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Pressure as the driving force for mechanochemical
reactions on the example of ion metathesis of alkali
halides upon ball milling+
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We report an in situ X-ray diffraction study of the mechanochemical ion metathesis between sodium iodide
(Nal) and potassium chloride (KCl) to form sodium chloride (NaCl) and potassium iodide (KI) upon ball
milling in a shaker mill. The data permit insights into the fundamental processes occurring during
mechanochemistry. The reaction proceeds in incremental steps upon ball impact and consequently
follows pseudo-zero order kinetics after an induction period needed for mixing and reduction of the
sizes of the salt crystals. The total energy input required for full conversion is a constant value
irrespective of the shaking frequency. Different shaking frequencies imply different average kinetic
energies of the milling balls and thus different energy transfer per impact. The time for the total energy
transfer to the powder thus varies as a function of the kinetic energy of the balls and number of impacts.

At lower shaking frequency, i.e., at lower kinetic energy of the balls and a lower impact rate, the time
Received 17th September 2024

Accepted 29th Novermber 2024 required for full conversion is simply longer. The data reported provide strong evidence that pressure

generated by the impact of milling balls is the driving force for the metathesis reaction rather than

DOI: 10.1039/d4mr00104d a temperature increase. The observed pseudo-zero order kinetics complies well with periodic pressure
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Introduction

Mechanochemistry has developed into an intensively
researched field over the last decades, both in academia and in
industry. The reactions proceed either during reactive extrusion
or during reactive ball milling. Despite intensive research and
use of respective systems, the understanding of the underlying
principles governing mechanochemical transformations is still
in its infancy. The reason for this lies in the difficulty of
studying processes within extruders or ball milling devices
during operation. In situ or operando studies are commonly
implemented for thermally, light, or electrically activated reac-
tions. In each of these cases, and in contrast to mechano-
chemical reactions, a certain volume fraction of the activated
reaction medium can be irradiated and analyzed by spectro-
scopic or diffraction techniques."” Mechanochemistry holds
tremendous potential for the design of energy-efficient, atom
economical, and environmentally benign reactions. The
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pulses driving the salt metathesis reaction.

working principle permits direct energy transfer to molecules or
particles, which are brought into intimate contact in the
absence of solvent molecules. Specifically, these transient acti-
vation effects induce mechanochemical reactions.?

Mechanical activation still lacks fundamental insights,
which has allowed thermal, light and electrically induced
reactions to move on from interesting peculiarity to industrial
processes. Initial efforts have been made to improve the
understanding of milling reactions at a more fundamental level
by designing milling equipment allowing for in situ analysis of
ongoing processes with high energy X-rays or lasers.*>" Such in
situ milling vessels are often completely constructed of poly-
mers (PMMA or Plexiglas™) to allow for transmission of radi-
ation. They are transparent to high energy X-rays and lasers and
thus enable in situ powder diffraction and Raman spectroscopic
studies. These hardware developments have triggered signifi-
cant improvements in understanding the transient activation
phenomena and even revealed previously unknown metal
organic framework materials (MOFs).® Despite all these bene-
fits, currently the available hardware for in situ analysis is
limited to solid-solid or liquid-assisted solid reactions
requiring moderate kinetic energies.

However, besides these applications with moderate kinetic
energies at work, several other reactions and processes have
recently emerged that require harsher conditions and cannot be
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Nal + KCI i’ NaCl + Ki
AG° =-14 k] mol?

Scheme 1 Standard test reaction investigated here.

analyzed within the previously mentioned PMMA milling
vessels but require steel body milling vessels.'”'®

Considering the obvious benefits of solvent-free processing
and direct energy transfer, which often lead to surprisingly fast
reaction kinetics, the knowledge of mechanochemistry was
transferred into the development of heterogeneous mechano-
catalysis for converting gases by passing them over a solid
catalyst during ball-milling.***” The activation of a solid catalyst
surface is induced by the impact of the milling ball on the vessel
walls covered by the solid catalyst powder. It can be assumed
that the energy state of the particles in the powder increases
after impact (e.g. generation of local defects, stacking faults,
etc.) and decreases again after reaction of the catalyst with
molecules from the gas phase. The molecules are transformed
into the desired gaseous product by this process.

Another such high energy mechanochemical process that
has been under investigation for many years at our laboratory is
the mechanochemically activated synthesis of hydrides for
hydrogen storage applications under relatively mild conditions
(100-200 bar H,, at 25-100 °C).>**

As the described reactions require gas-tight milling vessels
and/or must allow for elevated pressures, the respective exper-
iments needed to be performed in steel milling vessels with gas
in- and outlets.

For in situ studies of mechanocatalytic systems and hydrogen
storage materials, milling vessels consisting of a gas-tight steel
bodies with pressure-tight and temperature-resistant polymer
windows were constructed. They can be heated up to 150 °C and
they are resistant to high mechanical stress.'® Instead of a whole
body polymer vessel, polymer windows in the steel vessels allow
monitoring of mechanochemical experiments by X-ray diffrac-
tion during high energy ball milling. For testing the usability of
the respective steel body milling vessels for in situ studies at the
PETRA III synchrotron facility, we used a simple-to-follow ion
metathesis reaction (see Scheme 1). A first inspection of the in
situ XRD data then indicated that thorough kinetic evaluation
might provide valuable insights into the ball milling process as
such.

Therefore, we performed a systematic study on the said
mechanochemical model reaction (Scheme 1), namely the ion
metathesis between sodium iodide (NaI) and potassium chlo-
ride (KCl) which was shown to form sodium chloride (NaCl) and
potassium iodide (KI) under mechanochemical activation.

