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Abstract: We present SpeedMixing, a rapid blending technology, as an approach for the 

mechanochemical discovery and synthesis of model pharmaceutical cocrystals without the need 

for bulk solvents and milling/grinding media. The syntheses of well-known model pharmaceutical 

cocrystals based on the active pharmaceutical ingredients (APIs) carbamazepine, 

dihydrocarbamazepine, and nicotinamide demonstrate SpeedMixing as a method for rapid, 

scalable, and selective synthesis of cocrystals, cocrystal polymorphs and stoichiomorphs, 

including the discovery of an unexpected methanol solvate of the archetypal cocrystal of 

carbamazepine and saccharin, which has eluded numerous and extensive screens reported over 

almost 20 years. 

 

Main text 

Mechanochemical transformations, typically conducted by milling, grinding or extrusion, have 

attracted attention as methods for synthesis and screening of pharmaceutical solid forms (e.g. 

polymorphs, cocrystals, salts), as well as the synthesis of pharmaceutical fragments and individual 

active pharmaceutical ingredients (APIs).[1-3] Such transformations, which can be conducted neat 

or, more effectively, in the presence of a small or catalytic amount of a liquid additive (e.g. liquid-

assisted grinding, LAG),[4] offer a wide range of attractive opportunities for synthesis and 

screening. These include speed, high screening efficiency, ability to screen for new materials 

independent of relative solubilities of starting materials, and the overall absence of bulk 

solvents.[4,5] A major concern behind such processes, however, is the need for grinding, milling or 

extrusion media that can actively participate in the transformation and produce unwanted 

contamination through abrasion or chipping.[6] Such considerations have inspired the recent search 

for media-free approaches for mechanosynthesis, including ageing of materials in humid air or 

vapors of organic solvents (e.g. accelerated ageing), enabling the preparation of cocrystals, APIs 

and metal-organic frameworks.[7] 

 

 Here we present a novel technique for media-free synthesis of pharmaceutical cocrystals 

in the absence of bulk solvents and milling media, achieved by rapid spinning of cocrystal 

components using SpeedMixing, a dual asymmetric centrifugal (DAC) mixing technology (Figure 

1a) developed for mixing of viscous materials and powder blending.[8] We show the ability to use 

SpeedMixing for rapid (minutes) and scalable (at least tens of grams) synthesis of model 

pharmaceutical cocrystals, including selective synthesis of polymorphs, stoichiomorphs, and the 

discovery of novel phases. In particular, SpeedMixing revealed the unexpected existence of a 

methanol solvate of the archetypal pharmaceutical cocrystal of carbamazepine (CBZ) and 

saccharin (SAC): this appears to be the first reported solvate in this cocrystal system, which is 



particularly surprising considering that CBZ·SAC has been extensively studied and regularly used 

as a pharmaceutical cocrystal model for almost 2 decades.9,10 

 

 
Figure 1. a) Picture of a Flacktek SpeedMixer spinning station: the cup spins in a clockwise 

fashion while also revolving anticlockwise around a central axis; b) coformers and APIs used in 

this study; c) selected PXRD patterns for SpeedMixing synthesis of the CBZ·NIC cocrystal, 

revealing complete conversion in the presence of 200 µL MeOH (η = 0.56 µL/mg) on a 1 mmol 

(358 mg) scale, at 3000 rpm (top-to-bottom): reactants CBZ (Form III) and NIC, simulated for 

CBZ·NIC (CSD UNEZES), a 1:1 stoichiometric mixture of CBZ and NIC after 10 min 

SpeedMixing neat, 1:1 stoichiometric mixtures of CBZ and NIC after 10 min SpeedMixing with 

50 (η = 0.14 µL/mg), 100 (η = 0.28 µL/mg) and 200 µL MeOH (η = 0.56 µL/mg), and a mixture 

of CBZ and NIC after 3 min SpeedMixing with 200 µL MeOH (η = 0.56 µL/mg). 

