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 Communications Polymorphism in Piroxicam Agam R. Sheth,† Simon Bates,‡ Francis X. Muller,§ and David J. W. Grant*,† Department of Pharmaceutics, College of Pharmacy, University of Minnesota, Weaver-Densford Hall, 308 Harvard Street Southeast, Minneapolis, Minnesota 55455-0343, SSCI Inc., 3065 Kent Avenue, West Lafayette, Indiana 47906-1076, and GlaxoSmithKline Pharmaceuticals, P.O. Box 1539, 709 Swedeland Road, King of Prussia, Pennsylvania 19406-0939 Received April 2, 2004
 
 ABSTRACT: Piroxciam is a polymorphic drug. However, reports on the number and nomenclature of the polymorphs of piroxicam and the complete hydrogen-bonding patterns of piroxicam molecules in the crystal forms are in conflict and are sources of confusion, which we attempt to clarify. The difference in energy of the two polymorphs, I and II, of piroxicam arises predominantly from the difference between their lattice energies, rather than between their conformational energies. The detailed hydrogen-bonding networks of the two polymorphs are described and compared. Despite stabilization of the polymorphs by hydrogen bonds, a loss of polymorphic memory was observed upon cryogrinding the two polymorphs, leading to differences in recrystallization behavior between amorphous piroxicam prepared from polymorphs I and II. Piroxicam, an enolic acid and an oxicam derivative, is a potent, long-acting, nonsteroidal, antiinflammatory drug.1-3 Piroxicam is employed as a model drug in the present investigation of the effect of processing on the phase changes of pharmaceuticals at the molecular level. Table 1 summarizes the known reports on polymorphs of piroxicam and shows inconsistencies of nomenclature, preparation, and properties. A detailed comparison of the simulated (i.e., theoretically calculated) and experimental powder X-ray diffraction (PXRD) patterns can confirm or refute that the reported molecular and crystal structures of the compound are the same as those of the crystalline powder under investigation. Two polymorphs of piroxicam, prisms (Figure 1a) and needles (Figure 1b), commonly crystallize from solution. Simple evaporative crystallization reveals the following solvent effects. (i) A solvent, such as acetone or dichloromethane, sometimes yield prisms and sometimes needles. (ii) A solvent, such as ethyl acetate or tetrahydrofuran, yields a mixture of prisms and needles. (iii) Benzene or toluene consistently yield prisms. (iv) The factors that affect the polymorphic form also affect the crystal habit; for example, the polymorph that crystallizes as prisms also crystallizes as short rods from dichloromethane and plates from dioxane. Thus, despite previous reports describing methods of crystallizing the different polymorphs of piroxicam,2-6 the nature of the polymorphic form that crystallizes from solution depends on an interplay of several factors. The factors include the polarity of the solvent, initial supersaturation, and, depending on the * To whom correspondence should be addressed. Tel: 612-624-3956. Fax: 612-625-0609. E-mail: [email protected]. † University of Minnesota. ‡ SSCI Inc.. § GlaxoSmithKline Pharmaceuticals.
 
 crystallization method, rate of cooling of the solution or evaporation of the solvent. Furthermore, although not studied in the present work, impurities will also likely affect the polymorph crystallizing from solution. Two crystal structures of piroxicam, reference codes BIYSEH7 and KAFYAR,8 are indexed in the Cambridge Structural Database (CSD).9 The experimental PXRD pattern of the prisms closely matches that calculated from BIYSEH in 2θ angles [mean difference, ∆(2θ) ) 0.07 ( 0.03°] but not in 2θ intensities. Using DASH10 and an indexing program,11 we redetermined the crystal structure corresponding to BIYSEH at 25 °C and found that the PXRD pattern calculated from this redetermined structure agrees well with the experimental PXRD patterns in both 2θ angles and 2θ intensities at 25 °C. This form is here designated form I. Table 1 shows that form I5,12 has also been named β,8,19 cubic form4,6 (even though the crystal system is monoclinic), and form A.3 PXRD confirms that the starting material of piroxicam used here (Sigma Chemical Company, St. Louis, MO) is also form I. The redetermined crystal structure of form I at 25 °C has the same unit cell constants and molecular packing as BIYSEH, but the atomic positions are slightly displaced. The observed variation in the relative intensities between the various PXRD patterns of samples crystallized on different occasions from different solvents can be attributed to differences in crystallite size and to slight differences in atomic positions between the BIYSEH and the redetermined form I crystal structure at 25 °C. For the form that crystallizes as needles, several authors5,6,8,12,13,19 based their studies of the crystal and molecular structures on those of KAFYAR.8 However, we found that the experimental PXRD pattern of this needle form does not match the PXRD pattern calculated from KAFYAR. Furthermore, a recent crystal structure of
 
