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The equilibrium outcomes of ball mill grinding can dramatically change as a function of
even tiny variations in the experimental conditions such as the presence of very small
amounts of added solvent. To reproducibly and accurately capture this sensitivity, the
experimentalist needs to carefully consider every single factor that can affect the ball
mill grinding reaction under investigation, from ensuring the grinding jars are clean and
dry before use, to accurately adding the stoichiometry of the starting materials, to
validating that the delivery of solvent volume is accurate, to ensuring that the
interaction between the solvent and the powder is well understood and, if necessary, a
specific soaking time is added to the procedure. Preliminary kinetic studies are
essential to determine the necessary milling time to achieve equilibrium. Only then can
exquisite phase composition curves be obtained as a function of the solvent
concentration under ball mill liquid assisted grinding (LAG). By using strict and careful
procedures analogous to the ones here presented, such milling equilibrium curves can
be obtained for virtually all milling systems. The system we use to demonstrate these
procedures is a disulfide exchange reaction starting from the equimolar mixture of two
homodimers to obtain at equilibrium quantitative heterodimer. The latter is formed by
ball mill grinding as two different polymorphs, Form A and Form B. The ratio R = [Form
B]/ ([Form A] + [Form B]) at milling equilibrium depends on the nature and
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INTRODUCTION:

Mechanochemistry using manual or ball mill grinding equipment has become increasingly
popular in recent years as an attractive and sustainable alternative to traditional solution
methods for the synthesis of materials.® It is attractive because it allows for reaction between
solids to be achieved effectively and quantitatively. It is a "green" sustainable technique,
requiring little or no solvent. Milling or manual grinding can be performed neat, i.e. with no
added solvent, or solvent assisted: in the latter, known as “liquid assisted grinding" (LAG),%*
very small amounts of added liquid can accelerate or even enable otherwise inaccessible
mechanochemical reactions between solids. Mechanochemical methods have been used for an
ever-increasing number of different chemical reactions and syntheses of inorganic and organic
compounds,>*! as well as for the formation of supramolecular architectures such as molecular
co-crystals,*?1* metalorganic frameworks,’>'” and even cages'® and rotaxanes'®. It seems that
many processes can proceed in the absence of solvent or with solvent present in minimal
substoichiometric quantities.>* The mechanisms and the driving forces involved in the chemical
syntheses and supramolecular reactions induced by mechanochemical conditions are subject of
debate_1,13,20-24

Our research focuses on the final equilibrium outcomes of the ball mill grinding process and the
role of solvent at equilibrium under ball mill LAG conditions. Indeed, after the ball mill grinding
reaction reaches completion, thermodynamic equilibrium is achieved in the two systems we
have investigated so far in our system, with a stable phase composition.?> The factors that can
affect the final equilibrium are numerous and diverse: ball mill jar size and shape and material,
ball bearing size and weight and material, milling frequency, temperature, and solvent nature
and concentration. This is evidently the case when the thermodynamic outcome of the grinding
reaction changes dramatically in response to a change in the solvent volume added, which can
be sometime as low as 1uL per 200 mg of total powder.?> Careful and strict experimental
procedures have to be tested and followed in order to achieve reproducible precision and
accuracy of the experimental results, from reactants and products storage, to pipetting and
mixing pre-milling operations. It is difficult to control or even monitor parameters in a milling
jar. Therefore, the use of a mechanical mixer mill (also called vibratory mill), which allows for
reproducible and controlled milling frequencies and times, and sealed milling jars are essential.
Ensuring that all ball mill grinding reactions reach equilibrium requires some preliminary kinetic
investigation of the experimental conditions. The mechanical mixer used for the curves we
present here was modified. In order to prevent the jars from warming up through the
continuous flow of the exhausts of the motor in the sealed chamber over long periods of
grinding, the safety cover sealing the front part of the grinder was removed, and an external
safety screen was placed in its place.

The system that we used as a first example is the disulfide exchange reaction between bis-2-
nitrophenyldisulfide (named 1-1) and bis-4-chlorophenyldisulfide (named 2-2) in the presence
of a small amount of base catalyst 1,8-diazabicyclo[5.4.0]Jundec-7-ene (dbu) to produce upon
ball mill neat grinding (NG) and LAG the compound 4-chlorophenyl-2-nitrophenyl-disulfide
(named 1-2).2627 The latter is formed by ball mill grinding as two different polymorphs, Form A
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and Form B. For many different LAG solvents, Form A is the thermodynamic product under ball
mill NG conditions or when not enough solvent is used in the grinding reaction taken to
equilibrium, while Form B is obtained as the thermodynamic product under ball mill LAG
conditions at equilibrium when enough solvent is added to the milling jar. Indeed Form A can
be obtained from Form B under ball mill NG, while Form B can be obtained from Form A under
ball mill LAG. Such direct transformation in milling experiments has been reported before in
other systems,?®?° and it has been reported that the nature and concentration of solvent
determine the polymorph obtained under LAG conditions.3? Our published experimental results
include the investigation of milling equilibrium curves for a range of organic solvents. Here the
equilibrium phase composition ratio R = [Form B] / ([Form A] + [Form B]) is plotted against the
volume of LAG solvent added for each experiment. The onset of the equilibrium curve and the
sharpness of the curve were found to depend on the nature and molar amount of solvent
added to the milling jar. [Place Figure 1 here] Thermodynamic aspects are general and must
apply to any given milling system. As a further example to show the generality of our
observations, an analogous equilibrium curve was also produced for a second system: the two
polymorphs of 1:1 co-crystal of theophylline (tp) with benzamide (bzm), form | and form II,
where the outcome depends on the volume of water in the grinding mixture.?> These phase
composition versus solvent concentration equilibrium curves are essential for investigating the
interaction between the nanocrystal surfaces and the solvent molecules at equilibrium on ball
mill grinding reactions. Our results demonstrate that some equilibrium curves are very sharp,
showing an “all-or-nothing” behaviour, which is characteristic of particles with a large number
of adsorption sites and positive cooperativity of the binding process.3! Shallower equilibrium
curves indicate a lower level of cooperativity and suggest the presence of a third phase at
equilibrium, possibly an amorphous phase involving the solvent itself. Such milling equilibrium
curves have been produced for no other system to our knowledge. We believe this to be partly
due to the inherent sensitivity of the solid state system to even very small environmental
changes under ball mill LAG conditions.

Preparation of good and reliable solvent concentration curves can only be achieved if the
experimentalists carefully validate their pipetting skills with training sets and if they fully
understand (i) how pipettes and syringes work and (ii) if the equipment they have selected for
delivering accurate and precise volume of a solvent is suitable to perform the intended job. The
delivery of an exact volume of solvent can be accomplished with a variety of equipment, this
being pipettes or syringes and their choice can depend on availability, user preference and
skills, vapor pressure of the solvent used and intended application for the ball mill grinding
experiments.

Pipettes are commercially available as air displacement or positive displacement covering many
solvent ranges. Both types of pipettes are commercially available as manually operated or
electronically automated. Automatic pipettes are generally preferred as they are less
dependent on the experimentalist skills to be able to aspirate or dispense a solvent evenly at a
given speed. The experimentalist must rely on the capability of the pipettes to deliver the exact
volume of solvent. This can only happen if the pipettes are accurate to start with, well
maintained, serviced and periodically calibrated. Typically, external pipette calibration services
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will calibrate pipettes to the ISO 8655 standard using water as the solvent. Therefore, for each
organic solvent the experimentalist should validate their accuracy and precision of pipetting
through accurate weighing experiments over the intended volume range to be dispensed.

