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As mechanochemical synthesis has advanced sig-
nificantly, there has been intense interest in understanding the
underlying mechanisms of these reactions. Given that many
mechanochemical processes are conducted in the solid-state
without solvation yet sometimes yield faster reactions than those
in solution, we sought to address the following question: Are
mechanochemical reactions homo- or heterogeneous? To inves-
tigate, we employed a model system involving the mixing and
copolymerization of r-lactide (LLA) and p-lactide (DLA),
monitored through powder X-ray diffraction (PXRD), nuclear
magnetic resonance, and differential scanning calorimetry. In situ  Heterogeneity
and ex situ PXRD analyses of the mixture of LLA and DLA showed
that vibratory ball milling rapidly transformed the initially heterogeneous lactide mixture into a homogeneous phase within one min
due to collisions between the balls and the jar. By varying the milling conditions, we were able to regulate the level of mixing, which
subsequently influenced the copolymerization outcomes. In the solid-state ball-milling copolymerization of LLA and DLA in the
presence of a catalyst and initiator, multiblock copolymers of poly(1r-lactic acid) and poly(p-lactic acid) were formed within one min
during the early stage of the reaction, when incomplete mixing of the monomers led to a process governed by phase heterogeneity.
In contrast, prolonged polymerization promoted conditions approaching homogeneity, ultimately yielding atactic poly(lactic acid).
This transition from heterogeneous to homogeneous reactions is a distinctive feature compared to conventional homogeneous
reactions, potentially leading to mechano-exclusive reaction designs.
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studies have proposed different ideas. In the case of soft
matter, mechanochemical reactions can be understood based
on similarities with solution reactions. Many examples exhibit
solution-like kinetics and mechanisms as well as dependence
on bulk temperature.'®™>* However, the mechanical force-
induced molecular dynamics sometimes differ from the
solution’s,"®**™*° which leads to mechano-exclusive trans-
formations.' %%’

In solution reactions, we dissolve all reagents so that all
molecules are evenly dispersed and ready to react. Solid-state
ball milling is different. Heterogeneous starting mixtures
undergo chemical transformation by mechanical force, some-

Mechanochemistry is an eminent chemical synthetic system of
great interest. > Mechanical motion can directly drive
chemical transformations, offering distinct advantages over
conventional solution-based methods. From a green chemistry
perspective, direct mixing and energy delivery of neat or highly
concentrated reagents significantly reduce the amounts of
solvents.”” The absence of solvent eliminates dilution effects,
and the resulting high reactant concentration leads to
enhanced reaction kinetics.®” More interestingly, unique
conditions open new reaction pathways and produce
mechano-exclusive products, expanding the boundaries of
chemical synthesis."’

With its rapid advance, mechanochemists have tried to March 21, 2025
understand the exact events inside mechanochemistry.''™"* In May 21, 2025
the case of ball milling, the hot spot theory had prevailed, May 22, 2025

which explained that impact causes an extreme level of May 29, 2025

localized temperature and pressure and promotes chemical
. ) o 15—1
transformations of solid chemicals.">™'7 However, recent
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times faster than in solution. Interestingly, mechanochemical
conditions are able to accommodate reactant combinations
that are unfavorable in solution, such as orthogonally soluble
reagents. Thus, the study of how mechanochemical reactions
proceed is of great interest. Several reaction models have been
developed. James and co-workers proposed a pseudofluid
model.'” They tracked the reaction of ZnO and imidazole,
producing zinc imidazolate frameworks (ZIF-6). The reaction
rate was found to be responsive to the collision frequency,
leading them to conclude that the reaction rate was dependent
on the removal of product layers through attrition and mixing.
This led them to conclude that reagents remain in a
heterogeneous phase and the reaction occurs at the surface
of particles.

However, mechanochemical cocrystallization presents a
different view. In a binary system, two heterogeneous reagents
undergo mixing and produce cocrystals in which two
molecules are dispersed evenly into a homogeneous state.
Sometimes, they reach the final structures quickly on a minute
scale.”® "> The simulation work by Ferguson describes the
molecular movement during cocrystallization.” Mixing occurs
readily, even during low-energy collisions through localized
amorphizations. The movement of molecules during the
contact of particles has also been studied. Recently, Halasz
and co-workers directly observed fast atomic and molecular
exchange between particles under ball milling conditions.**
Our team also recently reported the copolymerization of
hydrophilic and hydrophobic monomers.*>*® Molecular level
dispersion produced copolymers with one glass transition
temperature, implying the molecular level distribution of two
immiscible molecules. These observations collectively support
the idea that mechanochemical reactions may proceed in a
homogeneous phase.

