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CRYSTAL GROWTH & DESIGN
 
 Rich Polymorphism in Triacetone-Triperoxide Ofer Reany,† Moshe Kapon,† Mark Botoshansky,† and Ehud Keinan*,†,‡ The Schulich Faculty of Chemistry, Institute of Catalysis Science and Technology, Technion - Israel Institute of Technology, Technion City, Haifa 32000, Israel, and Department of Molecular Biology and The Skaggs Institute for Chemical Biology, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, California 92037
 
 2009 VOL. 9, NO. 8 3661–3670
 
 ReceiVed April 7, 2009
 
 ABSTRACT: The improvised explosive triacetone-triperoxide (TATP) (1), previously considered to have a single solid-state structure, was found to form at least six different polymorphic crystals (1a-f), depending on the acid catalyst used for its synthesis and on the solvent used for its recrystallization. The structure of each polymorph was solved by single-crystal X-ray crystallography, showing that there is no solvent inclusion in any of the polymorphs, and all exhibit the same molecular conformation of D3 point symmetry. There is no molecular disorder in polymorphs 1a, 1d, and 1f, but the other polymorphs (1b, 1c, and 1e) contain disordered molecules in the unit cell that lead to domains of enantiomeric excess. The relation among the polymorphs was studied by differential scanning calorimetry. Introduction Crystal polymorphism of organic compounds is attracting increasing attention, not only because of the many open questions in this field,1 but also due to its practical consequences, particularly in the pharmaceutical industry.2 Polymorphism of energetic materials is of particular interest because their crystal packing properties represent a critical parameter that determines their explosive properties.3 Extensive polymorphism has been observed with several nitro-containing explosives, including HMX and its analogues,4,5 nitramines,6-8 and ammonium nitrate.9 The improvised peroxide-based explosives, such as triacetonetriperoxide (TATP, 1), diacetone-diperoxide (DADP, 2), and hexamethylenetriperoxidediamine (HMTD, 3) (Scheme 1), are rapidly becoming a severe global problem. The challenge arises from their ready accessibility from inexpensive raw materials to minimally trained terrorists and because of difficulties in its detection by the commonly used explosive detection devices.10 The increasing use of 1 by terror organizations worldwide results from its very high sensitivity and high demolition power, which approaches that of TNT, rendering it both a primary explosive and main charge in improvised explosive devices. We have recently predicted that the decomposition of 1 is a thermoneutral process that can be described as an entropic explosion, with one molecule of solid 1 decomposing to produce four gas phase molecules, one ozone, and three acetone molecules.11 It is plausible that the efficiency of the chain reaction that promotes the decomposition cascade in the solid phase is highly dependent on the efficiency of crystal packing and the relative orientation of the molecules in the crystal. Consequently, a better understanding of the solid-state structure of 1 could not only lead to a better definition of the sensitivity and explosive properties of this quite unpredictable material, but could also ultimately result in better handling and detection techniques.12 Experimental techniques (NMR, GC, and LCMS) and computational evidence have shown that derivatives and analogues of 1 in either the gas phase or in solution can adopt * To whom correspondence should be addressed. E-mail: keinan@ tx.technion.ac.il (E.K.); [email protected] (O.R.). † Technion - Israel Institute of Technology. ‡ The Scripps Research Institute.
 
 Scheme 1. Synthesis of Peroxide-Based Explosives
 
 Scheme 2. Stable Conformers of 1
 
 two kinetically stable conformations having either D3 or C2 symmetry (Scheme 2).13 However, only one conformer (D3) of 1 has been observed by X-ray crystallography.11,14 Here we report on the discovery that 1 can form at least six different polymorphic crystals, depending on the acid catalyst used for its synthesis and on the solvent used for its recrystallization. Concomitant polymorphism15 was observed in the precipitates of 1 that were obtained directly from the reaction mixtures. We solved the structure of each polymorph by singlecrystal X-ray crystallography, showing that there is no solvent inclusion in any of the polymorphs, and all exhibit the same molecular conformation of D3 point symmetry. Furthermore, we report here that 1 can form two helical D3 enantiomeric conformers, either a right-handed (∆) or a left-handed (Λ) helix with varying relative proportions in the crystal. Four of the six polymorphs exhibit different occupancies of enantiomeric pairs, all of which are found within positional disorder in the unit
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 Reany et al. Table 1. Experimental pH Values of Aqueous Acid Catalysts in Double Distilled Water (DDW) and in 30% H2O2a
 