 10.1021/cg049876y CCC: $27.50 © 2004 American Chemical Society Published on Web 09/01/2004
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 Table 1. Summary of the Reported Solid State Properties of Piroxicam Polymorphs year and ref
 
 major findings reported
 
 19822
 
 Piroxicam exists in “two possible tautomeric forms.” The “best solvent for recrystallization is methanol from which piroxicam crystallizes in the form of small needles.” The crystal structure of piroxicam was described.
 
 19827
 
 19853
 
 Piroxicam crystallizes in two forms, form A as white needles and form B as yellow prisms.
 
 19864
 
 Two “interconvertible” forms of piroxicam “needle form” and “cubic form” crystallize depending on the solvent and cooling rate. Reck et al. report a “new modification” of piroxicam, crystallized from methanol, called R-piroxicam. The form of piroxicam reported in 19827 was termed β-piroxicam. Reck et al. relabel the original R-piroxicam8 as R1, and identify a new form, R2. Vrecer et al. report four polymorphic forms of piroxicam, forms I, II, III, and IV. Forms I and II crystallize from solution, whereas forms III and IV were obtained from amorphous piroxicam, which was prepared by melt/quench cooling. Piroxicam exists in “two modifications”, R and β. The effect of solvent on the polymorph crystallizing from solution was reported.
 
 19888
 
 199013 19915
 
 199119
 
 199622
 
 19996
 
 200312
 
 Amorphous piroxicam is prepared by the melt spinning method and crystallizes rapidly being “almost completed at room temperature within few hours from the amorphous preparation.” The crystalline forms obtained are different from the starting material. Two polymorphs of piroxicam are labeled “white needle crystals” crystallizing independent of the solvent and cooling rate and “yellow cubic crystals”, crystallizing in the presence of a “precipitating agent like water used.” Vrecer et al. report three polymorphs of piroxicam, forms I, II, and III. The polymorph crystallizing from solution depends on the crystallization rate and polarity of the solvent. The crystal structure of form II was solved.
 
 piroxicam12 gives a calculated PXRD pattern that closely matches the experimental PXRD pattern of the needle polymorph of piroxicam in 2θ angles [∆(2θ) ) 0.04 ( 0.03°] and in 2θ intensities. This crystalline form is here designated piroxicam form II. Table 1 shows that form II5,12 has also been named R,19 R1,8,13 R2,8,13 needle form,4,6 and form B.3 Vrecer et al.12 recently reported a new polymorph of piroxicam, form III, whose crystallization we confirmed. The crystallization behavior reported above suggests that forms I and II are energetically similar. In general, the energy difference between polymorphs has contributions from the differences in conformational energy and lattice energy. Ab initio calculations using Gaussian 0314 provide the contribution from conformational energies. Forms I and II contain a single molecule of piroxicam in their respective asymmetric units. The energies of this molecule in the two polymorphs were calculated using TD-B3LYP/6-311+G(2d,p).15 The geometry used in this calculation was determined by optimizing only the hydrogen positions of the crystal structure employing B3LYP/6-31G+(d,p).15 A small energy difference was found between the piroxicam molecules directly removed from their respective crystal lattices (∆E ) 1.23 kcal/mol). While such a difference is typical
 
 present comments The reported peaks in the PXRD pattern of piroxicam do not match those of the currently known polymorphs. The crystallization conditions for growing single crystals were not reported. This crystal structure (space group monoclinic P21/c) is indexed in the CSD as BIYSEH.7,9 The crystal structures were not solved, and the PXRD data were not reported. Because the space group of form A was reported to be monoclinic P21/c, it appears that form A corresponds to the polymorph, the crystal structure of which was solved in 1982.7 Form B is actually piroxicam monohydrate. The reported PXRD patterns do not match any other known form. R-Piroxicam is indexed in the CSD as KAFYAR. However, the PXRD pattern predicted from its crystal structure does not match any known form. The crystallization conditions for R-piroxicam were not reported.
 
