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Direct Co-crystal Assembly from Synthesis to Co-crystallization 

Hung Lin Lee and Tu Lee*

Pharmaceutical co-crystals were assembled directly with the 

chemical synthesis by cooling under three new strategies.  The 

screening method for direct co-crystal assembly with chemical 

reaction was developed based on liquid-assisted grinding.  The 

ternary phase diagram including a chemical reaction and co-

crystallization was established for 2:1 co-crystal of benzoic acid-

sodium benzoate. 

Co-crystal is formed when the recognition and assembly of two 

or more distinct molecular species in a definite stoichiometric ratio 

occur through the interactions of hydrogen bond, non-covalent 

bond and non-ionic bond in a long range order.1  This kind of solid 

form usually has supreme functional and processing properties.2  Its 

applications can be found in many areas such as organic field-effect 

transistors (OFETs),3 micro- and nano-mechanics,4 explosive,5 chiral 

resolution, 6  nutraceuticals 7  and especially pharmaceuticals.2c, 8  

Consequently, co-crystallization of a pure component with a co-

former is a common technology for product enhancement9 and 

high-end product purification.10 

For instance, the discovery of a new chemical entity (NCE) in the 

pharmaceutical industry is itself a difficult task already,11 and the 

generic drug market has recently become even more competitive.12  

Since active pharmaceutical ingredients (APIs) are most 

conveniently developed and delivered orally as solid dosage forms 

with a well-defined crystalline phase,8 the idea of generating 

pharmaceutical co-crystals of marketed APIs as Supergenerics
13 may 

be an appealing alternative for the generic drugs. 

When drug molecules are complex, highly functionalized, and 

lack of easily ionizable functional groups to form salts, the tuning of 

the physicochemical properties of an API could be manipulated 

intermolecularly through co-crystals.14  Interestingly, ionic co-crystal 

hybrid systems could also exist.15 

The co-crystal preparation methods include solvent-drop (liquid-

assisted) grinding, 16  isothermal slurry conversion, 17  solution 

crystallization by evaporation or cooling, 18  rapid expansion of 

supercritical CO2 fluids,19 and spray drying.20  Co-crystals are usually 

characterized by polarized optical microscopy (POM),21  Fourier-

transform infrared spectroscopy (FTIR),22 Raman spectroscopy,23 

differential scanning calorimetry (DSC), 24  and powder X-ray 

diffraction (PXRD).18  In those preparation approaches, co-crystals 

were made by re-crystallization of the dissolved API and co-former 

molecules from a single organic solvent.  However, there were 

precedents of forming the co-crystals by the assembly of a co-

former and the API-derived products through a condensation 

reaction between the API having carbohydrazide functional group 

and the solvent such as ketones or aldehydes.25  Inspired by that, 

here, we report the direct co-crystal assembly via well-documented 

acetylation or neutralization as a proof-of-concept under three 

different strategies (Scheme 1).  The direct co-crystal assembly 

offers numerous advantages: (1) chemical synthesis and co-

crystallization are telescoped into one step, (2) a co-crystal can now 

play a new active role as a reactant and not just always as a final 

product, (3) the solubility of the reactant can be enhanced through 

co-crystal formation, and thus, the reactivity of a subsequent 

reaction involving the resulting co-crystal can be elevated, (4) more 

solvent choices may be available when the reaction medium and 

not just the crystallization medium is taken into account if direct 

assembly is feasible, (5) a high amount of the impurity can be 

isolated selectively during synthesis, (6) a greener process is 

possible, and (7) it is the subject matter for which a patent may be 

obtained. 

A general chemical reaction (Scheme 1a) between the reactants 

A and B gives a product, D, and a byproduct, E.  Based on Scheme 

1a, our three new proposed strategies are: (1) another pure 

component or a co-former, C, is introduced along with the reactants 

to form a co-crystal, C-D, given that C does not undergo a side 

reaction (Scheme 1b), (2) a co-crystal,  A-C, acts like a new reactant 

to form a co-crystal product, C-D (Scheme 1c), and (3) a product, D, 

acts as a pure component and co-crystallizes with an un-reacted, 

bystander-like, co-former, B, to assemble into a co-crystal product, 

B-D (Scheme 1d). 
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Scheme 1. The three proposed strategies (b, c and d) for direct 

assembly of co-crystal (co-crystal in blue color). 

 

The 1st strategy was demonstrated in Schemes 2a, 2b and 2c.  