Experimental
In situ XRD experiments during high energy ball milling

For investigating solid state reactions under realistic reaction
conditions, in situ reaction vessels (Fig. 1 and S1t) have been
developed. They consist of stainless steel milling vessels with X-
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Fig. 1 Milling vessel and 15 mm steel balls used for the in situ XRD
experiments. The milling vessel comprises a stainless steel body,
equipped with X-ray transparent PMMA windows (shown to the right
of the vessel) covering the cut-outs in the steel body.

ray-transparent polymer windows for monitoring the mecha-
nochemically induced phase transformations during high
energy ball milling. As we had started our study using the steel
milling vessels, we continued the follow-up work with the same
setup even though the ion metathesis reaction studied here
would likely also proceed in polymer vessels.> The milling
vessels were mounted on a modified MM400 Retsch ball mill. In
situ ball milling experiments were conducted at the P02.1
beamline at the PETRA III synchrotron source (DESY Hamburg,
) = 0.20741 A). The sample holder of the mill was custom-
modified to enable access to the incident X-ray beam using
extension arms that place the milling vessels above the housing
of the mill, thus allowing the X-ray to pass through the polymer
windows of the milling vessels."®

For the experiments, the 25 mL stainless steel milling vessels
were filled with equimolar amounts of Nal (0.666 g) and KCl
(0.334 g), and mechanochemical salt metathesis reactions were
conducted using either one or two stainless-steel balls with
15 mm diameter (weight 13.7 g). As no gas flow was applied, the
gas inlet and outlet as well as the thermocouple inlet were
sealed with screw plugs. The milling experiments were per-
formed at room temperature with different shaking frequen-
cies. Two types of extension arms were used for the experiments
(see Fig. S17).*® They differ in the radii (95 mm and 134 mm) of
the orbital trajectories of the milling vessels. The smaller radius
is shorter by a factor of 0.71 compared to the larger one,
resulting in a nominal reduction of the kinetic energy of the
balls of 50% when the extension arms with a smaller radius are
used (see the ESIT). We will refer to these two setups as ‘low
energy extension’ and ‘high energy extension’. The high energy
extension was used for the experiments with one ball and the
low energy extension was used for the experiments with two
balls.

Thermal ion metathesis

Thermal transformation of the salt mixture was monitored via
in-house in situ diffraction experiments. Ex situ X-ray diffraction
data were collected in the 26 range of 5-50° with a step width of
0.015° on heat-treated samples with a Stoe STADI P trans-
mission diffractometer in Debye-Scherrer geometry (Mo Ko, A

© 2025 The Author(s). Published by the Royal Society of Chemistry
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=0.7093 A) with a primary monochromator (curved germanium
(111)) and a Mythen1K position-sensitive detector. Borosilicate
glass capillaries (¢ 0.5 mm) were used for the measurements.
The effect of water vapor on the thermal ion metathesis was
studied with a PANalytical X'Pert Pro diffractometer in Bragg-
Brentano geometry using Cu Koy, radiation (1 = 1.5406 A). Data
collection was accomplished with a real-time multi-strip posi-
tion sensitive detector (X'Celerator), Cu KB radiation was elim-
inated by using a nickel filter. The anti-scatter slit opening was
1°, the divergence slit was set to 0.5°, the soller slits were set to
0.04 rad and the mask was set to 5 mm. For in situ XRD exper-
iments, a reaction chamber (Anton Paar XRK900) was mounted
on a PANalytical X'Pert3 Pro Bragg-Brentano diffractometer
working with Cu Ka,; , radiation (A = 1.5406 A). All samples have
been prepared in defined weights on a ceramic MACOR® sieve
plate as the sample holder allowed the gases to flow through the
entire sample volume. The reaction chamber was attached to
a gas supply system allowing for defined gas flows. The samples
were then heated from room temperature to defined tempera-
tures under varying water contents of the gas atmosphere.

Pressure-induced ion metathesis

Nal and KCI were separately ground to very fine powders. Then
equimolar amounts of the salts (0.666 g Nal and 0.333 g KCI)
were mixed by shaking them in glass vials (without using
a milling ball). The premixed salts were then transferred into
the pellet die of a hydraulic press (PW 10, Paul-Otto Weber) and
immediately exposed to given pressures (radius of the die and
punch were 20.84 mm). After defined times, the pressure was
released and the pellets were measured immediately on a Stoe
STADI P theta-theta diffractometer, equipped with a PIN diode
detector, in Bragg-Brentano geometry using Cu K,/, radiation.

Alternatively, equimolar amounts of the salts (0.666 g Nal
and 0.333 g KCl) were dried at 120 °C for 2 hours and then
mixed by shaking them in sealed glass vials. The dry salt
mixtures were then poured into the pellet die of the hydraulic
press and immediately exposed to given pressures. After defined
times, the pressure was released and the pellets were measured
on a Rigaku HyPix-3000 diffractometer in Bragg-Brentano
geometry using Cu Ko, , radiation.