 

All experiments were done using a Flacktek SpeedMixer, which uses DAC technology and was 

recently used for exfoliation of cellulose.[8] In SpeedMixing, the sample simultaneously rotates 

around a central axis at a high rate, typically up to 3,500 rpm, and revolves around its own axis. In 

the herein developed SpeedMixing cocrystallization approach, a mixture of cocrystal components 

is placed in an angled polypropylene cup which is then spun clockwise around a central axis while 



rotating counterclockwise (Figure. 1a). In a typical experiment, the reaction mixture is loaded into 

a cup of 10, 25, or 60 mL volume, pre-mixed by SpeedMixing for 20 seconds at a rate of 3000 

rpm, followed by addition of a small amount of a liquid. The quantity of the liquid additive was 

consistent to that in liquid-assisted mechanochemical techniques, with the η parameter – defined 

as the ratio of liquid volume (in µL) to the weight of the reaction mixture (in mg), in the range of 

ca. 0.1–1.5 µL/mg.[4] In developing the SpeedMixing approach to pharmaceutical cocrystals, we 

focused on liquid additives acceptable in pharmaceutical manufacturing: methanol (MeOH), 

ethanol (EtOH), and water.11 SpeedMixing was performed either in a single cycle of up to 5 

minutes, or in multiple 5-minute cycles separated by three minute periods. Products were all 

microcrystalline powders, characterized immediately and without prior purification by powder X-

ray diffraction (PXRD), Fourier transformation infrared attenuated total reflectance spectroscopy 

(FTIR-ATR), differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) in 

nitrogen gas, and in some cases also by 13C magic-angle spinning cross-polarisation (CP-MAS) 

solid-state nuclear magnetic resonance spectroscopy (ssNMR) and scanning electron microscopy 

(SEM). 

 As a first trial of cocrystallisation via SpeedMixing, we probed the reaction between the 

API CBZ and nicotinamide (NIC, Vitamin B6), anticipated to form the known pharmaceutical 

cocrystal CBZ·NIC (CSD UNEZES).12 The parameters affecting cocrystallisation rates 

investigated are volume of liquid additives, mixing speeds, and time. Neat mixing of CBZ and 

NIC powders did not lead to cocrystal formation, with the PXRD pattern of the reaction mixture 

exhibiting Bragg reflections of solid reactants (Figure. 1d). Next, we explored SpeedMixing in 

presence of a small amount of MeOH (50 µL, η = 0.14 µL/mg), which led to the near complete 

formation of CBZ·NIC in two SpeedMixing cycles. Increasing the MeOH volume to 200 µL (η = 

0.56 µL/mg) led to complete conversion. While full conversion was observed within two 

SpeedMixing cycles at either 1000, 2000, 3000 and 3500 rpm, incomplete formation of CBZ·NIC 

was seen at 500 rpm (see ESI).  

 Next, we targeted the well-known cocrystal of CBZ and saccharin (SAC). Introduced by 

Zaworotko in 2003, CBZ·SAC occupies a central place as a model pharmaceutical cocrystal in 

many studies,9,10 and provides an opportunity to explore SpeedMixing for selective polymorph 

synthesis. There are two known polymorphs of CBZ·SAC, the thermodynamically stable Form I 

(CSD UNEZAO) and the metastable Form II (CSD UNEZAO01).9,13 Similar to CBZ·NIC, neat 

mixing of a 1:1 stoichiometric mixture of CBZ and SAC did not lead to cocrystal formation. 

SpeedMixing with MeOH, however, yielded a material whose PXRD pattern was different from 

any polymorph, hydrate or MeOH solvate forms of CBZ, SAC, and CBZ·SAC found in the 

Cambridge Structural Database (CSD) (Figure 2a).14 Subsequent TGA revealed a loss of weight 

of ca. 5.4% around 70 °C (Figure 2b), which could be consistent with a solvate of tentative 

composition CBZ·SAC·MeOH (calculated MeOH content: 7.1%). 