 The conclusions were based only on DSC data, not PXRD. The melting of piroxicam is accompanied by chemical degradation; hence, melt/quench cooling is not an optimal technique for preparing amorphous piroxicam. The hydrogen bond pattern of form R is described with respect to the crystal structure solved in 1988,8 even though that structure does not correspond to any known polymorph. The melting of piroxicam is accompanied by chemical degradation; hence, melt/quench cooling is not an optimal technique for preparing amorphous piroxicam.
 
 These findings conflict with those in 19864 and 1991,5,19 which report the effect of solvent on the polymorph of piroxicam crystallizing from solution. These findings conflict with the authors previous findings in 19915 regarding the number and nomenclature of piroxicam polymorphs.
 
 of differences in conformational energy between polymorphs,16,17 it is rather large for piroxicam molecules in forms I and II, which have similar conformations and the same configuration with respect to its rotatable bonds. Indeed, this energy difference vanished upon full geometry optimization using B3LYP/6-31G+(d,p). The initial energy difference might, therefore, have thus arisen from slight strains caused by residual errors in the heavy atom coordinates, which need not be so great as to cause such large energy differences. The existence of such an energy difference, which disappears upon further geometry optimization, has been reported for the conformational polymorphism of 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile.17 Because of insignificant differences in the conformational energy of the piroxicam molecule in polymorphs I and II, differences in lattice energy provide the dominant contribution to the difference in energy between the polymorphs. It is likely that hydrogen bonds contribute significantly to the difference in lattice energies of forms I and II of piroxicam. To understand the polymorphism of piroxicam, we wish to describe and interpret the similarities and differences in the hydrogen bonding. Hydrogen bonds were modeled
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 Figure 1. Optical micrographs of piroxicam crystals. (a) Prisms of form I crystallized from toluene and (b) needles of form II crystallized from dichloromethane.
 
 using positions of hydrogen and nonhydrogen atoms obtained from previously solved crystal structures of forms I7 and II12 and a maximum H-A distance of 3.0 Å and a minimum D-H-A angle of 90°. Hydrogen bonds with a H-A distance of >3.0 are considered too weak to influence the crystal structure and packing.16 Figure 2 shows the hydrogen bond network in forms I and II. Even though the crystal structure of form I has previously been solved,7 the complete hydrogen bond pattern has not yet been described. Conflicting reports18 describe the hydrogen bond pattern as an infinite chain7 or as dimers.19 Figure 2 shows that the hydrogen bond network of form I contains piroxicam dimers that extend along the x- and y-axes. The intramolecular N-H‚‚‚N hydrogen bond is newly reported here. The hydrogen bond network in form II, shown in Figure 2, is in agreement with that reported by Vrecer et al.12 and consists of piroxicam molecules arranged in infinite sheets. Each molecular sheet runs parallel to the 00l family of planes (perpendicular to the z-axis). Intermolecular O-H‚‚‚O hydrogen bonds link adjacent sheets. For comparing hydrogen bonding among polymorphs, hydrogen bond lengths and angles20 have been superseded by graph sets.16,21 Table 2 gives the unitary motifs (on the diagonals) and the binary graph sets (off the diagonal) of forms I and II. Figure 2 and Table 2 show that the graph sets of forms I and II have identical intramolecular unitary motifs, S(6) and S(5), corresponding to the O-H‚‚‚O and N-H‚‚‚N hydrogen bonds, respectively. Furthermore, forms I and II also comprise a common binary graph set, S22(9), describing the O-H‚‚‚O and N-H‚‚‚N intramolecular hydrogen bonds. The differences in the hydrogen bond network between forms I and II are reflected in the intermolecular unitary motif and other second level graph sets. Form I dimers are identified by the first level graph set R22(14) describing the N-H‚‚‚O intermolecular hydrogen bond, while form II chains are identified by the first level graph set C(7) that describes the O-H‚‚‚O intermolecular hydrogen bond. The binary graph sets in Table 2 are basic, i.e., of the lowest degree. It is possible to define larger graph sets of higher degrees. For example, R33(18) in the first section of Table 2 represents the basic binary graph set of form I for the intramolecular O-H‚‚‚O and the intermolecular N-H‚‚‚O hydrogen bonds; R44(22) is its complex binary graph set of the next higher degree.
 
 Figure 2. Hydrogen bond patterns of forms I and II of piroxicam. Both forms contain only one molecule in the asymmetric unit; hence, the two molecules in the hydrogen bond patterns of forms I and II are related by symmetry.7,12 The graph set notation corresponds to that in Table 2.
 