The previously described studies have not addressed this
question: Is a mechanochemical reaction homogeneous or
heterogeneous? If the chemical transformation mostly occurs
on the contact surface, then it is a heterogeneous reaction.
When the solid-state molecular mixing is faster than the
reaction, homogeneous mixtures of particles would form first,
and a homogeneous reaction could be viable (Figure 1).

In this article, we conducted a model study that can trace its
mixing status and produce distinctive products: a catalytic
copolymerization of L-lactide (LLA) and p-lactide (DLA)
(Figure 2). A nonstereoselective catalyst under homogeneous

Scenario(1) Heterogeneous reaction

Figure 1. Mixing and reaction scenarios for solid-state mechano-
chemical reactions.
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conditions would link LLA and DLA randomly, producing
atactic polylactic acids (a-PLA), analogous to a solution
reaction. However, we expect that the same catalyst under
heterogeneous conditions would produce isotactic multiblock
PLA. Upon initiation of the reaction, each reactive chain end
enters one particle, which is one monomer domain, and grows
into a homopolymer chain. Mechanical mixing could move the
chain end to another monomer particle to afford the second
domain and induce propagation of the second block. If each
active chain end navigates among individual particles, then
multiblock copolymers will form. Thus, structural analysis of
the PLA products from mechanochemical ball milling would
help us to understand the nature of the mechanochemical
reactions.

To elucidate the mixing status, we collected powder X-ray
diffraction (PXRD) data of the solid lactide mixture in situ and
ex situ. An equal quantity mixture of LLA and DLA was placed
in the ball-milling apparatus, and its phase change was
monitored over different milling durations (Figure 3). Each
lactide sample was premilled before mixing to skip a
comminution step, ensuring that the mixing phenomenon
becomes a major event.

In situ PXRD monitoring was conducted on an equimolar
mixture of LLA and DLA (100 mg each). The mixture was
added to a 13 mL poly(methyl methacrylate) jar with three
stainless steel (SS) balls of S mm diameter. The phase change
that occurred during vibratory milling (at 30 Hz in a InSolido
IST636 mill) was monitored in real-time using synchrotron
PXRD at the Deutsches Elektronen-Synchrotron (4
0.20736S A) (Figure 3A). The initial signals from chiral LLA
and DLA disappeared quickly, within 5 min. A new set of peaks
appeared immediately, indicative of an instantaneous structural
change induced by mechanical force.

The parallel ex situ PXRD resolved the identity of the new
peaks (Cu Ka source, 4 = 1.54 A). The same mixture was
added to a 10 mL SS jar containing three 5 mm diameter SS
balls (Figure 3B). After each specified vibratory milling interval
(at 30 Hz in a Retsch MM400 mill), the mixture was analyzed
by PXRD to obtain mixing information. Similar to the in situ
observation, the initial phase of the chiral compounds quickly
diminished, within a minute. The resulting PXRD pattern was
compared to that from a racemic LLA and DLA crystal phase,
which was prepared in a separate process (dissolving a 1:1
mixture of LLA and DLA in dichloromethane, then removing
the solvent).”” The PXRD pattern from the racemic mixture
was identical with that from milling. This led us to conclude
that the solid-state mixture of LLA and DLA quickly reached a
nearly complete homogeneous state under mechanochemical
ball milling conditions. In addition, no transient peaks
belonging to other phases were observed. A similar observation
was recently reported by Bolm and Wiegand using solid-state
NMR spectroscopy.”” A mixture of (S) and (R)-a-
(trifluoromethyl)lactic acid reached a racemic state within 30
s milling (25 Hz, 7 mm ball in 1.5 mL jar). This suggests that a
mechanochemical mixture could lose its heterogeneous
character within the initial stage of milling, as it is rapidly
homogenized.

Subsequently, we examined the effect of milling parameters
on phase change through ex situ PXRD analysis (Figure 4). We
began by evaluating the influence of different ball and jar
materials and ball sizes, which directly modulate the impact
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Figure 2. Distinctive products obtained from the homo- or heterogeneous copolymerization of LLA and DLA.
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Figure 3. (A) In situ monitoring of ball milling of an equimolar mixture of DLA and LLA by synchrotron PXRD (4 = 0.207365 A) using three S
mm SS balls in a 13 mL PMMA jar at 30 Hz. The intensity color code is given on the right. (B) Ex situ monitoring of PXRD (4 = 1.54 A) patterns
of an equimolar mixture of LLA and DLA subjected to ball milling using three S mm SS balls in a 10 mL SS jar at 30 Hz. The homogeneous

mixture was produced with a solution process for comparison.