 



 
Figure 2. (a) Selected PXRD patterns for the SpeedMixing synthesis of CBZ·SAC·MeOH (top-to-bottom): reactants 

SAC and CBZ (Form III), simulated for CBZ·SAC Form I (CSD UNEZAO) and Form II (CSD UNEZAO01), 1:1 

stoichiometric mixture of CBZ and SAC after 3 min SpeedMixing neat, with 200 µL MeOH (η = 0.48 µL/mg), and 



simulated for CBZ·SAC·MeOH. (b) Thermogram of CBZ·SAC·MeOH; (c) view of the asymmetric unit of 

CBZ·SAC·MeOH crystal structure, with non-hydrogen atoms shown as ellipsoids at 50% probability of electron 

density; (d) fragment of the crystal structure of CBZ·SAC·MeOH, illustrating a hydrogen-bonded tape along the 

crystallographic b-axis. (e) Temperature-resolved in situ X-ray powder diffractogram of CBZ·SAC·MeOH, 

demonstrating conversion to CBZ·SAC Form I at ~69 °C. Crystallographic data for CBZ·SAC·MeOH in CIF format 

has been deposited with the Cambridge Crystallographic Data Centre (deposition number 2166572). 

 
Table 1. Outcomes of SpeedMixing cocrystallisation of CBZ and SAC in the presence of different volumes (V, in 

µL) of either MeOH or different MeOH:H2O mixtures as the liquid additive. The η value is also provided for each 

system, and the ratios of MeOH to H2O are based on volume. 

 

V (µL) η (µL/mg) MeOH 
5:1 

MeOH: H2O 
3:1 

MeOH: H2O 
2:1 

MeOH: H2O 
1:1 

MeOH: H2O 
1:2 

MeOH: H2O 
1:3 

MeOH: H2O 
1:5 

MeOH: H2O 

500 1.19 CBZ·SAC·MeOH Form I Form I Form I Form II Form II 
Form II, 

CBZ·2H2O 
CBZ·2H2O 

200 0.48 CBZ·SAC·MeOH I, trace II Form I Form I Form II Form II 
Form II, 

CBZ·2H2O 
Form II, 

CBZ·2H2O 

100 0.24 CBZ·SAC·MeOH Form I I, trace II 
Form II, 
trace I 

Form II Form II 
Form II, 

CBZ·2H2O 
CBZ·2H2O 

50 0.12 
CBZ·SAC·MeOH 

trace I 
Form I, II 

Form II, 
trace I 

Form II, 
trace I 

Form II Form II 
CBZ·2H2O, trace 

II 
CBZ·2H2O 

 

The presence of MeOH in the product was also supported by 13C CP-MAS ssNMR (see ESI) which 

revealed a resonance at 49 ppm, consistent with the methyl group carbon of the MeOH molecule.15 

Recrystallisation from anhydrous MeOH provided single crystals suitable for X-ray crystal 

structure analysis, which verified the discovery of a MeOH solvate of CBZ·SAC (Figure 2c). 

  

 The new form CBZ·SAC·MeOH crystallizes in the P-1 space group and exhibits 

hydrogen-bonded tapes (Figure 2d) of CBZ dimers bridged to each other through molecules of 

SAC and MeOH. Within a tape, each MeOH molecule acts as a donor of an O-H···O hydrogen 

bond to the neighboring CBZ dimer (O···O separation 2.724(2) Å), and an acceptor of an N-H···O 

hydrogen bond from the adjacent SAC molecule (N···O separation 2.679(2) Å). Similarly, each 

SAC molecule in a tape participates as an acceptor in an N-H···O hydrogen bond to a neighboring 

CBZ dimer (N···O separation 2.977(2) Å). The overall hydrogen-bonding pattern within each tape 

can be described as a combination of a 𝐶3
3(10) chain with 𝑅2

2(8)and 𝑅8
6(20)ring supramolecular 

synthons.16 The structure of CBZ·SAC·MeOH shows similarities to those of CBZ·SAC Forms I 

and II, which exhibit the presence of CBZ 𝑅2
2(8) dimers and chains of hydrogen-bonded CBZ and 

SAC molecules, respectively. Upon heating, CBZ·SAC·MeOH loses MeOH around 69 oC and 

transforms into CBZ·SAC Form I, as revealed by variable-temperature PXRD analysis (Figure 

2e). Analysis of CBZ·SAC·MeOH by DSC in a sealed Al pan revealed a broad endothermic signal 

with a maximum at 68 oC (see SI), which was integrated to measure the CBZ·SAC·MeOH 

enthalpy of desolvation of 25.4 kJ/mol. 