 Amorphous piroxicam shows a strong propensity to crystallize, so its preparation is challenging. Previously, authors have prepared amorphous piroxicam by the melt/ quench-cooled method5,22 and have studied its properties. While we also prepared X-ray amorphous piroxicam by this technique, we found that the melting of piroxicam is accompanied by chemical degradation, which we detected
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 Table 2. Graph Set Analysis of the Hydrogen Bonds in Forms I and II of Piroxicam Form I Hydrogen Bonds hydrogen bond intramolecular O-H‚‚‚O (a) intramolecular N-H‚‚‚N (b) intermolecular N-H‚‚‚O (c)
 
 intramolecular O-H‚‚‚O (a)
 
 intramolecular N-H‚‚‚N (b)
 
 intermolecular N-H‚‚‚O (c)
 
 S(6) S22(9) [S(6)R22(14)] ) R32(18)
 
 S(5) R24(8)
 
 R22(14)
 
 intramolecular O-H‚‚‚O (a)
 
 intramolecular N-H‚‚‚N (b)
 
 intermolecular O-H‚‚‚O (c)
 
 S(6) S22(9) C(7)[S(6)] ) C12(7)
 
 S(5) C(7)[S(5)] ) C22(10)
 
 C (7)
 
 Form II Hydrogen Bonds hydrogen bond intramolecular O-H‚‚‚O (a) intramolecular N-H‚‚‚N (b) intermolecular O-H‚‚‚O (c)
 
 by high-performance liquid chromatography (HPLC)23 and one-dimensional 800 MHz proton nuclear magnetic resonance (NMR) spectroscopy. Such degradation occurs to the extent of 2-8%, depending on the method used for melting, whether in an oil bath, on a glass slide, on a hot stage, or in differential scanning calorimetry (DSC). Because of chemical degradation, the use of melting to prepare the amorphous form is unsuitable, so another method is needed. This work exemplifies the importance of testing for chemical degradation when preparing amorphous phases of organic crystals by melting and quench cooling. Ball milling amorphizes piroxicam with no detectable chemical degradation, as shown by HPLC and NMR. However, regardless of the conditions of milling, time of milling, temperature of milling, or the intervention of intermittent “cool down” periods, the resulting solid always exhibits crystallinity. Such difficulties called for an alternative approach to obtain amorphous piroxicam by milling. We found that cryogenic milling24 of both form I and form II resulted in X-ray amorphous piroxicam (Figure 3), a material not previously described. Amorphous forms prepared by grinding usually contain seeds or nuclei, corresponding to memory of the respective
 
 starting polymorph (especially when their crystal lattices are stabilized by hydrogen bonds), and are therefore susceptible to recrystallization of the respective starting polymorph, from which they were prepared. As described below, the behavior of amorphous piroxicam obtained by cryogrinding forms I (PAI) and II (PAII) differed. PAI and PAII were freshly prepared and heated immediately in a variable temperature X-ray diffractometer (VTXRD) and DSC. The VTXRD pattern of PAI at 30 °C in Figure 4 shows crystalline peaks as well as an amorphous halo, indicating that recrystallization has already begun. The pattern at 30 °C is very similar to that of form I, although certain peaks, characteristic of form III and marked by an asterisk, have low intensities. The disappearance of form III peaks between 30 and 70 °C suggests the conversion of form III f I. Presumably, PAI crystallizes predominantly as form I with traces of form III, which rapidly convert to form I. In the VTXRD patterns of form I between 90 and 160 °C, three peaks between 25 and 30° 2θ, indicated by arrows in Figure 4, gradually shift to lower angles. This peak shift suggests lattice expansion of form I due to an increase in temperature; that is, an increase in temperature causes certain planes with relatively small
 
 Figure 3. Powder X-ray diffraction pattern of amorphous piroxicam, PAI, prepared by cryogrinding form I, and amorphous piroxicam, PAII, prepared by cryogrinding form II.
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 Figure 4. VTXRD patterns of PAI at the temperatures (°C) stated on the right. The asterices indicate the emergence of form III peaks, while the arrows indicate expansion of the crystal lattice of form I with increasing temperature.
 
 Figure 5. VTXRD patterns of PAII at the temperatures (°C) stated on the right.
 