Rietveld refinements

Quantitative Rietveld refinements were performed for data ob-
tained from in situ X-ray diffraction measurements during the
mechanochemical reactions and from thermal in situ
measurements. The Bruker TOPAS V5 and V6 software packages
were used for the quantification of phase compositions.** For
the refinements, crystal structure data from the International
Crystal Structure Database (ICSD database, Version 5.2.0, Data
release 2024) with the ICSD Collection Codes 61503 (Nal),
165593 (KCl), 181148 (NaCl), and 53843 (KI) were used. In
addition to the educts and products, different steel components
(balls and walls) were considered in the refinements. The
refined parameters were the scaling factors, lattice parameters
(to account for violation of the focusing conditions in the
volume of the milling vessels), and the peak profiles. Based on
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the PV_TCHZ peak profile, W, V, and X were refined for high
content phases. For small phase fractions, only W and X were
refined. Atomic positions as well as Debye Waller factors and
microstructure parameters were not refined. For determination
of educt and product fractions, their quantitative phase frac-
tions were normalized to the total sum of all four phases (Nal,
KCl, KI, and NaCl). There were no further constraints on the
contents of the educt and product.

Results and discussion
Mechanochemical ion metathesis

The herein studied mechanochemical ion metathesis proceeds
in milling vessels on a shaker mill. Real-time analysis of the
transformation in a conventional laboratory environment is
quite challenging. Analyzing samples prepared by a mechano-
chemical process on a laboratory diffractometer is only possible
ex situ. Data sampling will be time consuming though and
phase compositions may change during the measurement as
phase transformations in mechanically activated samples may
continue. While the former problem is a mere instrumental
limitation, the latter issue can prove significantly troublesome
in studying kinetics. Alternatively, respective processes can be
studied by in situ diffraction at a synchrotron facility. Reactions
proceeding under moderate milling conditions may be inves-
tigated in polymer milling vessels. However, reactions
proceeding under high energy ball milling conditions cannot be
studied in polymer vessels due to insufficient energy transfer.
For this reason, we developed steel milling vessels that allow
both high energy ball milling and in situ X-ray diffraction
experiments (Fig. 1)."* Examples for time resolved diffraction
data acquired during milling with one ball at four shaking
frequencies are shown in Fig. 2.

It is obvious that the progress of the metathesis reaction
strongly depends on the applied shaking frequencies. At

time
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Fig. 2 In situ diffraction data of the ion metathesis reaction obtained
at shaking frequencies of (a) 15 Hz, (b) 20 Hz, (c) 25 Hz, and (d) 30 Hz
using one steel ball and the high energy extension. Time difference of

the scans shown is 1 min (scans were recorded continuously for 15 s, 2
=0.20741 A).
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a frequency of 15 Hz (Fig. 2a), the educts Nal and KCI only
slowly transform into the metathesis products NaCl and KI.
After 10 min only about 50 mol% of the products are formed.
Increasing the frequency to 20 Hz leads to 80 mol% products
after 10 min (Fig. 2b). A further increase in the shaking
frequencies to 25 and 30 Hz results in complete conversion after
only about 7 and 5 min.

The diffraction data were quantitatively evaluated by Rietveld
refinements from which concentrations of the substrate (Nal
and KCl) and product phases (NaCl and KI) were calculated as
shown in Fig. S2.1 Milling experiments with the same educt
amounts were also performed with two balls but using the low
energy extensions. The respective phase compositions with time
are shown in Fig. S3.f As no by-phases were formed, the
quantitative Rietveld data provide information on time-resolved
product formation as shown in Fig. 3. After an induction period
with basically no conversion, a more or less linear increase in
the conversion with milling time was observed. This behavior
was more pronounced for the series with the low energy
extension. Deviation from that linear trend was only observed
when a major fraction of the educt was converted. Up to
a conversion of about 70-80%, a pseudo-zero order kinetics, i.e.
linear conversion with time, best describes the experimental
data after the induction period (see Fig. S47 for plots assuming
first and second order kinetics). As every so often observed for
reactions following zero-order kinetics, the reaction order
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Fig. 3 Yields of Kl and NaCl as a function of milling time (a) using two
balls (low energy extensions) and (b) using one ball (high energy
extension) for different shaking frequencies.
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slightly deviates from zero-order when a major fraction of the
reactant is consumed. Zero order kinetics are usually an indi-
cation that the progress of a reaction is limited by (external)
factors. For the salt metathesis reaction, the reaction only
proceeds upon impact of the milling balls. The impacts are thus
the reaction rate-determining factor in this reaction.

Fig. S5t shows the progress of the salt metathesis reaction
for four different frequencies using either one ball with the
high-energy extensions or two balls with the low energy exten-
sions. For a given shaking frequency, the reactions in both
setups indeed proceed at the same rate. The fact that the low
energy extensions allow for only half the kinetic energy of the
balls (compared to the high energy extension) is apparently
compensated for by using two milling balls instead of one.
From the slopes of zero-order kinetics plots (Fig. S61), reaction
rate constants k were derived from the changing fractions of the
four components Nal, KCl, KI, and NaCl (Table 1). As we are
dealing with conversion of pure solids, the reaction rate
constants are given as moles of Nal or KCl consumed per
second and moles of KI or NaCl formed per second. The reac-
tion rate constants for Nal and KCI then were averaged as
average reaction rate constants of educt consumption (kaye,ea),
and accordingly, the reaction rate constants for KI and NaCl
formation were averaged as average rate constants of product
formation (kaye,pr). The data show that the average rate of educt
consumption (kuyeeq) is identical to the average rate of product
formation (Kayepr). Furthermore, the average reaction rate
constants observed at the different shaking frequencies in both
experiment series (1 ball and 2 balls) are more or less identical
for a given frequency.