The most commonly used solvent delivery equipment is the air displacement pipettes to which
a tip needs to be fitted to the syringe barrel. They work on an air-cushion principle; upward
movement of the piston produces a partial vacuum in the tip, causing the liquid to be drawn
into the tip which is separated from the end of the piston by the air cushion. The vapor phase of
the pipetted solvent will start to equilibrate within the air cushion, the extent of evaporation
will depend on its vapor pressure. Pre-wetting is crucial when using variable-volume pipettes
set at their lowest volume range, since the ratio of airspace to liquid and the potential for
evaporation increases dramatically as compared to when the pipette is set at the top of its
volume range. The experimentalist will know when this equilibrium is achieved, as the solvent
aliquot will be hanging but separated from the end of the piston as from a spring, the solvent at
the end of the tip staying firm when the pipette is held in vertical position over a few seconds:
the solvent inside the tip should not sag or drip. Air displacement pipettes can be used in two
modes; the most generally used is the forward pipetting mode where all the aspirated solvent is
guantitatively dispensed by one full movement of the piston. The other mode is the reverse
pipetting mode; in this mode a calculated excess of solvent is aspirated by the pipette, and
therefore after quantitative dispensing, a residual volume of solvent remain in the pipette tip
which needs to be disposed to waste. Reverse pipetting mode can be more suitable for viscous
and dispensing very small volume of solvents. However, for high vapor pressure solvents like
dichloromethane (DCM) or diethyl ether, equilibration in the air displacement pipette cannot
be easily achieved. Positive displacement pipettes or syringes are more suitable in this case.

We propose that equilibrium phase composition versus solvent concentration curves could be
obtained for any system under sufficiently well-designed, performed and controlled ball mill
LAG conditions.

PROTOCOL:

1. Validation of the precise dispensing of organic solvents

1.1. Validation of precise pipetting of organic solvents in reverse pipette mode

NOTE: Air displacement pipettes in reverse pipetting mode were selected for a range of LAG
solvents (acetone, acetonitrile (MeCN), tetrahydrofuran (THF), ethyl acetate (EtOAc),
chloroform (CHCI3) and dimethylformamide (DMF)) because they soaked very efficiently into
the powders of the starting materials (1-1 and 2-2). Preliminary calibration of the reverse
pipetting mode with this range of solvents had given more accurate and precise dispensing of
the volumes in comparison to forward pipetting mode. The use of reverse pipetting mode
allowed the quantitative transfer of the volume of dispensed solvent to the powder inside the
grinding jar by resting the pipette tip on the inside wall of the jar at the end of the dispensing
process. Any solvent adhered to the stainless steel wall of the jar would be quickly and
guantitatively adsorbed by the powder during grinding. An inherent part of this strategy was to
avoid contact of the wet pipette tip with the powders as it would strongly clump around the
wet pipette tip, making the experiment void.
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1.1.1. Use a 5 figure balance. For the collection vessel use a capped 2 mL glass vial.

1.1.2. Set the 5 to 120 pL electronic air displacement pipette to “reverse pipetting” mode, set
the aspiration and the dispensing speed to the lowest value.

1.1.3. Set the volume, for example, to 10.0 pL.

1.1.4. Fit the pipette’s nozzle to the pipette tip with a firm vertical movement to achieve a
perfect seal. Do not twist or move the pipette sideways during the fitting as this will damage
the pipette tip and compromise the seal. Pre-wet the pipette 5 times by aspirating and
dispensing 10.0 uL in a continuous sequence with the selected solvent.

1.1.5. Aspirate immediately after pre-wetting, 10.0 pL solvent ensuring the pipette is held
vertically. Immerse the tip 2-3 mm under the liquid surface. In “reverse pipetting” mode a set
excess of solvent is automatically aspirated.

1.1.6. Dispense the 10 uL volume to the vial, ensuring the pipette is held at a 30-45° angle to
the inside wall of the glass vial. Gently tap the end of the tip against the inside of the glass vial
to capture any exposed droplet left at the tip. Cap the vial immediately and weigh it. Record the
weight. Dispose of to waste the set excess of solvent inside the tip.

1.1.7. Replace the pipette tip for a new one. Repeat point 1.1.4 to 1.1.6 at least 3 times with
the same set volume. Record the weights.

1.1.8. Set now the volume of the pipette to a different value, i.e. 20.0 pL. Repeat point 1.1.4 to
1.1.7 using 20.0 pL volume. Do the same procedure with 30.0 uL, 40.0 uL, 50.0 pL, 60.0 uL, 70.0
pL, 80.0 uL, 90.0 pL and 100 pL.

1.1.9. Dispense with a 1 uL precision for a narrower range required for the ball mill grinding
experiment. For example: for acetonitrile, pipette between 20 pL and 27 uL with 1 pL precision.
Repeat point 1.1.4 to 1.1.7 using 21.0 uL, 22.0 uL, 23.0 uL, 24.0 pL, 25.0 pL, 26.0 pL and 27.0 uL
MeCN.

1.1.10. Calculate the average weight. Divide the average weight by the density of the solvent to
obtain the average value of the dispensed volume. Enter the values for the pipetted volume of
solvent in pL in the y axis and the values in pL for the volumes calculated from the average
weight in the x axis. Figure 5 shows an example of these graphs. [Place Figure 5 here].

NOTE: The correlation coefficient for the linearity graph should be r>> 0.99 for the wide range
(10-100 pL) as well as for the narrow range (20-30 pL).

1.2. Validation of precise pipetting of organic solvents in forward pipette mode
NOTE: Air displacement pipettes in forward pipetting mode (the normal mode of pipetting)
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were selected for a range of LAG solvents (methanol (MeOH), ethanol (EtOH), isopropanol
(IPA), dimethyl sulfoxide DMSO, benzene, toluene and water (H20)) which did not soak or
soaked much too slowly into the powders of the starting materials (1-1 and 2-2). Therefore it
was critical to avoid dispensing any solvent on the internal walls of the jar or on the surfaces of
the ball bearing as these solvent residues would not be adsorbed efficiently enough by the solid
during grinding and therefore not take part in the ball mill grinding reaction. The strategy was
to quantitatively transfer the volume of the solvent directly to the powder by resting the wet
pipette tip on top of the powder at the end of the dispensing process without the risk of
powder clumping around the wet tip. The use of reverse pipetting would have been unsuitable
for this range of solvents, as the solvent residue that needs to stay in the pipette tip at the end
of pipetting procedure would have been wrongly transferred by capillary action when the
wetted tip was rested on powder and therefore dispensed more solvent than intended.

1.2.1. Follow 1.1.1 to 1.1.2 but set the electronic air displacement pipette to “normal
pipetting” mode.

1.2.2. Set the volume, for example, to 65.0 uL for methanol, and follow step 1.1.4.

1.2.3. Aspirate 65.0 pL methanol following instruction on 1.1.5. Under “normal pipetting” only
the exact volume of solvent is automatically aspirated.

1.2.4. Dispense the 65.0 pL methanol to the vial as in 1.1.6 to quantitatively transfer all the
volume. Cap the vial immediately and weigh it. Record the weight and follow step 1.1.7.

1.2.5. Set now the volume in the pipette to 25.0 plL and repeat point 1.2.2 to 1.2.4 using 25.0
pL. Do the same with 50.0 uL, 60.0 pL, 75.0 uL, 80.0 pL and 85.0 uL methanol.

1.2.6. Dispense with a 1 L precision between 63 puL and 70 pL for methanol. Repeat point
1.2.2to 1.2.4 using 63.0 uL, 64.0 L, 66.0 uL, 67.0 pL, 68.0 uL and 69.0 pL methanol.

1.2.7. Follow 1.1.10. The wide range for methanol is 25 to 100 uL, and the narrow range is 60
to 79 uL.

2. Synthesis of Form A and Form B by ball mill grinding

2.1. Preliminary investigation of the grinding time required to synthesize Form A by ball
mill NG to equilibrium

2.1.1. Clean the grinding jars by sonicating them in acetone. Wash with detergent, rinse with
water and then with acetone. Dry the grinding jars in a drying cabinet at 70 °C for over 30 min.
Allow the grinding jars to cool before use.