The pure component, acetaminophen also known as paracetamol 

(API), was originally synthesized by acetylation of p-aminophenol 

with acetic anhydride either in water or IPA (Scheme 2a).  In the 

presence of theophylline (API) which was a co-former, 1:1 co-

crystals of acetaminophen-theophylline were made in water by 

cooling (Scheme 2b).  On the other hand, in the presence of 

naphthalene co-former, 2:1 co-crystals of acetaminophen-

naphthalene were produced in IPA by cooling (Scheme 2c).  One 

important aspect of co-crystallization which deserves our attention 

is its high degree of selectivity and separation.  Even with up to 50 

mol % of acetaminophen isomeric impurity (i.e. 3-

acetamidophenol), the assembly of 1:1 API-API co-crystals of 

acetaminophen-theophylline could still be carried out as displayed 

in Scheme 2d. 

The 2nd strategy was illustrated in Scheme 2e.  The 1:1 co-crystal 

of salicylic acid (SA)-carbamazepine (CBZ) was acting like a reactant.  

Only the SA component in the mother co-crystal underwent 

acetylation with acetic anhydride in chloroform to form aspirin 

which was then assembled directly with the un-reacted CBZ via 

heterosynthon to become a daughter co-crystal by cooling.  The 3rd 

strategy was revealed in Scheme 2f.  Sodium benzoate (NaBz) was 

obtained by partial neutralization of benzoic acid (HBz) with sodium 

hydroxide.  Cooling the solution mixture of NaBz and un-reacted 

HBz either in ethanol/water (3:1 v/v) or methanol/water (3:1 v/v) 

resulted in either the Form A or Form B ionic co-crystal of NaBz-

HBz, respectively (Scheme 2f).  The FTIR spectra of the co-crystals in 

Figures S1b to S8b did not show any trace of impurities.  The DSC 

scans in Figures S1c to S8c displayed only the melting peaks of the 

co-crystals.  There was no indication of any polymorph, API or co-

former.  High quality of co-crystals were obtained from all 

unoptimized experiments. 

Interestingly, the five co-crystal systems2b,15,26 were discovered 

by the liquid-assisted grinding method, which is normally applied to 

chemical mixtures, and now being extended to chemical reactions 

by us to promote new supramolecular assemblies 27  via 

mechanochemistry!  This is an eco-friendly and effective screening 

tool for direct co-crystal assembly without the extensive use of 

organic solvents. 

Since solution crystallization by cooling (or anti-solvent addition) 

is preferred in large-scale production, and crystallization usually 

follows immediately after chemical reaction, 28  direct co-crystal 

assembly from chemical synthesis to co-crystallization does offer a 

seamless approach.  The solvents used in our systems were selected 

based on the similar solubility differences of co-crystal components  

 

Scheme 2. Case studies of the three proposed strategies. 1st 

Strategy (a, b, c and d), 2nd strategy (e), and 3rd strategy (f). 

 

at the two high and low temperature points during cooling listed in 

Table S1.29   Unlike other co-crystallization methods, direct co-

crystal assembly possesses three key features: (1) the operating 

time can be finished in less than a day, (2) the size control of co-

crystals can be tuned by the cooling rate, and (3) without the need 

of reaching the equilibrium end so that the metastable co-crystal 

form may be obtained kinetically if desired.30 

In general, the ternary phase diagram (TPD) can provide an 

important roadmap for ensuring the reproducibility and the extent 

of co-crystal formation but its determination is tedious.29b, 31  

Knowing that (1) co-crystals can be easily produced by cooling in 

the rather well-behaved congruent TPD system, and (2) the 

establishment of the congruent TPD system is based on the similar 

solubility of the two co-crystal components in a particular solvent at 

a given temperature, those facts have made the identification of a 

suitable common solvent for the co-crystal components by solvent 

screening indispensable.  Solvents capable of producing our co-

crystals by cooling were listed in Table S2. 

To verify that our co-crystal systems selected by solvent 

screening were indeed congruent, the TPD of one of our co-crystal 

systems, HBz-NaBz co-crystal in MeOH/H2O, was thoroughly 

established (Figure 1).  With the assumption of 100% conversion 
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from NaOH to NaBz, the molar ratio of HBz/NaOH must be > 1.  

Upon neutralization, the TPD was transformed from the original 

HBz-NaOH-MeOH/H2O diagram (the whole equilateral triangle in 

Figure 1) into the new HBz-NaBz-MeOH/H2O diagram (the colored 

right-angle triangle in Figure 1).  The un-reacted, excessive amount 

of HBz served as a co-former to produce a co-crystal with the 

converted NaBz in the “co-crystal” stable region.  Point S in Figure 1 

designated the starting compositions of HBz, NaBz and MeOH/H2O 

in the “co-crystal” stable region of producing the 2:1 co-crystal of 

HBz-NaBz. 