 1096
 
 Crystal Growth & Design, Vol. 4, No. 6, 2004
 
 Communications
 
 Figure 6. PDF transform (from 3 to 41 Å) of form I (red) and form II (blue) cryoground for 60 min.
 
 d-spacings in the crystal lattice of form I to gradually move apart. As a result of this expansion, the PXRD pattern of form I at room temperature (25 °C) differs slightly from that at higher temperatures (160°), suggesting similar, but not identical, crystal structures. Utilizing the experimental PXRD pattern of form I at 160 °C and BIYSEH, we performed crystal structure refinement using the Rietveld Method in MAUD.25 The PXRD pattern calculated from this refined crystal structure agrees well with the experimental PXRD pattern of form I at 160°, both in diffraction angles and in intensities. This crystal structure, corresponding to that of form I at 160°, comprised the same molecular packing as that of BIYSEH but with slightly different cell dimensions. The details of crystal structures of form I at room temperature and at 160° will be reported subsequently. In the VTXRD patterns of PAII (Figure 5), the emergence of peaks at 30-50 °C corresponds to the recrystallization of PAII. The PXRD pattern of these crystals differs from that at 30 °C in Figure 4 in that it corresponds exclusively to form III; no peaks of form I are evident. Figure 5 shows a polymorphic transformation beginning at about 70 °C, corresponding to III f I transformation, characterized by the disappearance of form III peaks and the appearance of form I peaks. This conversion overlaps with the lattice expansion of the newly formed form I, evident by a peak shift between 80 and 140 °C. The PXRD pattern at 140 °C in Figure 5 corresponds to form I. Interestingly, when PAI and PAII, after their preparation, were allowed to relax at 25 °C and 0% relative humidity for several days and were
 
 then heated, they ultimately converted to form I. This conversion appeared to proceed via a different sequence of events. DSC results (not shown) support the above VTXRD observations. The VTXRD patterns, including their addition and subtraction, and the DSC traces indicate fast crystallization kinetics followed by rapid and complex transformations. It is also likely that rapid conversions overlap, resulting in mixtures of polymorphs. Three polymorphs of piroxicam have thus far been established and confirmed, forms I, II, and III. When a new polymorph is discovered and characterized, it is suggested that its designation be the next increment in this system. Clearly, the nature of the amorphous forms PAI and PAII differs. The above observations indicate a complete loss of polymorphic memory of form II upon cryogrinding, perhaps leading to the production of a more stable amorphous phase, PAII, which can therefore be expected to crystallize to a different polymorph. Indeed, PAII thus formed has a strong propensity to relax to form III. On the other hand, at least some polymorphic memory of form I appears to be retained in PAI, which recrystallizes predominantly to form I, although some form III character may also be present. The pair wise distribution function (PDF) transform was used to probe the differences in recrystallization behavior of PAI and PAII. The PDF transform is a Fourier sine transform of the reduced structure factor representation of the PXRD data and is a powerful tool for studying crystalline-amorphous relationships.26 The PDF transform, when applied to PXRD data, gives an instantaneous picture of the atom-atom distances in the material being
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 Figure 7. PDF transform (from 19 to 49 Å) of form I (red) and form I cryoground for 60 min (yellow).
 
 studied. The PDF transform of PAI and PAII (Figure 6) has the same structure at short correlation lengths. However, the long-range order of PAI and PAII was found to differ, indicating that the nature of the amorphous material depends on the polymorphic form from which it was prepared. Figure 7 shows that the longer range atom-atom interactions in PAI are similar to those in form I and could steer the recrystallization of PAI toward a crystalline form similar to form I. However, no correlation was found between the PDF transform of PAII and form II and only a weak correlation between the PDF transform of PAII and form I. Thus, PAI shows similarities to form I whereas PAII is different from form II. Despite stabilization of the crystal lattices of forms I and II by hydrogen bonds, PAI shows partial loss, while PAII shows complete loss, of polymorphic memory. The reduction of crystal size through grinding is manifest in the PDF transform as a dampening of the PDF peaks as the atom-atom distances come close to the average crystal size. The peak positions corresponding to atom-atom distances smaller than the average crystal size will be unaffected. PDF results will be discussed in greater detail in a subsequent manuscript. PAI and PAII appear to be strong glasses with a small change in heat capacity on heating. During heating in DSC, the glass transition (Tg) of PAII was not observed while that of PAI was weak and observed in only two of the three runs (extrapolated Tg onset 0.22 ( 0.94 °C). Also, PAI appears to be less stable than PAII at room temperature in view of the lower recrystallization temperature of PAI (onset, 48.01
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