 

 Based on a search of the CSD, CBZ·SAC·MeOH represents the first reported solvate of 

the CBZ·SAC cocrystal, and this led us to investigate the possible formation of other CBZ·SAC 

solvates by SpeedMixing. While a cursory screen using a set of solvents (CF3CH2OH, CH3CN, n-

BuOH, toluene, ethyleneglycol, CH3NO2, see SI) did not reveal any new forms of the CBZ·SAC, 

we observed the known CBZ·CF3CH2OH solvate (CSD SAPDUJ)17 as an intermediate in the 

formation of CBZ·SAC Form I (see SI). These experiments also revealed rapid formation of 



CBZ·SAC upon SpeedMixing, sometimes within 1 minute (see SI).We also expanded our screen 

to the related API dihydrocarbamazepine (DHCBZ), known to form structurally similar cocrystals 

to CBZ.18 However, no new forms were observed beyond the known cocrystal DHCBZ·SAC 

(CSD OTESEM, see SI).19a 

 

 Observation of the CBZ·SAC·MeOH is highly surprising, considering that extensive 

previously reported solution, slurry, mechanochemical and other screens involving MeOH, 

including the determination of the phase diagram of the ternary system of CBZ, SAC and MeOH, 

never reported the formation of any other cocrystal forms except CBZ·SAC polymorphs I or II.19-

22 We note, however, that growth of single crystals of CBZ·SAC·MeOH required the use of 

anhydrous MeOH as a solvent, while analogous experiments using conventional laboratory MeOH 

all produced Form I CBZ·SAC. These observations suggest that the absence of water is an 

important parameter for the observation of CBZ·SAC·MeOH, and we conducted an extensive 

screen for SpeedMixing cocrystallization of CBZ and SAC with either anhydrous MeOH, or 

specific MeOH:H2O mixtures as the liquid additive, at a range of η-values. The screen (Table I, 

also SI) also showed that the presence of water can be used to drive the selective SpeedMixing 

synthesis of either Form I or Form II CBZ·SAC polymorphs within 3 minutes. Specifically, 

MeOH with a low water content led to reproducible appearance of Form I, while increased water 

amounts produced the metastable Form II. Finally, high water contents produced the hydrate 

CBZ·2H2O. In all cases, SpeedMixing for 5 minutes or longer led only to Form I (Figure 3). 

 

 
Figure 3. Schematic overview of transformations of CBZ and SAC by liquid-assisted SpeedMixing in the presence 

of MeOH or MeOH:H2O mixtures, producing CBZ·SAC Forms I or II, CBZ·SAC·MeOH, or CBZ·2H2O. 

 

Next, we explored the applicability of SpeedMixing to selectively synthesize cocrystals composed 

of identical components, but in different stoichiometric ratios (stoichiometric variations, 

stoichiomorphs).23 As a model we selected the well-known system of NIC and suberic acid 

(SUB).24 The two components are known to form cocrystals of compositions NIC·SUB and 

2NIC·SUB (CSD NUKZAV01, NUKZES01, respectively). Varying the time and η-value revealed 

that each cocrystal can be accessed selectively and in complete conversion by SpeedMixing in the 

presence of MeOH (η = 1.54 µL/mg) of the components in appropriate stoichiometric ratio within 

45 minutes, i.e. through six consecutive cycles of SpeedMixing (Figure 4). The cocrystals readily 

formed even at much shorter SpeedMixing times, e. g. 1 minute, but at incomplete conversion.  



Shorter SpeedMixing was also found to generate mixtures of NIC·SUB and 2NIC·SUB, 

regardless of the initial reaction mixture composition. This observation distinguishes SpeedMixing 

from ball milling, where NIC·SUB appears as an intermediate in the formation of 2NIC·SUB, 

while milling synthesis of NIC·SUB proceeds without an intermediate.25 This suggests that 

cocrystallisation occurs via a deliquescence mechanism similar to that in accelerated ageing,26 

where different stoichiomorphs can be initially seen, but eventually all interchange into the one 

whose composition reflects that of the starting reaction mixture. 