For the conversion of soft matter via ball-milling, Colacino
et al. determined the number of ball impacts as the rate-
determining factors next to the duration of milling.*® If the
same does hold for the conversion of the salts investigated here,
the reaction rate should scale with the number of impacts per
time unit, ie., with the impact rate. The latter should depend
linearly on the shaking frequency, ie., doubling the frequency
should double the impact rate. As shown in Fig. S7a,} the reaction
rate constants correlate with the impact rate but not linearly.
Thus, additional factors must play a role as well. Different shaking
frequencies also imply different kinetic energies of the milling
balls. The velocity at which the balls are moving depends on the
velocity of the milling vessels and the latter depends on the
shaking frequency. Unfortunately, the exact velocities of the balls
under milling conditions are unknown. However, one can
consider the average velocity of the balls as the product of a given
scaling factor, f;, and the velocity at which the vessel moves. The
latter is known from the shaking frequency and moving distance
of the vessels. Considering the scaling factor, f;., to be constant in
a first approximation, one can estimate the ball velocity, Vi, with
the velocity of the vessel, .5, sSimply as

Vball = fsones

The correct kinetic energy of the ball then can be approxi-
mated as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Neglecting f;., one will not get correct energies but energies
that deviate from the correct values by a factor f;.”. The latter is
unknown but induces a constant deviation, which allows for
relative comparison of calculated energies, better to be
considered as ‘apparent kinetic energies’. Fig. S7bf shows that
the reaction rate constants correlate with the apparent kinetic
energy, Eyin, of the milling balls but there is also no linear
dependence.

The kinetic energy of the ball is likely not transferred
quantitatively to the powder as a fraction of the kinetic energy is
back-transferred into the rebound of the ball. Thus, one can
define an elasticity factor, f.;, which is related to the fraction of
energy that is re-transferred to the ball through the rebound.
The exact values of f,. and f;; are again unknown. Consequently,
a direct assessment of the kinetic energy, Eyn i, transferred to
the powder by the impact of a ball is not possible. However,
assuming that both factors scale linearly, one can use the
apparent kinetic energy of a ball to achieve a relative estimate
for the kinetic energy transferred to the powder by the impact of
a ball, denoted as the apparent kinetic energy transferred, Eyin;i.
From the reaction rate constants and the number of impacts per
second, as calculated from milling frequency and number of
balls (see the ESIt), one gets the fraction of educt that is
transformed upon one impact of the ball. A plot of the incre-
mental change in the amounts of educts Nal and KCI per impact
(dNea;) versus the apparent kinetic energy transferred per
impact shows in fact a linear correlation as shown in Fig. 4.
Even more, the data from both experimental series (with one
and two balls) fall on the same line. The higher the kinetic
energy of the ball, the more educt transforms upon a ball
impact. This implies that the reaction rate correlates with the
kinetic energy of the balls and the number of impacts per time
unit. These two factors also determine the total amount of
energy transferred per time unit which has some interesting
implications as will be discussed below. The remaining ques-
tion is now, how does the transferred energy induce the inter-
conversion of the salts? From the fact that the reaction follows

4.0E-07
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3.0E-07 A
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°
[
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©
1.0E-07 @
0.0E+00 . ‘ T 1
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Fig. 4 The change in the educt amount per impact of a milling ball
plotted versus its apparent kinetic energy per impact.
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pseudo zero-order kinetics, one must assume that the impacts
of the balls induce the progress of the reaction. At the impact,
the kinetic energy of the balls is transferred to the powder,
which could induce various processes. Solid state reactions
typically require high temperatures or pressure to overcome the
activation barrier for ion diffusion, either via thermal mobili-
zation of ions or generation of defects due to stress and strain
by exertion of pressure.**® A certain pressure could be induced
by the impact of the milling ball, and theories have been laid
out that the impact of the milling balls may induce an extreme
increase in temperature if all energy is transferred to a single
crystallite (hot spot theory),"****' and even plasma formation
via this process has been considered* (magma-plasma
theory">*). In our experiment, the milling ball does not trans-
fer its kinetic energy to only one crystallite but to an ensemble of
crystallites which decorate the surface of the milling vessels as
a thin layer. The ball likely transfers its energy to the powder,
thus compressing and displacing the crystallites to some extent.
A rough estimate on the temperature increase and pressure
formation on the sample volume exposed to the impact of one
milling ball can be made, assuming that no elastic rebound of
the balls from the walls occurs but all energy is transferred to
the powder (see the ESI and Table S17). The powder covers the
surface of the endcaps of the milling vessel, where the strongest
impact of a milling ball in a shaker mill occurs, as a very thin
layer of about 0.2 mm. Depending on the indention depths of
the balls into that powder layer, temperature in the sample
volume exposed to the impact will increase moderately. The
estimated temperature increase will be about 10-30 K (75% to
25% indention into the powder layer at 30 Hz, high energy
extension, see Table S1}). The volume fraction of the sample
that is affected would be only 0.2% of the total sample volume
for 75% indention, a value that goes down to 0.07% of the
volume fraction for 25% indention. Thus, only a very small
fraction of the sample would potentially heat up by one impact.
The absorbed energy in such a case would likely dissipate
quickly to the steel walls of the milling vessels. These consid-
erations fit with the fact that only a minute increase in
temperature of the milling vessels during a milling experiment
is observed. A temperature increase is thus likely not the major
driving force for the metathesis reaction. Thermally induced
phase transformation is addressed below in some more detail.