force.”” Notably, 30 Hz milling with SS balls (5 mm, 3 balls) in
a 10 mL SS jar significantly accelerated homogenization
compared to zirconia (Zr) balls and jar (with otherwise the
same conditions) (Figure 4A). With the Zr ball, a substantial
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amount of the chiral lactide phase remained even after S min,
whereas the denser SS balls achieved a fully racemic state
within 1 min. Similarly, employing larger Zr balls (8 mm)
under both one-ball (Figure 4B left) and three-ball milling

https://doi.org/10.1021/jacsau.5c00322
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Figure 4. Influence of milling parameters on the phase change of the LLA and DLA mixtures. Vertical axes correspond to the area of 14° peaks
from PXRD, normalized to the initial LLA intensity. All experiments were conducted in a 10 mL Zr jar except (A) SS S mm with 3 balls, which
used a 10 mL SS jar. A vibration frequency of 30 Hz was applied except (D) 20 Hz Zr S mm with 3 balls.

Table 1. Mechanochemical Solid-State Ball-Milling Copolymerization of LLA and DLA
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Ball-Milling

= e bl I

ZrO, 10 mL container

o ZrO, ball, 30 Hz

L-Lactide D-Lactide BnOH TBD

100 mg 100 mg 1.5uL 1.0 mg

(0.5 eq.) (0.5 eq.) (0.01 eq.) (0.005 eq.)
E, balls time (min) M, (kg/mol)® M,, (kg/mol)” fol conv. (%)° P,
1 Zr 8 mm X 3 mm 1 5.7 9.4 1.65 12 0.82
2 Zr 8 mm X 3 mm 10 14.9 25.5 1.70 99 0.61
3 Zr S mm X 5 mm 10 S.4 8.4 1.56 23 0.67
49 SS 8 mm X 3 mm 1 83 13.6 1.63 27 0.72
S Zr 8 mm X 3 mm toluene 20 yL 1 133 22.8 171 49 0.78

“Determined by GPC calibrated with polystyrene standards in tetrahydrofuran at 40 °C. Determined by '"H NMR spectroscopy. “Determined by
'H homodecoupled NMR spectroscopy. 9SS 10 mL container was used.

(Figure 4B right) conditions facilitated faster mixing than did 5
mm balls, indicating that the magnitude of impact force plays a
direct role in material homogenization. We next investigated
the influence of the ball quantity, hypothesizing that increasing
the number of balls might enhance the collision frequency and
improve mixing (Figure 4C). Two sets of data were collected:
one using 5 mm balls in quantities of one and five, and another
using 8 mm balls in quantities of one and three. In both cases,
varying the number of balls did not significantly affect the
mixing efficiency. Lastly, we explored the effect of the vibration
frequency (Figure 4D). Lower frequencies, such as 20 Hz,
significantly slowed the mixing process, leaving a substantial
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amount of the chiral lactide phase even after 5 min of milling.
Low frequency leads to slow movement of balls and jar,
causing low impact energy and collision frequencies. Thus, low
frequency vyields poor mixing. Overall these observations
collectively underscore that the magnitude of impact plays a
more critical role in promoting phase change than collision
frequency.

Next, the copolymerization and structural changes upon
phase change of LLA and DLA were investigated. Given the
rapid phase change to a homogeneous state, we aimed to
identify a copolymerization system capable of reaching a
significant polymerization rate within the time frame. Addi-

https://doi.org/10.1021/jacsau.5c00322
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Figure 5. '"H homodecoupled NMR (top, methine region) and DSC spectra (bottom) of (a) isotactic PLLA, (b) copolymer from LLA and DLA
after 1 min of ball milling, (c) copolymer from LLA and DLA after 10 min of ball milling, and (d) a-PLA from solution synthesis.

tionally, it was critical for the catalyst to exhibit low
stereoselectivity, ensuring that the polymer composition
would reflect the mixing conditions. Leveraging our previous
research on mechanochemical lactide polymerization, we
selected 1,5,7-triazabicyclo[4.4.0]dec-S-ene (TBD) as the
catalyst. Known for its high polymerization rate in both
solution and solid-state ball milling, TBD also demonstrates
low stereoselectivity toward racemic LA.**~*

The copolymerization was conducted under the conditions
outlined in Table 1. An equimolar amount of LLA and DLA
(100 mg each) was combined in a 10 mL Zr jar with 1 mol %
benzyl alcohol as initiator and 0.5 mol % TBD catalyst. The
mixture was subjected to ball milling at 30 Hz with the given
numbers and size of Zr balls in an MM400 mill for the
indicated duration. After milling, the solid product was
dissolved and quenched in chloroform with acetic acid. The
isolated polymer products were analyzed for tacticity by 'H
homodecoupled NMR (Figure S, top),** thermal properties via
differential scanning calorimetry (DSC) (Figure S, bottom),
and molecular weights through gel permeation chromatog-
raphy (GPC).