 

 
Figure 4. (a) Selected PXRD patterns illustrating the selective synthesis and scaling-up of stoichiometric variations 

of the NIC·SUB cocrystal (top-to-bottom): simulated for 2NIC·SUB (CSD NUKZEZ01); a 2:1 stoichiometric 

mixture of NIC and SUB (1 mmol scale) after SpeedMixing for six 5-min cycles; a 2:1 stoichiometric mixture of NIC 

and SUB (1 mmol scale) after SpeedMixing for 1 min and static ageing for 44 min; simulated for NIC·SUB (CSD 

NUKZAV01); a 1:1 stoichiometric mixture of NIC and SUB (1 mmol scale) after SpeedMixing for six 5-min cycles, 

1:1 stoichiometric mixture of NIC and SUB (1 mmol scale) after SpeedMixing for 1 min and ageing for 44 min; a 1:1 

stoichiometric mixture of NIC and SUB (25 mmol scale) after SpeedMixing for six 5-min cycles in a 25 mL cup; a 



1:1 stoichiometric mixture of NIC and SUB (50 mmol scale) after SpeedMixing for six 5-min cycles in a 60 mL cup; 

a 1:1 stoichiometric mixture of NIC and SUB (75 mmol scale) after SpeedMixing for six 5-min cycles in a 60 mL 

cup. (b) Comparison of η-values (lines) and final temperature (vertical bars) for experiments leading to full conversion 

into NIC·SUB at different scales, using MeOH (10 mL, 25 mL cup) or EtOH (60 mL cup) as the liquid additive. 

 

Finally, we addressed the possibility of scaling-up SpeedMixing cocrystallization with NIC·SUB 

as a model. Systematic variation of mixing cup sizes and η-values enabled a ca. 70-fold scaling-

up of synthesis, from 300 mg to 22 g, using a 60 mL cup in a procedure consisting of six periods 

of SpeedMixing. The systematic exploration of reaction conditions also revealed that the η-value 

required for complete conversion into NIC·SUB, based on PXRD analysis, decreases with an 

increase in reaction scale. Consequently, cocrystal formation by liquid-assisted SpeedMixing 

appears to become increasingly efficient at larger scales, and required less liquid additive. The 

increase in efficiency could also be related to a mild increase in the reaction mixture temperature 

at larger scales: measuring the temperature of the mixing cup immediately after SpeedMixing 

using an infrared thermometer27 revealed temperatures around 28-30 °C for reactions in a 10 mL 

cup, and 37-42 °C when using a 60 mL cup (Figure 4b). This exploration also reveals that 

increasing the amount of material to occupy more than ca. one-third of the SpeedMixing cup leads 

to poorer reactivity and loss of homogeneity. This problem was overcome either by increasing the 

η-value (Figure 4b) or by using a larger cup. The latter approach, however, led to more significant 

evaporation of the liquid additive which was countered by replacing MeOH with EtOH. 

 

Conclusions 

 

We have demonstrated the use of the dual asymmetric centrifugal mixing (SpeedMixing), initially 

developed for blending of viscous and soft materials, as a route to conduct rapid, controllable 

synthesis, and even discovery, of solid API forms. SpeedMixing cocrystallisation operates without 

bulk solvents, using conditions typically found in liquid-assisted mechanochemistry, but without 

grinding or milling media. Compared to other emergent solvent-free, media-free approaches for 

synthesis and discovery of solid API forms, e.g. accelerated aging, acoustic mixing or vapor-

assisted tumbling, SpeedMixing is rapid, enables small-scale experiments within 3-5 minutes, and 

syntheses at tens of grams scale within 45 minutes. We show that SpeedMixing also permits the 

selective synthesis of stoichiomorphs, polymorphs, and also solvates of APIs or API cocrystals. In 

that context, the discovery of the first solvate of the archetypal pharmaceutical cocrystal 

CBZ·SAC, and the ability to selectively obtain polymorphic CBZ·SAC Forms I and II, highlight 

SpeedMixing as a rapid, simple and ‘soft’ route for the synthesis and discovery of new 

pharmaceutical forms, even in previously already well-explored cocrystal systems. 
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