2.1.2. Weigh 104.82 + 0.1 mg of 1-1 crystals (0.34 mmol, 1.0 equivalent) using a 5 decimal

figure balance. Transfer quantitatively the weighed powder to the male half of a 14 mL stainless
steel snap-closure grinding jar.
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NOTE: It works best when a weigh boat is made of greaseproof weighing paper cut into a U-
shape as the powder does not stick on the weighing boat when transferred. Make it small
enough to fit easily inside the opening of the grinding jar to avoid spillage. As a precaution, use
wide blade rounded tweezers, as they grip better, to transport the filled weighing boat from the
balance to the inside of the grinding jar. Use them also later on to handle the ball bearings.

2.1.3. Weigh 97.66 + 0.1 mg of 2-2 crystals (0.34 mmol, 1.0 equivalent). Transfer the weighed
powder quantitatively to the male half of the grinding jar. The jar already contains 1-1.

2.1.4. Mix the two solids reagents inside the grinding jar thoroughly with a micro spatula.

2.1.5. Insert two 7.0 mm diameter (1.37 g) hardened stainless steel ball bearings. Place them
carefully on top of the powder.

2.1.6. Pipette 2 uL dbu using a 1-10 uL pipette and deliver the base catalyst on the top of one
of the two ball bearings.

NOTE: Take care not to allow the ball bearing with dbu to roll over the powder. This would
result in the powder being coated with dbu before grinding is started.

2.1.7. Snap close the grinding jar. Ensure no gap is left at the junction. Secure the outside of
the junction with insulating tape as an additional precaution.

2.1.8. Install the grinding jar in the adjustable clamp from one of the two arms of the ball mill
grinder. Tighten the screw on the safety clamp until the jar is immobilized.

2.1.9. Turn the self-locking clamping device to the LOCK position to prevent the jar from being
ejected while grinding. Ensure the other arm bears a similar weight to the jar so that the
grinder is evenly balanced while grinding and does not become damaged. Install a safety screen
in front of the grinder.

NOTE: The build in safety screen has been removed from the ball mill grinder and replaced with
an external safety screen. This is to avoid the heat venting from the motor heating up the
sealed space where the grinding jars are installed and heating them during grinding.

2.1.10. Set the frequency of the ball mill grinder to 30 Hz, and the timer to, for example, 5.0
min.

2.1.11. Now, start the grinder by pressing the START button. When the time has elapsed, the
grinder will stop automatically. Immediately, remove the insulating tape from the junction and

open the grinding jar.

2.1.12. Analyse the product immediately on completion of grinding. Run first the Powder X-ray
diffractogram (PXRD) scan.
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2.1.13. Transfer the powder from the grinding jar to a small agate mortar. Break lumps with the
agate pestle until powder is smooth. Transfer some powder into the 2 mm rectangular recess
on the glass PXRD sample slide. Compress the powder with a glass slide to evenly flatten the
powder surface to the same level as the rest of the glass slide. Remove the residual powder on
the surface. Label the slide.

2.1.14. Mount the PXRD sample slide on the slide bracket of the Powder Xray diffractometer.
Scan the sample. The powder Xray diffractometer used is equipped with Cu Ka radiation and a
detector operating in reflection geometry with the following parameters: range 5 to 45° in 26,
step size 0.03°, time/step 100 s with a total time of 13 min, 0.04 rad soller, VxA 40x40. Close the
PXRD door and start the PXRD scan on the Data Collector software.

2.1.15. Perform a Rietveld refinement (Find Rietveld refinement guidelines in section 4.1) on
the PXRD data collected. [Place Figure 2 here] This gives the phase composition of the solid
sample in %wt. Calculate the phase composition as %M of the starting materials 1-1 and 2-2
and each polymorph of the product Form A and Form B.

2.1.16. Analyse the chemical composition of the powder by High Performance Liquid
Chromatography (HPLC). Prepare the sample diluent by adding 0.2 mL of trifluoroacetic acid
(TFA) using a glass gas tight syringe to 100 mL of HPLC grade acetonitrile to form “MeCN+0.2%
TFA” solution. Mix well.

2.1.17. Prepare the sample solution for HPLC analysis at a concentration of 1mg/mL in
“MeCN+0.2% TFA”. Using a 5 figure balance, zero a 1.8mL clear HPLC glass vial. Add a small
amount of the powder to reach a weight between 0.7 and 1.0 mg. Record the weight (e.g. 0.88
mg). Adjust a 1 mL automatic pipette to give a volume in plL equivalent to the amount weighed
(e.g. 880 uL for 880 ug weighed). Pipette this volume of the sample diluent (MeCN+0.2%TFA). It
should result in a 1 mg/mL sample solution.

2.1.18. Cap the HPLC vial with a suitable HPLC cap with septa. Swirl the vial manually to get the
powder in solution. Sonicate the vial for maximum 5 min to ensure that the powder is in
solution. Check against the light to ensure there are no undissolved particles. This sample is
now ready for HPLC analysis.

2.1.19. Install a C18 HPLC column on the HPLC equipment. Install the inlet of the HPLC column
on the outlet of the heat exchanger located in the column oven and the outlet of the HPLC
column on the inlet of the ultraviolet/visible (UV/VIS) spectrophotometer flowcell.

2.1.20. Prepare the HPLC system with Solvent A as “Water +0.1% Formic acid” and solvent B as
“Acetonitrile +0.1% Formic”. Purge the HPLC system with both solvents. Set the UV/VIS
detector to A = 260 nm, with an 8 nm bandwidth and the Arererence = 550 nm with a 100 nm
bandwidth. Set the injection volume to 1 pL and set the HPLC column heater to 60 °C.
Equilibrate the HPLC column with 75% solvent B. Inject and run the solvent gradient from 75 to
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85% solvent B over 2 min with a flow rate of 2 mL/min. Equilibrate over 1 min before the next
injection. Inject the sample. 1-1 elutes at 0.55 min, 1-2 elutes at 0.9 min and 2-2 elutes at 1.65
min.

NOTE: The UV/VIS parameters are experimentally selected so that the peak area of 1-1 is the
same as that of 2-2. 1-1 and 2-2 are expected to be always equimolar in this solid state
reaction. The best match of the peak areas for 1-1 and 2-2 are obtained with the UV/VIS
detector used with A = 260 nm (peak width 8nm); Ager = 550 nm (peak width 100nm).

2.1.21. Determine the peak area for each of these 3 peaks and calculate the total peak area.
Calculate the % Peak Area Ratio (% PAR) by dividing the peak areas of individual peaks by the
total peak area. Report the values obtained as concentration expressed as %M of 1-1, 2-2 and
1-2. These values are equivalent to their corresponding % PAR.

2.1.22. Repeat the experiment (step 2.1.2 to 2.1.21) by only changing the length of the grinding
time to 10 min, 15 min, 20 min, 25 min, 30 min, 32 min, 34 min, 36 min, 38 min, 40 min and 45
min as in 2.1.10. Always run an extra experiment after reaching equilibrium by grinding for
longer time to ensure that the equilibrium level is constant.

NOTE: These specific grinding times have been selected to define the exponential segment of
the kinetic curve ending in equilibria following the initial delay period. At equilibrium, the phase
composition is consistent with quantitative Form A while the chemical composition is
consistent with 97% M of 1-2, 1.5% M of 1-1 and 1.5% M of 2-2.

2.1.23. Plot the chemical composition obtained from HPLC analysis of 1-1, 2-2 and 1-2 as %M in
the y-axis and the grinding time in min in the x-axis. This gives a kinetic curve for the chemical
composition. Figure 3a shows an example of kinetic curve plotting the chemical composition of
ball mill neat grinding versus grinding time.

NOTE: Quantitative formation of 1-2 demonstrates that the experiment has reached
thermodynamic equilibrium.

