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The discovery of crystal polymorphs is often a costly and time­
consuming process. 3 There are no failsafe methods to predict the
extent of polymorphism of a given compound. 4 We have developed
a system, CrystalMax, for high-throughput, parallel polymorph 
discovery capable of eliciting both stable and metastable forms. It 
has three main components: experimental design and execution 
software, robotic dispensing and handling hardware, and high-speed 
microanalytics. This system was used to assess the extent and nature 
of polymorphism in acetaminophen (paracetamol; p-hydroxy­
acetanilide ), a widely used NSAID.5 Three polymorphs are 
experimentally known, 6 one of which (form Ill) has only been found 
by thermal microscopy. 7 We report a series of iterative high­
throughput experiments for generation and identification of ac­
etaminophen polymorphs. In addition, a structural suggestion for 
form III is advanced on the basis of powder X-ray microdiffraction 
(PXRD) and prior computer predictions. 

Scheme 1 provides an overview of the CrystaIMax system, which 
facilitates parallel screening of thousands of crystallization condi­
tions. Experimental design software defines combinatorial test 
conditions on the basis of the selection of solvent properties and 
methods used to drive supersaturation. 8 Experiments are executed 
in arrays of individually addressable sample containers. 9 Samples
that crystallize are removed from the original array, the solvent is 
removed by aspiration, and the residue is dried. Optical imaging 
and in situ Raman spectroscopy are used to characterize newly 
formed crystals.10 Polymorph assignments are confirmed by PXRD, 
DSC, TGA, and optical microscopy. The experiment is continuously 
tracked by a database system. Cheminformatics software aids 
automated data analysis and experiment design. 

A classification process aids the analysis of the large number of 
Raman spectra generated during an experiment. Similarity coef­
ficients 11 are calculated for all pairs of spectra. The coefficients 
are sorted, color-mapped, and displayed as an n-by-n matrix for 
easy visualization. Figure 1 shows a representative Tanimoto matrix 
generated for 120 Raman spectra of acetaminophen in which all 
three polymorphs are present.12 The plot in Figure 1 illustrates that
the Tanimoto matrix derived from spectral data is a simple visual 
way of differentiating polymorphs of acetaminophen. 

The process in Scheme 1 and the Tanimoto matrix analysis 
exemplified in Figure 1 were used iteratively to identify all three 
polymorphs of acetaminophen. At the end of the first iteration, 
precipitates had been observed in 9.3% (723) of 7776 crystallization 
trials, 29 of which were II and the remainder form 1.13 No form III
or other metastable forms were identified.4a The solids comprised
single crystals or powders. 
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Figure 1. A representative Tanimoto matrix comparing 120 Raman spectra 
of acetaminophen polymorphs. Each pixel represents the Tanimoto value11 

for pairs of spectra, according to the color scheme on the right. The map 
displays Tanimoto values for 50, 45, and 25 spectra of forms I, II, and III, 
respectively. A dark red pixel indicates the highest degree of similarity 
(Tanimoto � 0.0), whereas dark blue indicates dissimilarity (Tanimoto � 
1.0). 
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In the second iteration the conditions that gave form II in the 
initial screen were replicated in higher numbers and showed that 
only one solvent mixture, 67/33 (v/v) MeOH/toluene, consistently 
yielded form Il. 14 The experiment highlighted the sometimes 
intractable nature of crystallization in that not all replicates produced 
crystals and that different polymorphs were obtained from seem­
ingly identical conditions. The third iteration was designed to test 
the reliability of form II crystallization from 67/33 (v/v) MeOH/ 
toluene by isothermal evaporation at 40, 54, and 65 °C. 15,16 These 
experiments gave primarily forms I and II.17· A few samples were 
characterized as glassy solids at the highest temperature. The largest 
proportion of form II was obtained at 54 °C, for which the Tanimoto 
matrix analysis showed that 43% of the samples were form II. Form 
III was not observed in the evaporative crystallizations. 4a

Melt crystallization in crystallization containers generated form 
III in several instances.18 We observed that samples of form III
obtained in this format converted to form II within hours. The results 
from melt crystallization show that the confinement of the acetami­
nophen melt between microscope slides is not a strict requirement 
for the formation of form 111.4a
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