 Figure 1. Micrographs of different habits of TATP crystals collected from different samples. Left: a characteristic needle (1a) of sublimed TATP. Middle: a prismatic crystal (1b) found mainly under inorganic acid catalysis. Right: characteristic plates (1c) formed mainly under organic acid catalysis.
 
 cell. Sublimation points and enthalpies were determined by differential scanning calorimetry (DSC). Results and Discussion Synthesis and Crystal Morphology. TATP (1) was prepared according to our recently reported procedure using acetone and hydrogen peroxide and an acid catalyst.11 All reaction mixtures were identical except for the acid catalyst used. Thus, a catalytic amount (0.5-1.5% v/v) of acid was added to a homogeneous equimolar mixture of acetone and aqueous hydrogen peroxide (30%). With strong acids, such as sulfuric, hydrochloric, phosphoric, and nitric acids, precipitation of 1 was complete within less than 24 h. However, with weak acids, such as acetic or citric acid, the reaction was incomplete even after several days at room temperature. Therefore, we interrupted the reaction with these acids after 72 h, collecting the crystalline 1 in low yields. In all cases, the colorless crystals were collected by filtration, washed with water to remove traces of the acid catalyst, and air-dried. Three different crystal habits were observed in samples of 1 obtained from the various batches: needles, 1a; prisms, 1b; and plates, 1c (Figure 1). X-ray crystallography (vide infra) revealed that these three habits represent three different polymorphs. All strong acids, including sulfuric, hydrochloric, nitric, and phosphoric acid produced mixtures of polymorphs, the major one being 1a. However, in the case of phosphoric acid, we were able to isolate under the microscope single crystals of 1a (needles) and 1b (prisms). It was difficult to assess the polymorphic ratio in the mixtures because the ratio between 1a and 1b changed in favor of 1a as a function of time, temperature, and grinding (while preparing samples for X-ray powder diffraction experiments).16 Even pure 1b crystals were fully converted by thermal treatment to 1a within either 4 weeks at 20 °C or 1 week at 40 °C. Organic acids, including acetic and citric acids, produced mixtures of 1a (needles) and 1c (plates). Again, it was difficult to assess the ratio between these two polymorphs in the mixture because the proportions of 1a increased as a function of time, temperature, and grinding. Homogeneous CDCl3 solutions of any of the above-mentioned polymorphs exhibited identical 1H NMR spectra (s, 1.43 ppm). The chemical identity of all polymorphs was further confirmed by dissolving each of them in dichloromethane with a catalytic amount of trifluoroacetic acid (TFA) and keeping the solution overnight at room temperature. In all cases, 1 was quantitatively converted to DADP (2), as confirmed by 1H NMR in CDCl3: 1.33 (s, 6H); 1.77 (s, 6H) ppm.
 
 acid (in 10 mL)
 
 pH in DDW
 
 pH in 30% H2O2
 
 none H2SO4 (50 µL) HCl (250 µL) HNO3 (250 µL) H3PO4 (250 µL) AcOH (250 µL) citric acid (250 mg)
 
 7.45 0.55 0.42 0.12 1.78 2.28 1.68
 
 3.46 -0.08 -0.35 -0.53 0.14 1.54 0.95
 
 a All measurements were carried out with 10 mL solutions using a Metrohm combined pH glass electrode (reference electrode Ag/AgCl). Negative pH values were calculated from the corresponding reading potentials using a calibration curve.
 