2.1.24. Plot the phase composition obtained from the Rietveld refinement of 1-1, 2-2, Form A
and Form B as %M in the y-axis and the grinding time in min in the x-axis. This gives a kinetic
curve plotting the phase composition. Figure 3 b) shows an example of kinetic curve for phase
composition of ball mill neat grinding versus grinding time. [Place Figure 3 here]

2.2. Preliminary investigation of grinding time required to synthesize Form B by ball mill
LAG with 50uL MeCN to equilibrium
2.2.1. Follow step 2.1.2 to 2.1.6.

2.2.2. Dispense 50 pL MeCN over the powder with a 100 pL pipette avoiding contact of the

wet pipette tip with the powder. See Section 1.1 and 1.2 on recommended procedures for
pipetting organic solvents in reverse pipetting and normal pipetting mode.
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NOTE: Do not touch the powder with the pipette tip containing MeCN residue. The powder will
immediately clump around the wet pipette tip resulting in poor stoichiometry for the powder
and the solvent. This will affect the kinetics and make the experiment void. Any manual pipette
or any automatic pipette in reverse pipetting or normal pipetting will be suitable for this
experiment. 50 uL MeCN is well in excess of the 23 uL MeCN required to perform this reaction.
Therefore precise pipetting is not required here.

2.2.3. Follow step 2.1.7 to 2.1.12.

2.2.4. Analyse the phase composition by Rietveld refinement as in steps 2.1.13 to 2.1.15 and
the chemical composition by HPLC as in 2.1.16 to 2.1.21.

NOTE: Form A is never observed under ball mill LAG conditions.

2.2.5. Repeat the experiment (step 2.2.1. to 2.2.4) by only changing the length of the grinding
time to 10 min, 13 min, 14 min, 15 min, 17 min, 18 min, 20 min, 25 min and 30 min. Always run
an extra experiment after reaching equilibrium by grinding for longer time to ensure that the
equilibrium level is constant.

NOTE: These grinding times have been selected to define the exponential segment of the
kinetic study ending in equilibria following the initial delay period. At equilibrium, the phase
composition is consistent with quantitative Form B while the chemical composition is
consistent with 97%M of 1-2, 1.5%M of 1-1 and 1.5%M of 2-2.

2.2.6. Prepare the kinetic graph for the chemical composition as in 2.1.23 (See Figure 4a) and
the phase composition as in 2.1.24 (See Figure 4 b) [Place Figure 4 here]

2.3.  Synthesis of Form A by ball mill NG
2.3.1. Follow all steps in Section 2.1. Grind only for 45 min at 30 Hz which suffices to reach
equilibrium.

NOTE: Form A is quantitatively formed. The chemical composition of the product is consistent
with 97%M of 1-2, 1.5%M of 1-1 and 1.5%M of 2-2.

2.4. Synthesis of Form B by ball mill LAG
2.4.1. Follow all steps in Section 2.2. Grind only for 30 min at 30 Hz which suffices to reach

equilibrium.

NOTE: Form B is quantitatively formed. The chemical composition of the product is consistent
with 97%M of 1-2, 1.5%M of 1-1 and 1.5%M of 2-2.

Page 9 of 6



439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482

3. Preparation of Form A and/or Form B by ball mill LAG using different types and
volumes of organic solvents as LAG solvents.

3.1. Procedure 1: Ball mill LAG reaction using LAG solvents with high affinity for the
powder

NOTE: Procedure 1 has been designed for LAG solvents which exhibit high affinity for the
equimolar mixture of 1-1 and 2-2. Examples are MeCN, Acetone, THF, DMF, EtOAc, and CHCls.
As an example of this procedure we will discuss the addition of 17.0 pL acetone as LAG solvent.

3.1.1. Follow 2.1.1t0 2.1.6 but use a 14 mL screw closure grinding jar.

NOTE: For these precise LAG experiments, use screw-closure stainless steel grinding jars with a
Teflon seal incorporated at the junction so as to trap quantitatively the solvent and the solid
during grinding inside the jar. A snap closure grinding jar can leak solvent from the junction.

3.1.2. Fix the bottom part of the male half of the grinding jar to the bench with re-usable
adhesive putty, to prevent the ball bearings from rolling later in the procedure.

3.1.3. Set the electronic air displacement pipette to “reverse pipetting”, the aspirating and
dispensing speed to the slowest setting and the volume, for example, to 17.0 uL for acetone.
Follow the procedures discussed for the use of “reverse pipetting” in Section 1.1.

3.1.4. Take special care to homogenously drip the 17.0 pL acetone on the exposed surface of
the powder.

NOTE: Do not touch the powder with the pipette tip containing acetone residue. The powder
will immediately clump around the wet pipette tip resulting in poor stoichiometry for the
powder and the solvent. This incident will make the experiment void. There is no problem with
a high affinity solvent being left on the inside wall of the grinding jar or on that ball bearing
which is not loaded with dbu. These solvents have such a high affinity for the powder, that they
will be quantitatively absorbed by the powder during grinding.

3.1.5. Take the empty female half of the grinding jar and carefully screw it on the male half
containing the powder. Do this as soon as possible after the addition of acetone. Screw tight to
ensure that the Polytetrafluoroethylene (PTFE) washer makes a leak-proof seal. Tape the
outside of the junction securely with insulating tape as an additional precaution.

3.1.6. Follow 2.1.8 to 2.1.12 but set the timer to 45 min.

NOTE: Preliminary kinetic experiments using acetone as the LAG solvent have demonstrated
that 45 min grinding suffices for the ball mill grinding reaction reaching the desired equilibrium.

3.1.7. Analyse the phase composition by PXRD as in 2.1.13 to 2.1.15 and the chemical
composition by HPLC as in 2.1.16 to 2.1.21.
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NOTE: it is critical for these experiments that the analysis by HPLC is consistent with
guantitative formation of 1-2 demonstrating that the solid state reaction has reached
thermodynamic equilibrium.

3.1.8. Calculate the term R. R is the ratio between the % mol of Form B and the %mol of total
amount of heterodimer 1-2 =Form A+Form B.

3.1.9. Repeat step 3.1.1 to 3.1.8 by pipetting different volumes of the same solvent (acetone)
to define the equilibrium curve (see 3.1.9 below). Perform grinding experiments by
independently adding 10.0uL, 14.0ul, 15.0plL, 16.0pL, 18.0ul, 20.0uL, 30.0puL and 50.0ulL
acetone to the powder.

3.1.10. Plot the equilibrium curve for acetone by entering the %R values in the y-axis and the pL
acetone added in the x-axis. The x-axis is expressed as uL acetone per 200 mg of powder or mol
acetone per mol of total powder.

NOTE: In the case of acetone, the addition of 16 uL or less of acetone results in quantitative
Form A (0%R) while the addition of 17 uL or more of Acetone results in quantitative Form B
(100%R). An example of the chemical and phase analysis leading to the solvent equilibration
curve of ball mill LAG grinding using DMF as LAG solvent can be seen in Figure 7. [Place Figure 7
here]

3.2.  Procedure 2: Ball mill LAG reaction using LAG solvents with low affinity for the powder
NOTE: Procedure 2 is suitable for LAG solvents which exhibit very low affinity for the equimolar
mixture of 1-1 and 2-2. Examples are methanol, ethanol, isopropanol, dimethyl sulfoxide,
benzene, toluene, cyclohexane and water. As an example we will discuss the addition of 65.0 uL
methanol as LAG solvent.

3.2.1. Follow 2.1.1t02.1.4.

3.2.2. Transfer around 60 mg of the mixture to a weighting boat. Reserve it for later use.

3.2.3. Set the electronic air displacement pipette to “normal pipetting”, the aspirating and

dispensing speed to the slowest setting and the volume, for example, to 65.0 pL for methanol.
Follow the procedures discussed for the use of “normal pipetting” mode in Section 1.2.

