
the materials, with 3 corresponding to low abrasion and O to high abrasion. (B) Compares the chemical resistances of the tested thermoplastics.
Values of O to 5 were assigned, whereby 5 corresponds to highest chemical resistance. Diminished chemical resistances are represented by
decreasing numbers. (C) Is quantifying the long-term stability of the materials compared. Values of 5 are assigned to materials featuring high
long-term stability. (D) Is showing the comparison of the stability of the materials tested regarding elevated temperatures. A number of 5 is
representing excellent temperature stabilities, while decreasing numbers are showing lower durability under elevated temperatures. (E)
Compares the price of the materials investigated. A value of 5 is assigned to materials with low prices. More expensive materials are assigned to
lower values. (F) Compares the materials regarding their suitability either for in situ Raman or in situ PXRD measurements. A material that can be
used as vessel material for both techniques are assigned to a number of 2, while materials that can only be used for one of the techniques are
ranked with a 1. Materials that cannot be used for these in situ techniques are assigned to a value of 0. (G) Is quantifying the material's overall
performance. Therefore, the values of (A—F) were added. The six best performing materials, namely PP, PE-HD, PE-UHMW, PA6, PA66 and PFA
were compared in (H). To ensure good comparability between the different properties in this diagram, the scale was adjusted to a maximum of 5

for all properties compared.

demonstrates that especially PP, PE-HD, PE-UHMW, as well as
PA 6, PA 66 and PFA are combining various of the properties
important in mechanochemical reactions (Fig. 7H). Especially
their softness, and their long-term stability making these
materials highly interesting for this solid-state technique. All
tested materials are possible alternatives for in situ Raman and
PXRD measurements and show high chemical resistances,
therefore, being an applicable choice for various organic, as well
as inorganic reactions. PE-HD, PP, PE-UHMW and the poly-
amides PA 6 and PA 66 are especially beneficial due to their low
costs. PFA, but also the polyamides are an appropriate choice if
slightly elevated temperatures are needed. On the contrary,
materials reinforced with glass fibres exhibit notably inferior
performance. As a result, these materials are not advisable for
mechanochemical transformations.

Conclusions

This study offers a comprehensive overview of 16 polymers,
highlighting their potential suitability as vessel materials in

© 2024 The Author(s). Published by the Royal Society of Chemistry

mechanochemistry. Each tested material showcases a diverse
array of properties, showing that the vessel material can be
altered depending on the system. Among the materials tested,
PP and PE-HD combine several critical parameters essential for
mechanochemistry. Additionally, PE-UHMW, PA66, PA6 and
PFA demonstrate excellent performances. For direct mechano-
catalysed reactions, all six materials are appropriate choices,
whereas PA66, PP, PE-HD and PE-UHMW are arguably the most
appropriate selection, due to their low price combined with
sufficient yields and low abrasion of the precious ball material.
In thermomechanochemical applications, PFA stands out as an
exceptional vessel material, capable of withstanding tempera-
tures up to 190 °C under milling conditions. For applications
requiring only slightly elevated temperatures, the other best-
performing polymers also prove to be viable options. Overall,
while material selection should be tailored to the specific
reaction, the tested polymers present highly promising alter-
natives to the currently established materials.
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