 Interestingly, there are only a few reports about polymorphism controlled by acid catalysts.17 In our case, the dependence of polymorphism on the type of acid catalyst could be attributed to the acidity of the reaction medium (pH < 3) and consequently the rate of precipitation. In all cases, the acidity of the reaction media in the presence of hydrogen peroxide was significantly lower than in the absence of H2O2 under the same concentration (Table 1). The catalysts used could be classified into two groups, A and B. Group A, which included the strong inorganic acids, all exhibiting pH values between -0.54 and 0.14, produced mixtures with 1a being the major component. In all cases, the high precipitation rates resulted in small crystals. Only in the case of phosphoric acid (pH 0.14), where the rate was slower and the crystals were larger, was it possible to isolate X-ray quality single crystals of 1a and 1b. Group B, which included the organic acids (pH 0.95-1.54), involved slow precipitation, and the formation of isolable single crystals of 1a and 1c. Interestingly, since hydrogen peroxide itself is a weak acid, crystalline 1 can be produced in a mixture of acetone and aqueous hydrogen peroxide in the absence of any of the abovementioned acid catalysts. In fact, Wolffenstein used this procedure in his first synthesis of 1 in 1895.18 However, in the absence of a catalyst, the reaction progresses very slowly and the yields are poor. The crystals that were collected after 4 weeks under these conditions were identified as pure polymorph 1a. It is not clear, however, whether 1a was the primary polymorph obtained under these slow process or another polymorph was initially formed but was converted to 1a during its long residence time at room temperature. This phenomenon of kinetic versus thermodynamic controls follows Ostwald’s Rule of Stages description19 where, in the course of transformation of an unstable (or metastable) polymorph into a stable one, the system does not go directly to the most stable polymorph (corresponding to the modification with the lowest free energy) but prefers to reach intermediate stages (corresponding to other metastable modifications) having the closest free energy to the initial state. Additional polymorphs of 1 were obtained by recrystallization from various organic solvents, including n-hexane, toluene, tetrachloromethane, chloroform, ethyl acetate, acetone, and ethanol. Thus, dissolving 1 in any of these solvents (0.1-0.2 M) and allowing the solvent to slowly evaporate at room temperature over several days afforded large single crystals, which were then collected and analyzed by X-ray crystallography. Pure polymorph 1a was obtained when 1 was recrystallized from acetone, chloroform, ethyl acetate, and toluene. However, with n-hexane, tetrachloromethane and ethanol, new pure polymorphs, 1d, 1e, and 1f, respectively, were discovered, all exhibiting similar crystal habit of either prisms or thick plates (Figure 2). In general, the crystal size of crystals collected from different solvents are larger than those collected from reaction solution.
 
 Rich Polymorphism in TATP
 
 Figure 2. Micrographs of TATP crystals collected from different samples. In general, the size of crystals collected from different solvents, are much larger than those collected from reaction solution (1a-c). Top: prisms of 1d obtained by recrystallization from n-hexane. Middle: prisms of 1e obtained by recrystallization from CCl4. Bottom: plates of 1f obtained by recrystallization from ethanol.
 