3.2.4. Fix the bottom part of the male half of the grinding jar to the bench with re-usable
adhesive putty, the ball bearings from rolling to prevent later in the procedure.

3.2.5. Drip the 65.0 uL methanol homogenously on the exposed surface of the powder. Take
care during dispensing of methanol not to drip or touch the inside walls of the jar.

3.2.6. Rest the wet pipette tip on the surface of the powder to quantitatively deliver the
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volume of methanol. The powder will not clump on contact with the wet end of the pipette tip.

NOTE: The kinetics of absorption of these solvents into the powder is very slow. Therefore any
solvent not directly in contact with the powder will not take part in the ball mill grinding
reaction giving results consistent with having added less solvent.

3.2.7. Pour the powder left in reserve over the wetted patches of powder in the grinding jar.
This should trap the solvent inside the powder. Tap carefully the jar to compact the wetted
powder.

3.2.8. Follow 2.1.5t0 2.1.6.

3.2.9. Cap the male half with the empty female half of the grinding jar. Take care not to roll
onto the powder the ball bearing loaded with dbu.

3.2.10. Leave the grinding jar to stand undisturbed over 20 min. This should enable the solvent
to soak into the powder.

3.2.11. After the soaking period has elapsed, screw tightly the junction in the grinding jar to
ensure that the PTFE washer makes a leak-proof closure. Tape the junction securely with
insulating tape as an additional precaution.

3.2.12. Follow 2.1.8 to 2.1.9.

3.2.13. Set the ball mill grinder frequency to 30 Hz, and the timer to 60 min. The grinder needs
to run for 4 sets of 60 min. This is automatically done with the homemade “Push Button” setup.

NOTE: Preliminary kinetic experiments have demonstrated that over 3 to 4 h is required for the
ball mill grinding reaction reaching the desired equilibrium with methanol as the LAG solvent.

3.2.14. Launch the “Push a Button” software application. Enter the 4 values required to initialize
grinding and to keep grinding over the period of hours required. Number of pushes: 4; Push
hold (s): 10; Push Period (min):65; Com Port Number: 3.

3.2.15. Click on the START button in the “Push a Button”software and grinding will start. The
grinder will automatically stop after 60 min grinding as set on the ball mill grinder. The software
on reaching 65 min will send an instruction to activate the solenoid to press down the ball mill
grinder START button and restart grinding. This cycle will be repeated as many times as
requested in the “Push Button” software.

NOTE: On clicking the START button on the “Push a Button” software, the relay will activate the
solenoid situated in a fixed position directly over the START button from the ball mill grinder.
The solenoid will immediately hit the START button on the MMA400 grinder, initialling the
grinding. The solenoid will release its grip on the START button after the set number of seconds
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entered in the Push hold. It is recommended to allow the grinder to rest for 5 min between
periods of 60 min grinding time and the start of the next grinding session to prevent the motor
from overheating.

3.2.16. Analyse the phase composition by Rietveld refinement as in 2.1.13 to 2.1.15 and the
chemical composition by HPLC as in 2.1.16 to 2.1.21.

3.2.17. Calculate the term R as in 3.1.8.

3.2.18. Repeat the full procedure with different volumes of the same solvent to define the
equilibrium curve. In this example, perform independent experiments with 25.0 uL, 50.0 uL,
60.0 uL, 63.0 pL, 64.0 pL, 66.0 pL, 67.0 uL, 68.0 pL, 69.0 uL, 70.0 pL, 75.0 pL, 80.0 pL and 85.0 pL
methanol.

3.2.19. Plot the solvent equilibrium curve as in 3.1.10.

NOTE: In the case of methanol, the addition of 64uL or less of methanol results in quantitative
Form A (0%R) while the addition of 68 uL or more of methanol results in quantitative Form B
(100%R). An example of the solvent equilibration curve of ball mill LAG grinding using MeOH as
LAG solvent can be seen in Figure 6b. [Place Figure 6 here]

NOTE: The addition of benzene, toluene, cyclohexane and water to the equimolar mixture of 1-
1 and 2-2 results always after ball mill grinding in the formation of Form A; Form B is not
formed.

4, Determination of phase composition by PXRD

NOTE: The solid state phase composition of the powder mixtures as obtained at the end of the
milling experiment is studied by Rietveld refinement of ex-situ powder diffraction data.3? Some
guidelines are here given.

4.1. Determination of phase composition
4.1.1. Retrieve the crystal structure models for 1-1, 2-2, Form A and Form B from the
Cambridge Structural Database.3?

4.1.2. Minimize the number of structural and microstructural variables and background
parameters necessary to obtain a good a fit with the Rietveld refinement software of choice -
the fewer the refined parameters, the smaller the estimated standard deviations.

NOTE: Preliminary structural refinements of pure single phase milled samples are helpful in this
sense, as they allow to optimize the structural model and address complications such as
preferred orientation crystallographic directions. The ones we identified were (0 1 0) for 1-1; (O
01)for2-2;(102)and (00 1) for Form A; (0 1 0) for Form B. Rietveld refinement is performed
with the assumption that 1-1 and 2-2 are always equimolar: constrain the scale factors of 1-1
and 2-2 together in order to achieve that.
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4.1.3. Repeat the powder diffraction specimen preparation and data collection for a few
selected samples to estimate the precision of the Rietveld quantitative analyses. (See Figure 2)
NOTE: The agreement between PXRD and HPLC analysis was found to be excellent (see Figure 3
and 4).

4.1.4. Perform Rietveld refinements with a commercial software.3* However there are a
number of freeware and commercial Rietveld refinement softwares that can be used for the
same purposes.

4.2. Refinement of the instrumental parameters

4.2.1. Refine the instrumental contribution to peak broadening reduces the number of peak
shape parameters. Use a specific crystalline standard such as Lanthanum hexaboride (LaBs) or
Yttrium(lll) oxide (Y203) to study the instrumental contribution to line broadening of PXRD data
prior to the collection of any experimental data.

4.2.2. Run the slide with LaBs as described in steps 2.1.13 to 2.1.14.

4.2.3. Retrieve the crystal structure model of the standard from the Crystallographic Open
Database,?> and make a Rietveld refinement of the standard assuming no contribution to peak
broadening from the standard itself.

4.2.4. When performing the Rietveld refinement of Form A and/or Form B use the peak shape
parameters as refined for the standard and include terms that account for sample contribution
to line broadening in the peak shape function.?® A single isotropic term for crystal size
contribution to line broadening was found to work well in our examples.

REPRESENTATIVE RESULTS:

This protocol is always started by the experimentalist validating his or her pipetting skills and
inspecting the quality and performance of the pipettes or syringes used. This is best done by
performing training sets on pipetting accurate volumes of the specific solvent intended to be
used for the ball mill grinding experiments. The accuracy of the dispensed volumes is validated
by weighing checks and this validation is repeated until the desired accuracy and precision is
achieved. This validation has to be done for each solvent used for the ball mill grinding
experiments. Figure 5 shows an example of such a validation of the accurate pipetting with
acetonitrile.

HPLC data was collected to obtain the chemical composition and PXRD scans were collected to
obtain the phase composition of the powder from ball mill grinding reactions (See Figure 1 for
the reaction scheme and the key concept of solvent equilibrium curves). HPLC data quantifies
the chemical composition as %M of the 2 homodimers (1-1 and 2-2) and the heterodimer (1-2)
in the powder. Rietveld refinement prepared from the PXRD scans is used to quantify the phase
composition as %M of the homodimers starting materials (1-1 and 2-2) and the two polymorphs
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(Form A and Form B) of the heterodimer product 1-2. HPLC can be used therefore to validate
the accuracy of the phase composition results obtained by Rietveld refinement on the same
samples; the combined concentration of Form A and Form B as %M determined by PXRD
should equate with the concentration of 1-2 as %M determined by HPLC, while 1-1 and 2-2
should have the same concentration in %M determined by HPLC and PXRD. This is clearly
shown on Figure 3 and Figure 4 where there is a good correlation between the kinetic curves
plotting the chemical composition obtained by HPLC analysis and the kinetic curves plotting the
phase composition obtained by PXRD analysis.