The one min polymerization with three 8 mm Zr balls at 30
Hz yielded PLA with a conversion of 12%, a number-average
molecular weight (M,) of 5.7 kg/mol, and a molecular weight
dispersity (D) of 1.65 (Table 1, entry 1). Comparisons of the
'"H homodecoupled NMR methine region with reference
isotactic PLLA confirmed its isotactic preference during
polymerization (Figure SA,B). The isotactic PLLA derived
from pure LLA exclusively exhibited meso (m) dyads, with the
signal at 5.17 ppm corresponding to the methine signal of the
mmm tetrad, as observed in the 'H homodecoupled NMR
spectrum (Figure SA, top). In contrast, the copolymerization
of LLA and DLA would introduce racemic dyad (r) tetrads at
each junction between DLA and LLA. Consequently, the 'H
homodecoupled NMR spectrum would exhibit peaks corre-
sponding to mmr (5.18 and 5.22 ppm), rmm (5.18 and 5.22
ppm), mrm (5.16 ppm), and rmr (523 ppm) tetrads in
addition to mmm. The polymer obtained from one min solid-
state ball milling predominantly displayed the primary isotactic
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mmm tetrad peak at 5.17 ppm, along with minor peaks
corresponding to racemic connections (Figure SB, top). The
probability of meso enchainment (P,,) was 0.82,'* indicative of
isotactic PLA, suggesting that LLA-to-LLA and DLA-to-DLA
propagations were predominant. This implies that polymer-
ization primarily proceeded under heterogeneous conditions.
DSC analysis further confirmed the presence of a block
structure. The regulated side-chain architecture promotes
efficient intermolecular interactions, leading to crystallinity.
Both the PLA obtained from one min ball milling and the
reference PLLA exhibited clear endothermic melting tran-
sitions above 130 °C (blue areas in FigureSA,B, bottom),
consistent with isotactic structures. Notably, the melting peak
of the polymer derived from the racemic mixture appeared at a
higher temperature than that of the reference PLLA, which is
attributed to stereocomplexation between PLLA and PDLA
blocks—known to exhibit stronger intermolecular interactions
than PLLA alone.***

With an extended reaction time of 10 min, monomer
conversion reached 99%, while P, decreased to 0.61 (Table 1,
entry 2). In the 'H homodecoupled NMR spectrum, tetrads
containing racemic dyads became significantly more prominent
compared to the product obtained after 1 min of polymer-
ization (Figure SC, top). After accounting for the isotactic
fraction observed at the 1 min mark, the stereoselectivity from
1 to 10 min was calculated as P, = 0.58, indicating a largely
nonselective distribution. The overall tetrad distribution
closely resembled that of PLA obtained under homogeneous
solution conditions by using a TBD catalyst (Figure SD, top).
The final polymer underwent a brief period under heteroge-
neous conditions, followed predominantly by homogeneous
conditions. As a result, the polymer is expected to contain
short isotactic segments within a largely atactic structure. This
structural feature is clearly reflected in the DSC analysis, which
shows a significantly diminished melting signal around 150 °C
(Figure SC, bottom)—a feature absent in the DSC trace
obtained under purely homogeneous solution conditions
(Figure SD, bottom).

https://doi.org/10.1021/jacsau.5c00322
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Figure 6. Mixing and reaction rate consideration for a solid-state mechanochemical reaction environment.

Polymerizations under both weaker and stronger mecha-
nochemical conditions were investigated (Table 1, entries 3
and 4). The use of smaller balls, which was expected to prolong
the heterogeneous phase, significantly slowed the polymer-
ization rate, yielding only 23% conversion after 10 min of
milling. "H NMR analysis revealed a P, value of 0.67,
suggesting that the reaction predominantly proceeded under
homogeneous conditions. In contrast, the use of heavier
balls—three 8 mm SS balls in a 10 mL SS jar, increased the
conversion to 27% within one min, compared to 12% with
three 8 mm zirconia (Zr) balls (entry 3 vs entry 1).
Simultaneously, the stronger mechanical impact enhanced
mixing, resulting in a relatively lower P, value (0.72).
However, the corresponding DSC trace (Figure S26) exhibited
a distinct melting peak, indicating the formation of isotactic
blocks capable of crystallization at an early stage.