The calculated local pressure upon impact seems to be more
significant (Table S1}). The pressures are not comparable to
those of 10 000-50 000 bar in high-pressure metathesis experi-
ments performed in diamond anvil cells.*® For an indention of
25%, a pressure of 374 bar and for an indention of 75%
a pressure of 125 bar is calculated (30 Hz, high-energy exten-
sion). The pressure reduces at higher indention as the energy is
transferred to a larger volume (see impact volume V; in Table
S1t). The investigated metathesis reaction is exothermic with
a change in Gibbs free energy of 14 k] mol " and thus proceeds
readily when the activation energy for the ion diffusion is
overcome. Ion diffusion in alkali halides is considered to
proceed mainly via Schottky defects. For Nal, the enthalpy of
formation of a Schottky defect is reported to be about 3.63 x
107"? J (2.27 eV) and for KCl, 3.04 x 10~ J.*%* The apparent
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energy transferred by one impact at a shaking frequency of
30 Hz using the high-energy extension (9.35 mJ) would be
sufficient to generate about 2.8 x 10'° Schottky defects. Of
course, other energy-consuming processes facilitating ion
diffusion, such as shear and edge dislocations, also need to be
considered. Also, partial amorphization of crystallite surfaces
upon ball impact must be taken into account. Thus, the number
of Schottky defects is more a hypothetic maximum number
rather than an effective number of diffusion-driving defects. In
any case, one could expect that the reaction will be driven by
defect generation and redistribution of ions within the crystal-
lites. At the end of the reaction, thermodynamically more stable
products will have formed. If this hypothesis is correct, the
amount of energy required for full conversion should be the
same for all milling experiments performed here as then the
number of defects generated would be the same as well. Divi-
sion of the educt concentration by the reaction rate constant
gives the total time for full conversion, and multiplying that
number with the total number of impacts and the apparent
kinetic energy transferred by one impact gives the total
apparent energy transferred in the time period from the start of
the reaction (after the induction period) to its completion.
Fig. 5a and S8t show the total apparent energy transferred for
each milling experiment as functions of shaking frequency and
milling time required for full conversion. As can be seen, the
data accumulate around a value of 102 J (+11 J). Within the
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Fig. 5 (a) Total apparent energy transferred during the reaction

period, and (b) total apparent energy transferred during the induction
period for the different metathesis experiments.
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precision of the method, the metathesis reaction is accom-
plished when about 102 J of apparent kinetic energy is trans-
ferred. The metathesis reaction is obviously a cumulative
process which is driven by processes that require constant
energy input, such as, say, defect generation. A rough calcula-
tion of the amount of educts converted shows that only a small
fraction of the educts is converted by a single impact. This is in
line with the data reported by Carta et al. who inspected the
effect of single ball drops.*®

As the metathesis reaction investigated here is exothermic,
the energy input relates to the activation energy for the
metathesis reaction, comprising defect generation and ion
migration. Assuming that all transferred energy would be
consumed for that process, a nominal apparent activation
energy of 22.8 kJ] mol™" (per mol Nal or KCI) results. As
mentioned above, this is under the postulate of non-elastic
transfer of kinetic energy to the powder, i.e., elastic rebound
of the balls can be neglected. Obviously, this value would
represent a maximum value. In any case, either a relatively well-
defined fraction or the total kinetic energy will be consumed for
overcoming the activation barrier for the processes resulting in
ion diffusion. If this were not the case, data as consistent as
observed here for various experimental setups would be hardly
conceivable.

Finally, the induction period requires attention. Intimate
mixing and close contact of the educt phases are considered
highly beneficial for the metathesis process to proceed.*”**
Insufficient mixing and contact of particles is likely the reason
for the induction period observed in our experiments. The
induction time does not correlate linearly with the number of
impacts as one could assume if only mixing would be a relevant
factor (Fig. S91). Reduction of crystallite size will increase the
specific surface area of the particles and thus allow for a more
efficient inter-particle ion transfer as the interface between the
phases increases. Crushing (fragmentation) of crystallites thus
would allow for a more intimate contact of the phase bound-
aries. On the other hand, it will consume a major fraction of the
energy imposed by the impact of a milling ball during the
fragmentation period. Indeed, SEM inspection showed that for
example milling the pristine Nal and KCI crystallites with
a median crystallite size of 570 pm and 530 um with one steel
ball at a frequency of 15 Hz for 100 s (=end of induction time)
resulted in crystallites with sizes of 14 um (median). After the
induction period, the comminution of the crystallites slows
down and shortly after the induction period, the crystallites
have a median size of 7-8 pum, which then remains constant
until completion of the reaction. The mixing during the
induction period thus goes clearly along with the major particle
size reduction. Energy is consumed for the fragmentation of the
crystallites, a process that apparently comes to an end after
a while. The energy consumed by the crushing process thus
should be also limited. As that energy is also defined, the
duration of the induction period should be related to a given
energy input. Fig. 5b shows that this assumption is indeed valid
as the total amount of apparent energy induced during the
induction periods of the different milling experiments accu-
mulates around an average value of 11.4 J (£2 ]). As for the
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apparent activation energy, also this value is under the postu-
late of completely non-elastic impact events. However, even if
only a fraction of energy is transferred, the induction period is
a period defined by the time needed to transfer a given energy
amount. For completely inelastic energy transfer, the apparent
energy would be about 2.6 kJ mol™" (per mol Nal or KCI). As
milling experiments are performed, the latter is likely required
for the fragmentation of the crystallites. Once the interface
between the educt crystallites is sufficiently large due to crystal
fragmentation and intimate mixing, the metathesis reaction
proceeds. A similar rationale for an induction period has been
proposed by Belenguer et al., Takacs, and Linberg et al.**>" In
addition to comminution, the formation of a sufficient amount
of defects is considered crucial to initiate reactions upon ball
milling. For highly exothermic reactions, the energy stored in
defects could even initiate self-sustained reactions.’*** Activa-
tion of a crystalline material via ball milling might also result in
partial amorphization. The energy required for the amorph-
ization (surface energy due to particle size reduction and loss of
lattice energy due to amorphization) is then considered to be
stored in the amorphous fraction of the solid causing its acti-
vation for further reaction.*

For the ion metathesis reaction, crushing (comminution),
mixing, defect generation, and maybe also partial amorphiza-
tion require a given amount of energy. Using the average value
of transferred energy for the induction period and that for the
reaction period, the respective time periods can be tentatively
predicted (see the ESIt) for a given experimental set-up. Fig. 6
shows the correlation between the observed induction and
reaction times and the predicted values.