The success of the preparation of accurate and precise solvent equilibrium curves for the ball
mill grinding reaction relies on 3 factors: a) accurate and precise pipetting by the
experimentalist; b) knowing when the ball mill grinding reaction has achieved equilibrium,
which can be learned by performing the relevant kinetic studies as shown in Figure 3 and Figure
4; and c) by using the right experimental procedure for each solvent. The equilibrium curve in
Figure 7 demonstrates good correlation between %R and the uL of DMF added to the grinding
reaction when using experimental procedure 1. However, experimental procedure 1 gives very
poor correlation between %R and the pL of methanol added to the grinding reaction as shown
in Figure 6a, while the use of experimental procedure 2 for methanol gives good correlation as
shown in Figure 6b. Figure 8 shows individually and combined how different solvents (MeCN,
Acetone, THF, EtOAc, DMF, CHCls, DCM, MeOH, EtOH, IPA and DMSO) results in different
solvent equilibrium curves for the ball mill LAG reactions. Figure 8 demonstrate that good
correlation between %R and the amount of solvent added to the ball mill grinding reaction can
be achieved if care and good experimental design is applied when performing these
experiments.

FIGURE & TABLE LEGENDS:

Figure 1: Reaction scheme of the ball mill grinding experiments and key concept of solvent
equilibrium curves using the R value.

These equilibrium curves shows graphically the effect of the addition of a few drops of solvent
(x axis) on the phase composition of the product (y axis) when ball mill grinding for long enough
to achieve equilibrium conditions. The bottom part of the graph accounts for Form A being
guantitatively formed, the top part of the graph for Form B being quantitatively formed while a
mixture of Form A and Form B is formed for the volume range of the solvent accounting for the
sigmoidal part of the graph. This figure has been reprinted from the Supplementary information
in Chem. Sci., 2016, 7, 6617 (Ref. 25).

Figure 2: Rietveld refinement plot example for the equilibrium mixture under milling
conditions when using 67 pL methanol.

Experimental pattern (black line), calculated pattern for Form A (blue), calculated pattern for
Form B (red), and difference pattern (grey). The refinement converged with Rwp =10.82% and x2
= 2.65. For this specific example the R ratio was 41%, and crystal size was estimated to be 71
and 86 nm for Form A and Form B respectively.
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Figure 3: Kinetic curves obtained for the ball mill neat grinding reaction of 1-1 +2-2 +2%M dbu
(a,b).

No fitting was performed - the lines are only a guide to the eye. The graph shows the
composition of reactants (1-1 & 2-2) and the heterodimer formed (Form A and Form B) as %M
versus grinding time a) HPLC analyses showing chemical composition of the powder at each
kinetic point; b) Rietveld refinement of PXRD scans showing phase composition of the powder
at each kinetic point. It demonstrates that Form A is exclusively formed while Form B is not
formed at any kinetic point. Reprinted with permission from JACS, 2014, 136, 16156 (Ref. 27).
Copyright 2014 American Chemical Society.

Figure 4: Kinetic curves obtained for the ball mill LAG reaction of 1-1 +2-2 +2%M dbu + 50 pL
MeCN. (a,b)

No fitting was performed - the lines are only a guide to the eye. The graph shows the
composition of reactants (1-1 & 2-2) and the heterodimer formed (Form A and Form B) as %M
versus grinding time a) HPLC analyses showing chemical composition of the powder at each
kinetic point; b) Rietveld refinement of PXRD scans showing phase composition of the powder
at each kinetic point. It demonstrates that Form B is exclusively formed while Form A is not
formed at any kinetic point. Reprinted with permission from JACS, 2014, 136, 16156 (Ref. 27).
Copyright 2014 American Chemical Society.

Figure 5 Validation of the accuracy and precision of volume dispensed with electronic air
displacement pipette set to reverse pipetting mode, calibrated by weighing experiments.
(a,b)

a) Range 10-100uL MeCN; b) expanded narrow range from 20-30 pL MeCN. This figure has been
reprinted from the Supplementary information in Chem. Sci., 2016, 7, 6617 (Ref. 25).

Figure 6: Solvent equilibrium curves for ball mill grinding reaction of 1-1 + 2-2 + 2%M dbu
when using Methanol as the LAG solvent. (a,b)

No fitting was performed - the line is only a guide to the eye. The equilibrium curve (%R versus
uL Methanol added to 200 mg powder) in a) gives very poor correlation using experimental
Procedure 1 while in b) there is a good correlation when using experimental Procedure 2. This
figure has been reprinted from the Supplementary information in Chem. Sci., 2016, 7, 6617
(Ref. 25).

Figure 7: Ball mill LAG of 1-1+2-2+2%M dbu for 3 h at 30 Hz with DMF as LAG solvent. (a-e)
HPLC chromatograms and PXRD scans for 3 examples: at equililbrium, the addition of b) 13uL
DMF results in quantitative Form A, c) 30 uL DMF results in quantitative Form B and d)19 plL
DMF results in a mixture of Form A and Form B. e) THF equilibration curve is shown for all the
17 experiments performed with DMF, plotting the %R determined versus the uL DMF added to
the 200 mg powder. This figure has been reprinted from the Supplementary information in
Chem. Sci., 2016, 7, 6617 (Ref. 25).

Figure 8: Individual and combined solvent milling equilibrium curves plotted as solvent
concentration versus %R index.
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No fitting was performed - the lines are only a guide to the eye. Solvent investigated are:
MeCN, acetone, THF, DMF, EtOAc, CHCls, DCM, DMSO, MeOH, EtOH, IPA and water. Water
does not lead to the formation of Form B. The dispensing of DCM as LAG solvent was
performed with a gas tight glass syringe. This figure has been reprinted from the
Supplementary information in Chem. Sci., 2016, 7, 6617 (Ref. 25).

DISCUSSION:

While most of the literature on mechanochemistry focuses either on pragmatic outcomes or on
reaction mechanisms, this paper addresses the thermodynamic end point of ball mill grinding.
From this perspective, kinetic studies are a necessary step to the definition of the final
equilibrium plateaus. Through our kinetic and final equilibrium studies, we know that the ball
mill grinding reactions here discussed are driven by thermodynamics, resulting in the most
stable polymorph composition under the given milling conditions. This is also the first time to
our knowledge that experimental preparation methods - such as pipetting methods and milling
jar setup - for mechanochemical experiments are presented and discussed in detail.

It is critical to the successful outcome of the ball mill LAG experiments that a preliminary kinetic
study is undertaken to establish for how long the ball mill grinding experiment needs to run to
reach equilibrium. Under thermodynamic conditions ball mill grinding reactions can present
three scenarios discussed in this manuscript; a) adding not enough volume of the given solvent
for the ball mill grinding reaction, in which case the outcome is the quantitative formation of
Form A; b) using at least enough volume of the given solvent, which results in the quantitative
formation of Form B; c) the third case is in the gap between both extremes, where the skills,
care and experimental design of the experimentalist become most important. The successful
experimentalist will be able to demonstrate that the concentration of Form B increases with
increased added solvent volume of the given solvent in a sigmoidal way until enough solvent is
added to result in quantitative formation of Form B in a ball mill LAG reaction. For some
solvents this change is so sharp that a difference of just 1 uL suffices to obtain quantitatively
either Form A or Form B, as in the case of acetonitrile and acetone. Figure 8 summarizes this
discussion. [Place Figure 8 here]

Since thermodynamic concepts are general, milling equilibria as a function of solvent
concentration under ball mill LAG conditions should be amenable to study for virtually for any
given system setting up analogous procedures. There is therefore the potential to explore and
discover new polymorphs by variation of added solvent, which may have practical implications
in various industrial settings, and this includes most organic and inorganic reactions, as well as
supramolecular compounds.