Further investigation was carried out to examine the effect of
liquid-assisted grinding (LAG) (Table 1, entry S). LAG, which
involves the addition of a small amount of liquid to a ball-
milling reaction, is a well-established method for accelerating
or even enabling mechanochemical transformations.” In our
previous study on polylactide synthesis, toluene was shown to
enhance the reaction rate while suppressing chain degrada-
tion.*! In the present work, we evaluated its influence on
mixing by adding a small amount of toluene (20 uL) to 200
mg of the lactide mixture. Ball milling for one min with three 8
mm Zr balls significantly increased the conversion to 49% and
yielded a high-molecular-weight polymer, while the P_, value
only slightly decreased to 0.78. The DSC trace (Figure S30)
exhibited a high melting temperature near 170 °C, indicating a
more ordered microstructure. In this case, LAG selectively
enhanced the reactivity without significantly affecting the
mixing state. Further studies are currently underway to explore
the effects of varying the LAG conditions on mixing behavior.

The investigation into phase transition monitoring and
polymerization product properties of racemic lactide mixtures
under solid-state ball milling conditions revealed a facile shift
from heterogeneous to homogeneous conditions. The reaction
outcome was dictated by the phase: isotactic PLA formed in
the early stage under heterogeneous solid-state conditions,
while atactic PLA was obtained after the transition to a
homogeneous mixture. This behavior represents a unique
feature of mechanochemistry. In terms of molecular-level
explanation, previous studies have primarily explained
mechanochemical solid-state reactions based on heterogeneous
surface conditions. However, the rapid phase transformation
observed in this study suggests that mechanochemical
reactions can also proceed under homogeneous conditions.
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When a mechanochemical reaction undergoes a transition, it
is essential to consider both the mixing time (T;,) and the
reaction time (T,) in the process design (Figure 6). If T, is
slower than T, then the reaction is predominantly governed
by heterogeneity. Conversely, if T, is faster than T, then
the system tends to exhibit selectivity similar to that of
homogeneous solution conditions.

Although this study presents a single example, it does not
aim to represent all of the mechanochemical systems. Rather, it
proposes the hypothesis that homogeneous phases can exist
and play a critical role in certain mechanochemical reactions.
This perspective adds a new dimension to the interpretation of
both past and future mechanochemical studies. We are
currently reevaluating previous examples of mechanochemical
reactions with the new possibility of homogeneity in mind.

D- and i-lactides were sourced from Natureworks. Each batch was
purified through recrystallization four times in ethyl acetate. Each
chiral lactide (3 g) was premilled before mixing and polymerization,
using three Zr 8 mm balls in a 10 mL Zr container. The ball milling
was conducted for 10 min at 30 Hz in a Retsch MM400 mill. Other
reagents and solvents were purchased from commercial sources
(Aldrich, Alfa Aesar, TCI, or Acros, and Daejeong Chemical) and
were used without further purification.

In situ monitoring of ball milling reactions by synchrotron
powder X-ray diffraction (PXRD) was performed at the P02.1
beamline at PETRA III, DESY (Hamburg, Germany). We used
jars made of poly(methyl)methacrylate (PMMA, 13 mL
internal volume). Ball milling was conducted with the IST-
636 mixer mill (InSolido Technologies, Croatia, Zagreb)
operating at 30 Hz. The X-ray beam (4 = 0.20736S5 A) was set
to pass through the bottom of the PMMA reaction vessel.
Exposure time was set to 10 s. Diffraction data were collected
on a PerkinElmer XRD1621 flat-panel detector positioned
1595 mm from the sample, which consisted of an amorphous
Si sensor equipped with a CsI scintillator (pixel number: 2048
X 2048, pixel size: 200 X 200 ym?). To obtain the classic one-
dimensional PXRD pattern, the two-dimensional diffraction
images were integrated with the in house developed Python
script. Two-dimensional (2D) time-resolved plots of in situ
monitoring data were created in MATLAB and the background
of each diffraction pattern was subtracted prior to plotting
using the Sonneveld-Visser algorithm.**Ex situ PXRD analysis
was carried out using a Rigaku Miniflex instrument with a Cu
Ka source (4 = 1.54 A) at an accelerating voltage of 40 kV and
emission current of 15 mA. The diffraction patterns were
recorded using the step scan mode with a step size of 0.02° and
a counting time of 1 s for each step.

https://doi.org/10.1021/jacsau.5c00322
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