In summary, the mechanochemical metathesis reaction of
Nal and KCl to KI and NaCl proceeds readily after an induction
period. The induction period is needed for mixing and crushing
the educt crystallites by which a sufficiently large interface for
the metathesis reaction is provided. The fragmentation of the
crystallites requires a defined amount of energy. Once that
energy is incrementally provided by a given number of impacts
(the energy per impact depending on the shaking frequency),
the fragmentation process ends and the actual metathesis
reaction starts. The latter proceeds in incremental steps (per
impact) during which the energy for overcoming the activation
barrier for ion migration is introduced to the powder. The
metathesis reaction follows pseudo-zero order kinetics as
impacts of milling balls are required to trigger the progress of
the reaction. At each impact, a defined amount of energy is
transferred which is consumed for the formation of crystal
defects which then facilitate ion diffusion throughout the
crystallites. The reaction rate constants depend linearly on the
amount of energy transferred per impact and the number of
impacts per time unit. A similar relation was observed by Carta
et al. and Vugrin et al. in their kinetic studies on the formation
of trimeric [Ni(dbm),]; from planar Ni(dbm), via ball
milling.**** Martins et al. report that the volume of the milling
balls scales almost linearly with the rate of chemical trans-
formation in a mechanochemically driven N-chlorination reac-
tion.™ As the volume of balls scales linearly with its mass, this
indicates that the reaction kinetics scales linearly with the
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impact energy, provided that the differently sized balls show
identical velocity profiles.

Before discussing the final question, whether a temperature
increase or pressure increase upon ball impact are the driving
forces for the salt metathesis reaction, humidity of the salt
mixture needs to be addressed. As will be seen below, moisture
of the salt mixture is a crucial factor in case of thermal salt
metathesis. An eminent question is then of course, whether
humidity also does affect the mechanochemical salt metathesis
process. In the experiments reported above, the salts were not
dried prior to the ball milling experiments. Therefore, ex situ
ball milling experiments with dried salt mixtures were per-
formed. For this, vessels, milling balls and educts were indi-
vidually temperature-treated at 100 °C for 2 h. After this, the
vessels inside the oven were filled with the educts when hot. The
vessels were then closed in the oven and after cooling to room
temperature, the milling experiment was started. Successive
experiments were performed and the products obtained after
different milling times were collected and analyzed (Fig. S107).
After 150 s of ball milling, reflections of KI and NaCl were visible
next to ones of Nal and KCl, after 300 s of milling, the majority
of the educt was transformed into KI and NaCl, and after 600 s,
the metathesis reaction was completed (Fig. S10at). Further
milling did not result in any further change in the composition.
Apparently, no major difference is observed if using non-dried
or dried salt mixtures for the mechanochemical metathesis
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reaction. The product formation is completed after about 400 s
(Fig. S10b¥), which is identical to the time required for non-
dried salts as shown in Fig. 3. A slightly hydrated Nal surface
apparently has no significant effect on the mechanochemical
metathesis reaction, very different to the situation in thermal
ion metathesis. The salts used for the mechanochemical
metathesis reaction consist of millimeter-sized crystals with
very low specific surface area.

Water fixation in a thin Nal-2H,O layer on the Nal crystals
might exist but its presence seems not mandatory. No sodium
iodide hydrate was observed in the in situ XRD data measured
during the mechanochemical ion metathesis, indicating that
water adsorption from the air was not strong.

Tumanov reported inadvertent liquid-assisted processes
proceeding by bringing reaction components that form a ther-
modynamically more stable product into close contact under
humid conditions.* The reaction is then mediated by a liquid
film on the crystal surfaces and proceeds with time via a disso-
lution-precipitation process. Our experiments were performed
in gas-tight milling vessels with no contact with ambient air.
However, to exclude an inadvertent process, we mixed equi-
molar amounts of non-dried Nal and KCI after milling them
separately. Mixing was achieved by shaking the salts in a glass
vial (without milling balls). The mixed salts were then trans-
ferred into a borosilicate glass capillary where they were gently
compacted by dropping the glass capillary repeatedly through
a 40 cm glass tube. The capillary then was sealed keeping a gas
volume above the salt mix to adopt the situation in gas-tight
milling vessels. Then, XRD patterns were repeatedly measured
in transmission mode for 50 h (one XRD pattern per hour). No
change in the XRD patterns was observed during that time,
indicating that under these conditions, no inadvertent ion
metathesis occurs.

Thermal ion metathesis

Even though a temperature increase upon impact of the milling
balls is likely not responsible for the progress of the metathesis
reaction, it seemed appropriate to investigate the effect of
temperature on this reaction. Nal is highly hygroscopic and
transforms into sodium iodide dihydrate (Nal-2H,0) when it is
in contact with air or humidity at least at its surface. Upon
heating, the hydrate releases water and the Nal phase is
recovered.