Laboratory environment (temperature, atmospheric pressure, humidity) during sample
preparation and experiments can affect the kinetics and equilibrium end point of the milling
process - see Tumanov et al. (2017)3” as an example. In our experience, even small variations in
size and shape of the milling jar and ball bearings - as well as the material they are made of -
and total amount of powder can significantly affect the reaction rate and final equilibrium of
the milling experiments. The experimentalist needs to take great care in the design and
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performance of these experiments, considering: (i) what pipetting technique has to be adopted
for a specific solvent; (ii) how compounds have to be added to the milling jar and mixed; (iii) the
size and shape of the milling jar and ball bearings; (iv) whether a stainless steel or a transparent
material - which is necessary for in-situ techniques such as Raman?'3® - should be adopted for
the milling jar and ball bearings. Perspex jars are easily damaged by many solvent used with
LAG and solvents used for cleaning the jars. 3D printing of transparent jars from polylactic acid
(PLA) allows more intricate design of the external geometry of jars, which show good
mechanical and chemical resistance compared with Perspex, and are therefore more suitable
for ball-milling experiments.3® Equilibrium experiments must be performed as consistently as
possible, both in the experimental procedure and hardware, i.e. using identical preparation
methods, jars, ball bearings and total amount of powder.

Care must be taken not to overgrind unnecessarily as decomposition can occur. For our
disulfide system, decomposition products can be observed for example by HPLC analysis or
NMR. If this happens, a decomposition kinetic study is necessary. Ball mill grinding must be
performed for the shortest time that leads to equilibrium.

The current experimental approach has limitations in that we are not controlling macroscopic
temperature efficiently and do not know local temperatures within the steel reaction vessel.
We are also currently unable to monitor the evolution of crystallinity, which refers to the
degree of structural order in a crystalline solid and crystal morphology during the course of
grinding. In a nanocrystalline powder, crystallinity is mostly related to the average crystal size,
which can crucially affect the polymorph stabilities.?®> Improvements in these areas would
greatly enhance our ability to explore and understand underlying processes.
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Name of Material/ Equipment Company Catalog Number Comments/Description
Bis(2-nitrophenyl) disulfide i [1155-00-6]
Aldrich 215228-25G
named 1-1 e (98%)
Bis(4-chlorophenyl) disulfide [1142-19-4]
TCI D0360

named 2-2 (98+%)
1,8-Diazabicyclo [5.4.0]undec-7- . [6674-22-2]

A 1606102
ene (dbu) cros Organics 60610250 (>97.5 % by GC)

Synthesised by ball mill
2-nitrophenyl-4-chlorophenyl- in house y. . ! Y !
disulfide named 1-2 thesi grinding: 1:1 of 1-1 + 2-2 +

isulfide name synthesis %M dbu
in house Polymorph of 1-2 prepared by
Form A . . -
synthesis ball mill neat grinding
. Polymorph of 1-2 prepared by
in house e .
Form B ) ball mill liquid assisted
synthesis .
grinding
. . Scientific (64-18-6]
Formic Acid Laboratory 56302-50ML
) Mass spectrometry grade
Supplies
. . . [76-05-1]
Trifl t d (TFA Th Fish 85183
rifluoroacetic acid (TFA) ermoFisher Reagent-Plus 99%
[7732-18-5]
Water (H,O
ater (H,0) Rathburn W/0106/PB17 HPLC gradient analysis grade
used also for HPLC analysis
[75-05-8]
o Hypergrade for LCMS grade
Acetonitrile (MeCN), Merck 160610250 LiChrosolv used also for HPLC
analysis
Fish [67-64-1] HPLC
Acetone .IS e.r_ A/0606/17
Scientific grade

*


http://www.editorialmanager.com/jove/download.aspx?id=707328&guid=78a376f0-1701-456b-bd86-68773357f737&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=707328&guid=78a376f0-1701-456b-bd86-68773357f737&scheme=1

Fisher

Methanol (MeOH) o M/4062/17  |[67-56-1] LCMS
Scientific
grade
Ethanol (EtOH) Sigma Aldrich 15727-5L [64-17-5]
laboratory reagent , absolute,
. Fisher [67-63-0] HPLC
| (IPA P/7508/17
isopropanol (PA) Scientific / / grade
. [109-99-9] For HPLC; 99%38,
Tetrahydrofurane (THF) Acros Organics 268290010 .
unstabilised
Fisher
Ethyl tate (EtOA E/0906/15
ylacetate (EtOAC) Scientific /0906/ [141-78-6]
Fisher [67-66-3] HPLC grade,
Chloroform (CHCls, C/4966/17
( ) Scientific / / stabilised with amylene
Fisher -09-
Dichloromethane (DCM) sher p/igs7/17  |7°°0%21 - HPLC
Scientific grade, unstabilised
i ) [68-12-2] very toxic
D hylf DMF Alfa A 2291
imethylformamide ( ) a Aesar 915 HPLC grade 99+% pure
i . [67-68-5] very toxic
D hylsulf DM Alfa A 4
imethylsulfoxide (DMSO) a Aesar 36480 ACS, 99.9% min
Fisher [110-82-7] HPLC
Cycloh C/8936/15
yLlonexane Scientific / / grade, 99.8+%
Fisher [108-88-3] HPLC
Tol T/2306/15
oluene Scientific Ltd / / grade
71-43-2 uriss
Benzene Sigma Aldrich 401765 [ ] P
pa reagent
systematic error in
specification:
5-120 mL automatic pipette Sartorius Picus elLine for 120mL is £0.48 mL,

for 60 mL is £0.36 mL,
for 12 mLis £0.24 mL




VIAL screw clear 1.5ml + CAP

Jaytee JW41110 + |Capped vial used for validatin
bakelite solid screw PTFE lined for ) y PP . &
. Biosciences JW43927 accuracy and precision of
10mm vial )
dispensed solvent
The Cambridge
8 Cambridge Containing over 900,000
Crystallogra- )
Crystal Structural Database ohic Data Structural entries from x-ray and neutron

Centre (CCDC)

Database (CSD)

diffraction analyses

powder X-ray diffractometer Panalytical X-Pert PRO MPD |Equipped with an X’Celerator
detector with Cu Ka radiation
powder X-ray diffractometer data Panalytical X’'Pert HighScore |solftware package used to
Collector software Plus v3.0 adquire the PXRD data
Rietveld refinement software Version 6 of To prepare phase composition
) ) ) BRUKER . |and crystal size from PXRD
including Scherrer equation TOPAS-Academic scans
HPLC high pressure binary
pump, autosampler, Peltier
HP1200 Series [type column oven with 6 L
HPLC equipment Agilent modular HPLC |heat exchanger and Diode
system Array Detector with a semi-
micro flow cell (1.6ul, 6mm
pathlength).
HPLC column Agilent 1.8pm icirsbax XbB (4.6mm ID x 50 mm length)
modified: replaced safety
Ball mill grinder Retsch MM400 cover for external safety
screen
14 mL snap closure stainless steel manuctured from 316 stainless
In house

jars

steel




14 mL screw closure stainless steel

manuctured from 316 stainless

) In house steel - contains a
jars PTFE washer
Dejay Stainless Steel Balls A.I.S.1. 420
Stainless steel ball bearings: Distribution 7.0 mm (1.37g) |Carbon (0.25/0.35%) &
Ltd Chromium (12/14%)

“Push a Button” software

Developed at
Department of
Chemistry

Written in Visual Basic. It
activates an electronically
controlled switch (relay).