Figure 1. Ternary phase diagram (TPD) for direct assembly of 2:1 co-

crystal of HBz-NaBz at 25oC.  The whole equilateral triangle region is 

HBz-NaOH-MeOH/H2O phase diagram (before neutralization).  The 

colored right-angle triangle region is HBz-NaBz-MeOH/H2O phase 

diagram (after neutralization).  Point S represents the compositions 

of HBz, NaBz and MeOH/H2O in the beginning of direct assembly. 

 

To further examine the applicability of our approach, additional 

co-crystal systems such as 1:1 co-crystals of acetaminophen-

caffeine,19b aspirin-acetamide,32 and aspirin-meloxicam33 were also 

screened by liquid-assisted grinding.  Unfortunately, the grinding 

method failed to work for 1:1 co-crystal of aspirin-acetamide due to 

the hygroscopic nature of acetamide.  Re-crystallization of aspirin 

and acetamide in acetonitrile, ethyl acetate and 1,4-dioxane did 

give the co-crystals.  Interestingly, the hygroscopicity of acetamide 

was ameliorated by forming a co-crystal with aspirin.  However, 

switching over to reactive co-crystallization did not work out 

because acetamide reacted with acetic anhydride through N-

acylation to give an unwanted N-acetyl acetamide (Scheme S1c).34  

Furthermore, the poor solubility of meloxicam in some common 

organic solvents had made the co-crystallization of aspirin-

meloxicam by direct co-crystal assembly very difficult.  Although the 

production details of acetaminophen-caffeine co-crystal, to the best 

of our knowledge, were not reported in the literature, the assembly 

of acetaminophen-caffeine co-crystal could be achieved by 

chemical synthesis. 

As a bonus on pharmaceutical co-crystallization, the 

development of the API-API co-crystals has provided many 

fascinating features:12,35
 (1) it fulfills the criteria for patent eligibility 

of novelty, utility, and non-obviousness and protects the API 

products from competition, (2) it offers immense potential in 

purification of APIs and resolution of racemic drugs, (3) it has high 

commercial and therapeutic values in the context of combination 

drugs for pharmaceutical development, (4) it may shorten the 

development period even with the inclusion of clinical trials in 

comparison to that of a NCE, and (5) it offers potential 

improvements in solubility, dissolution rate, bioavailability and 

physical stability. Noticeably, there is no clear evidence that co-

crystal formation should inhibit phase transformation, or more 

generally, be less polymorphic.36  Although there are very few, if 

any, pharmaceutical companies who are truly interested in API-API 

co-crystals except in very rare special cases, because the dosages 

are wrong for the two components at the stoichiometry in a co-

crystal, there are two points that we may want to keep in mind: (1) 

direct co-crystal assembly may be a general method for other co-

crystal systems, (2) the remarkable isomeric separation efficiency of 

co-crystallization may be further explored in many other chemical 

syntheses, and (3) the chemical purity of the obtained co-crystals 

may be examined by high performance liquid chromatography 

(HPLC) for turning the direct co-crystal assembly method into a 

purification technique in the near future.  

Conclusions 

In summary, the three new strategies for direct co-crystal assembly 

were proposed and demonstrated, and their benefits were also 

highlighted.   1:1 co-crystal of acetaminophen-caffeine could also be 

obtained by this approach.  For 1:1 co-crystal of acetaminophen-

theophylline system, co-crystallization was taken as a highly 

efficient isomeric separation technology especially for 

acetaminophen.  Therefore, combining chemical synthesis with co-

crystallization in one-pot is not merely a co-crystal production 

method.  This paper also reported the screening method for direct 

co-crystal assembly via liquid assisted grinding coupled with 

chemical synthesis for the very first time.  Recently, we have also 

been successful in extending the same concept to more 

complicated sulfathiazole co-crystal systems.  
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Graphic Abstract 

 

The ternary phase diagram for direct assembly of 2:1 co-crystal of benzoic acid-sodium benzoate was 

illustrated.  Benzoic acid acted as a reactant and underwent neutralization to produce sodium 

benzoate.  The excessive amount of benzoic acid as an API can interact with the product, sodium 

benzoate as another API, to undertake API-API co-crystallization by cooling 
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