For the first experiment and without any drying of the
educts, 400 mg Nal and 200 mg KCI were physically mixed and
placed in a calcination crucible (Al,O3;, ALKASint). The mixture
was heated to 100 °C at 5 °C per min and held for 2 h. For one
experiment, the crucible was covered, and for the other one it
was kept open. After the experiments, glass capillaries were
filled with the samples (in air) and XRD patterns were collected
(Fig. S11at). The ex situ XRD patterns show the physical mixture
of Nal and KCl before the temperature treatment. A set of very
small additional reflections indicate the existence of sodium
iodide dihydrate. Heating in an open crucible leads to the
partial formation of KI (27 wt%) and some NacCl (13 wt%) beside
unreacted Nal (30%) and KCI (30 wt%). The sample which was
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heated in a closed crucible mainly shows reflections of KI
(64 wt%), NaCl (28 wt%), and only small amounts of the educts
KCl (6 wt%) and Nal (2 wt%). This simple experiment indicates
that the atmosphere over the sample significantly affects the
thermal metathesis reaction, and water is the prime suspect for
the different reactions.

In a second experiment, 200 mg Nal and 100 mg KCl were first
dried separately at 100 °C for 1 h and then the hot salts were
mixed by shaking them manually in a sealed glass vial. The
mixture was placed in open crucibles into the furnace and heated
to 200, 300, 400, and 450 °C. At each temperature, one sample was
removed from the oven and kept under a protective atmosphere
and loaded into glass capillaries in a glove box. The capillaries
were then sealed in the glove box and X-ray data were collected
(Fig. S11bt). The salt mixture was now stable upon heating to 200
and 300 °C. After heating to 400 °C, small amounts of KI were
formed. Further heating to 450 °C results in increasing amounts
of the products. The sample heated to 500 °C appeared as
a solidified melt after cooling. The melt was then ground to
a powder for XRD measurement. The ex situ XRD pattern of the
sample shows that the metathesis reaction proceeded quantita-
tively. Apparently, the salt mixture forms a melt at 500 °C and the
products form, likely during the cooling process.

Next, in situ XRD measurements were performed in a reac-
tion chamber (XRK-900, Anton Paar). For this, equimolar
amounts of KCl and Nal were physically mixed and placed onto
the sample holder without drying. The sample cell was closed
during the measurement but the volume of the sample cell was
large and the housing was cooled. Thus, any water vapor evolved
from the sample would condense immediately in the housing of
the cell. In situ XRD data were collected in the temperature
range between room temperature and 500 °C (Fig. 7a). The
pattern obtained at room temperature prior to the heating
experiment reveals Nal and KCl as major phases and a minor
phase of water-containing NaI-2H,0. At 100 °C all crystal water
is released and only reflections of the salt educts, KCl and Nal,
are visible. However, fractions of NaCl and KI also did form.
Their amount increased with temperature while Nal and KCl
were consumed. Above 400 °C a melt started to form before the
metathesis was completed.

Finally, an equimolar salt mixture was dried at 100 °C and all
XRD measurements were performed in a continuous flow of N,.
Under these conditions, no significant metathesis reaction
proceeded below 450 °C (Fig. 7b). Above 450 °C, the metathesis
reaction started in the dry salt mixtures but melting also pro-
ceeded as higher temperatures were applied.

Obviously, thermal salt metathesis is strongly affected by the
presence of water. Even a minute amount of moisture may
facilitate the thermal metathesis reaction. A tentative explana-
tion could be that a thin water film on the surface of the salt
crystallites results in partial dissolution of the salt. The salt
solution might then mediate the metathesis reaction.

Pressure-induced ion metathesis

Finally, the effect of applied pressure on the salt metathesis
reaction was investigated. The premixed salt mixtures were
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exposed to loads of 10, 20, and 50 kN, corresponding to pres-
sures of 293, 1466, and 2932 bar, for either 1, 5, or 20 minutes.
The XRD data of the pressurized samples in Fig. S12+ show no
reflections of the educts Nal and KCl but only those of the
products KI and NaCl. As the data were measured directly on the
pellets, the preferred orientation of the salt crystallites as
induced by the pressure treatment results in slightly varying
relative intensities of the reflections. However, irrespective of
the pressure applied, full conversion was observed at any time
of pressure exposure. The load was therefore reduced to the
lowest one possible (10 kN) and shorter time intervals were
inspected at this pressure. Fig. 8 shows that even after only 5 s of
pressure exposure, full interconversion of the salts was ach-
ieved. The ion metathesis reaction thus proceeds at tremendous
speeds when even a moderate hydrostatic pressure of 293 bar is
applied. The reaction rate constant must be at least 8.98 x
10~* mol s or higher under these conditions. Shorter time
intervals than 5 s could not be accessed as the pressure build-up
and stabilization takes about that time.
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In any case, the data show that pressure readily facilitates the
ion metathesis reaction investigated here. As pressure impulses
are repeatedly applied on the salt mixture by the milling balls
and pressure is a driving force for the salt metathesis reaction,
these pressure pulses can surely trigger the ion metathesis
reaction.