"Push a Button” Solenoid

Magnet Schultz

Type 609RP
12 Volt DC

609RP (RP stands for) R
- for spring-return
for push-rod

"Push a Button”
Solenoid holder

Department of
Chemistry

To hold solenoid over START
button on the MM400

“Push a Button” Relay

KM Tronic

USB one relay

USB Relay Controller - One
Channel - HyperTerminal ASCII
commands. Connection to a
PC's USB port using VCP
(Virtual COM port).

re-usable adhesive putty

Bostik

Blu-Tack

Used to hold the jar fixed on
the bench.
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reproduction, abridgment, condensation, or any other form in
which the Materials may be recast, transformed, or adapted;
“nstitution” means the institution, listed on the last page of
this Agreement, by which the Author was employed at the
time of the creation of the Materials; “JoVE” means Mylove
Corporation, a Massachusetts corporation and the publisher of
The Journal of Visualized Experiments;

“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; "Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this
Agreement the respective rights of each Party in and to the
Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known of hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such transiations, adaptations, summaries,
extracts, Derivative Works or Collective Works and

{c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technicaily necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in ltem 1 above, JoVE and the
Author hereby grant to the public alt such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.

4, Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
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Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that 2 link to the Article on the JoVE website is
provided and notice of JoVE's copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights
of any nature, including, without limitation, all copyrights, in
and to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
rovalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b} to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and {¢) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.

7. Government Employees. If the Author is 3 United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in ltem 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
statute. in such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict

shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JOVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appesrance in the Videc or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9, Author Warranties, The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author {or, if more than
one zuthor is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, inteilectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, reguiations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution, If more than one author
is listed at the beginning of this Agreement, JoVE may, in its
sole discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such author.
JoVE reserves the right, in its absolute and sole discretion and
without giving any reason therefore, to accept or decline any
work suhmitted to JoVE. JoVE and its employees, agents and
independent contractors shall have full, unfettered access to
the facilities of the Author or of the Author’s institution as
necessary to make the Video, whether actually published or
not. JoVE has sole discretion as to the method of making and
publishing the Materials, including,
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without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. indemnification. The Author agrees io indemnify JoVE
and/or its successars and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations ar instances of violation
of intellectual property rights, damage to the Author’s or the

Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
ather losses or damages related in any way te the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
tack of sterilization, lack of cleaniiness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
expense. All indemnifications provided herein shall include
JoVE's attorney's fees and costs related to said losses or

damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JOVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or preduction
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approvai will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13.  Transfer, Governing Law. This Agreement may he
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and <onstrued by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
ransmission shall be deemed to have the same legat effect as
delivery of an original signed copy of this Agreement.
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Request permission to reuse figures from DOI:10.1021/ja500707z - for submission in JoVE Message 10 of 12812 | «
From Dr Ana Belenguer <amb84@cam.ac.uk> L'

To jacs@jacs.acs.org L'

Date  2017-07-19 11:22

Dear JACS editor,
We are in the process of publishing the experimental
grinding in JoVE (Journal of Visualized Experiments)

protocol for the preparation of solvent equilibrium curves by ball mill
with the title: ™Reliable mechanochemistry: protocols for repreoducible
outcomes of ball-mill grinding experiments”. The experiments are toc some degree similar to those published in our manuscript:
"Direct Observaticn of Intermediates in a Thermecdynamically Controlled Solid-State Dynamic Covalent Reaction”, DOI:

10.1021/9a500707z ; J. Am. Chem. Soc., 2014, 13& (46), pp 16156-16166.

We are asking for formal permissicn to reuse figures as requested by JoVE publication pelicies. We will require a document frem
J. EZm. Chem. Soc., granting us the permissicn to reuse the figures as part of the JoVE submission process. The deadline for the
submissicn is the 31 July 2017.

&3 requested by JoVE policies, we will alsec cite the figures appropriately in the figure legend, i.e. "This figure has been
modified from [citation].”

Some figures for the JoVE manuscript are from the JACS document and some have been extended in the correspeonding JACS
supplementary info. The following figures are intended to be reused:

l.For JoVE Figure 3 -> JACS., Figure Z2c on page 16159 and Figure 54 (1) on page 514
l.For JoVE Figure 4 —-> JACS., Figure 2d on page 16159 and Figure 55 (1B) on page 515

Regards,
Zna

Dr Zna Belenguer

Department of Chemistry, lab B74
University of Cambridge

Lensfield Road, Cambridge, CBZ 1EW
01223 336508

& e RightsLink one it ] v 0

ACSPublications Title: Direct Observation of
v Mot Trusted. Mast Cited. Most Read, Intermediates in a
Thermodynamically Controlled  [If you're a copyright.com

) f user, you can login to
gﬂl'dt.State Dynamic Covalent Right=Link using your
sacrton copyright.com craedentials.

Author: Ana M. Belenguer, Giulio 1. Already a Rig'“ﬁ'—i:k user ar
Lampronti, David J. Wales, et al [want to learn mores

Publication: Journal of the American
Chemical Society

Publisher: American Chemical Society
Date: Nov 1, 2014
Copyright © 2014, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no
fee is being charged for your order. Please note the following:

= Permission is granted for your request in both print and electronic formats, and translations.

= Iffigures and/or tables were requested, they may be adapted or used in part.

= DPlease print this page for vour records and send a copy of it to vour publisher/graduate
school.

= Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society.” Insert appropriate information 1n place of the
capitalized words.

» (One-time permission 1s granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.

If credit is given to another source for the material vou requested, permission must be obtained
from that source.

Copyright & 2017 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. Terms and Conditions.
Comments? We would like to hear from you. E-mail us at customercars@copyright.com
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Permission from RSC to reuse figures

RSC to reuse figures.docx

Permission from RSC to reuse figures from the supplementary information on our
publication: Solvation and surface effects on polymorph stabilities at the nanoscale;

A. M. Belenguer, G.I. Lampronti, A.J. Cruz-Cabeza, C.A.Hunter and J. K. M. Sanders,
Chem. Sci., 2016,7, 6617-6627

The figure resued are the following:

1.For JoVE Figure 1 -> Chem. Sci., S.I. Scheme S1 on page S23

2.For JoVE Figure 5 -> Chem. Sci., S.I. Figure S36 on page S70

3.For JoVE Figure 6 a -> Chem. Sci., S.l. Figure S52a) on page S113

4.For JoVE Figure 6 b -> Chem. Sci., S.I. Figure S54a) on page S118

5. For JoVE Figure 7 b,c,d -> Chem. Sci., S.I. PXRDscan 8 on page S87

6. For JoVE Figure 7 e -> Chem. Sci., S.1. Figure S43 on page S89

7. For JoVE Figure 8 -> Chem. Sci., S.I. Figure S65 on page S152 and Figure S66a on page S153

Author reusing their own work published by the Royal Society of Chemistry

See http://www.rsc.org/journals-books-databases/journal-authors-reviewers/licences-
copyright-permissions/#reuse-permission-requests

You do not need to request permission to reuse your own figures, diagrams, etc, that were
originally published in a Royal Society of Chemistry publication.

Reuse of material that was published originally by the Royal Society of Chemistry must be
accompanied by the appropriate acknowledgement of the publication. The form of the
acknowledgement is dependent on the journal in which it was published originally, as
detailed in 'Acknowledgements'.

Additionally | have an email from Chemical Science:
Dear Dr Belenguer

Thank you for your email. As it is your own work, you do not need to request permission,
details can be found on our web-site here:

http://www.rsc.org/journals-books-databases/journal-authors-reviewers/licences-
copyright-permissions/#reuse-permission-requests

You should use our standard acknowledgment which is:

Reproduced from Ref. XX with permission from the Royal Society of Chemistry.
Kind regards

Natalie

Natalie Ford

Publishing Assistant

Royal Society of Chemistry,
Thomas Graham House,
Science Park, Milton Road,
Cambridge, CB4 OWF, UK
Tel +44 (0) 1223 432317
WWW.rsc.org
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