Furthermore, the data points in Fig. 4 follow a linear line
going more or less through the origin of the graph. Thus, there
seems to be no significant threshold energy for the reaction
investigated here. Even at very low energy input, the reaction
should proceed to some extent. In fact, we observed that even
moderate grinding with an agate mortar and pestle induces the
metathesis reaction of Nal and KCl to some extent. Intimate
mixing of the reaction mixture prior to the experiments by
grinding the salts in a mortar was thus not feasible without
initiating the metathesis reaction. For the mechanochemical
reactions discussed above, the milling vessels were filled with
the two salts without preceding mixing. The observed induction
period prior to the start of conversion is needed to achieve an
intimate mixing of the two phases. The concurrent reduction of
crystallites is also beneficial for the metathesis reaction as it
increases the specific surface area of the salt particles. As the
metathesis reaction most likely proceeds through the phase
boundary of two adjacent salt crystallites, intimate surface
contact is a decisive factor. Pressure experiments with non-
crushed salt crystals resulted in only partial conversion of the
educts even at the highest pressure and time applied, which
clearly demonstrates the importance of the crystallite size and
intimate mixing of the two salts. Once sufficient comminution
and mixing is achieved, the pressure exerted on the particles in
the compressed powder causes stress and strain in the crystal-
lites, resulting in the formation of defects which can then
facilitate ion diffusion in the solid. In a very recent study,
pressure has been also considered a crucial factor for the
formation of aragonite from calcite upon ball milling." Driscol
et al. also identified pressure as the driving force for mecha-
nochemical reactions when milling either Li,Mo0O, or Nb,0;.>
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As the compressibility of minerals is not very high, a tempera-
ture increase as the result of applied pressure is not very
pronounced. A pressure of about 250-300 bar is also achieved by
the weight of a rock in a mine at a depth of about 1000 m where
temperatures of about 35°-45° are observed. This is about the
temperature increase that is reported for ball milling experi-
ments by Uzarevich et al.*> which, however, is not sufficient for
initializing the thermal transformation of Nal and KCI into
NaCl and KI. In this context, Kulla reported that only
a moderate local temperature increase is observed with an IR
camera during co-crystal formation upon impact of milling
balls.”® In contrast, particle-particle interaction of crystallites
sliding along each other is discussed to create higher pressure
on individual crystal surfaces than that applied to the bulk of
the powder. As a consequence, higher local temperatures might
also be achievable. However, if salt crystallites glide along each
other under pressure, shear dislocation within the crystals will
likely consume a major fraction of the energy transferred. This
consideration and the work by Uzuarevich or Kulla provide
a strong indication that the temperature increase is likely very
moderate and not the driving parameter for the salt metathesis.

In order to check whether the concept of only pressure
exertion does also work for organic reactions, we loaded an
equimolar mixture of o-phenyldiamine and benzil (1,2-
diphenylethane-1,2-dione) into the pellet die and exposed it for
10 min to loads of 20, 50, and 100 kN. Julien et al. showed that
2,3-diphenylquinoxaline is formed upon milling this mixture in
a ball mill.*” In fact 2,3-diphenylquinoxaline also formed in the
pellet press as shown in Fig. S13.1 However, only about 45% of
yield was achieved at all applied pressures whereas the ball
milling resulted in full conversion. The reason for the difference
in yield might be insufficient mixing under the static conditions
in the pellet die. However, this simple experiment shows that
organic reactions can also be induced by application of
pressure.

Summary and conclusion

The data presented above show that ion metathesis follows
certain kinetics and energy that is transferred by the impact of
the milling balls into the salt powder facilitates the reaction.
Apparently, a given energy amount must be transferred to
achieve complete conversion of the reaction educts. Whether
that energy amount is achieved by a large number of smaller
energy transfers or via a smaller number of higher energy
transfers is not decisive as long as the total amount of energy
required for full conversion is provided. We would like to
emphasize that the apparent energies calculated above likely
underestimate the real energies involved as the milling balls
may get accelerated by the rebound when colliding with an
approaching wall. The balls will then have a substantially higher
velocity and will transfer more energy upon impact. Intimate
contact of the phase boundaries is a prerequisite for the ion
metathesis reaction. Therefore, an induction period is required
for crushing and mixing of the crystallites. Once the latter is
achieved, the reaction proceeds successively upon the indi-
vidual impacts of the balls. The kinetic energy of the balls is
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sufficient to slightly increase the temperature of the powder
exposed to the impact and/or to increase the hydrostatic pres-
sure of the powder due to its compression (Table S1t). As the
achievable temperature increase is moderate when compared to
the temperature required for complete conversion via thermal
ion metathesis, the temperature is likely not the decisive factor
for the mechanochemical reaction studied here. In contrast, the
pressure increase achievable upon ball impact is in the range,
which is shown above to facilitate the metathesis reaction at
a tremendous rate. Therefore, one must conclude that pressure
and not temperature is the decisive factor for the reaction under
the mechanochemical conditions applied in this study.

Our observations and considerations laid out above have
some interesting implications:

(1) An induction time is needed for crushing (comminution)
and intimate mixing of the educts, and once sufficient surface
contact of the reacting phases is achieved, the reaction
proceeds.

(2) The reaction itself is driven by incremental energy
transfer to the powder upon the ball impacts.

(3) The fraction of educt powder that is converted upon one
impact scales linearly with the kinetic energy of the ball.

(4) The kinetic energy of the balls depends on their velocity,
which is determined by the milling frequency.

(5) The reaction rate scales with the number of impacts per
time unit and the kinetic energy transferred upon an impact.

(6) The reaction is driven by pressure pulses rather than the
temperature increase upon impact of the balls onto the powder.

Of course we are aware of the fact that other reactions might
be driven by different factors. However, for the reaction inves-
tigated here, pressure pulses can be identified quite clearly as
the main culprit for the reaction progress. We hope that our
conclusions will help to shed some light onto the subject of
energy transfer during mechanochemical reactions, especially
during ball milling.
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