 X-ray Crystallography. The X-ray crystallographic data of all six polymorphs, 1a-f, are summarized in Table 2. Selected bond lengths (L, Å), bond angles (A, deg), and torsion angles (T, deg) are presented in Table 3. Notably, the smallest unit cell (volume, Å3) is obtained for the triclinic polymorph, 1c (Table 2). Whereas 1a-c obeyed the definitions of being crystal polymorphs,20 an unusual situation is shown for polymorphs 1d-f in terms of identical cell dimensions and space group. Yet, one can observe differences in molecular arrangement, e.g., positional disordered (1e) vs ordered arrangement of asymmetric molecules (1f), and a unique situation of b-doubling size (1d) followed by domains of enantiomeric arrangements (vide infra). A rather similar situation has been reported, recently, by You et al. on two azide-bridged chiral Cu(II) compounds that exhibit identical cell dimensions and space group.21 Comparison of the molecular structures consistently show that bond lengths and angles do not differ significantly among the six polymorphs, as is usually the case with many other organic polymorphs.22 This observation is not surprising since small changes in these structural parameters require relatively large energy inputs. In contrast, changes in torsion angles about a
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 single bond usually involve relatively small energy variations on the order of 12 kcal/mol, which are comparable with differences in the lattice energy of various crystalline forms.23 Since the torsion angles define the various conformations of 1,13 small conformational changes could trigger the nucleation of different polymorphs. As no solvent molecule is incorporated into any of the six crystalline forms, the observed polymorphism of 1 represents the net variations of the intermolecular interactions. A single crystal of polymorph 1a was obtained from a reaction mixture with sulfuric acid. The structure was found to be identical to that reported earlier, which was obtained by slow sublimation of 1 in a closed flask at room temperature.11 This polymorph is monoclinic with four molecules in the unit cell, space group P21/c, and cell constants of a ) 13.788, b ) 10.664, c ) 7.894 Å, and β ) 91.77°. The molecule exhibits noncrystallographic D3 symmetry, adopting a “twist-boat chair” conformation. Since the space group contains an inversion center, there are two right-handed (∆) and two left-handed (Λ) molecules in the unit cell. The structure can be described in terms of layers of ∆ and Λ enantiomers extending approximately parallel to the ac plane. Within each layer (Figure 3), neighboring triangular-shaped molecules are arranged with one of the three apexes pointing in opposite directions. Adjacent layers are formed by applying the screw axis operation along b and a c glide operation normal to b. Selected molecular geometries are presented in Table 3. Polymorph 1b is orthorhombic with 16 molecules in the unit cell, space group Cmca, and cell constants of a ) 28.055, b ) 15.516, and c ) 10.667 Å. As in 1a, the molecule exhibits D3 symmetry. Figure 4 illustrates a typical layer parallel to the ab plane, where only eight molecules are shown for clarity. More molecular layers are generated along the c glide normal to b. The asymmetric unit within the layer comprises two disordered sites, one around the mirror plane and the second around the 2-fold axis. This disorder is probably one of the reasons for the relatively high R factor observed in this polymorph. Two molecular halves around the first site, with equal occupancy of 0.5 each, are complemented to a whole molecule by the mirror plane normal to the a axis. The mirror plane crosses C1A (Figure 5A) and splits C3A, O3A, C4A, and O4A into their image counterparts to yield mixed enantiomers where atoms C1A, C2A, and C2A′ are common to both molecules. Around the second site there are also two molecular halves with occupancies of 0.85 and 0.15 complemented to a whole molecule by the 2-fold axis parallel to b. Here the molecular helicity is also mixed, but there is no constraint on the molecular occupancies. The methyl carbons attached to C1A, C2A, and C2A′ are also split due to the ∆ and Λ helicity change (Figure 5B,C). Polymorph 1c is triclinic with four molecules in the unit cell, space group P1j, and cell constants of a ) 8.901, b ) 10.500, c ) 12.576 Å, R ) 82.56, β ) 84.45, and γ ) 73.05°. Within the unit cell, there are two crystallographically independent sites, A and B (Figure 6), which are incorporated into layers very similar to those found in polymorphs 1a and 1b. One layer (Figure 6), which is approximately parallel to the (1j11) plane, is generated by the inversion centers of the cell. Site A is occupied by ∆ and Λ enantiomers in a disordered fashion with occupancies of 70% and 30%, respectively, whereas site B is occupied by ∆ and Λ enantiomers with occupancies of 30% and 70%, respectively (Figure 7). Carbons C1, C2, and C3 of sites A and B are common to both enantiomers, whereas the oxygen atoms and methyl carbons are split according to the molecular helicity.
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 Table 2. Crystallographic Data and Refinement Details of 1a-f 1aa formula formula weight density (g × cm-3) T (K) diffractometer scan mode crystal size (mm) crystal system space group a (Å) b (Å) c (Å) R (°) β (°) γ (°) V (Å3) Z F(000) θ max (°) unique reflections I > 2σ(I) R-factor (all data) R-factor (I > 2σ(I)) S a
 
 1b
 
 1c
 
 1d
 
 1e
 
 1f
 
 C9H18O6 C9H18O6 C9H18O6 C9H18O6 C9H18O6 C9H18O6 222.23 222.23 222.23 222.23 222.23 222.23 1.272 1.263 1.327 1.267 1.266 1.268 180(2) 200(1) 200(1) 200(1) 200(1) 200(1) PW 1100/20 KappaCCD KappaCCD KappaCCD KappaCCD KappaCCD ω/2θ ω and φ scans ω and φ scans ω and φ scans ω and φ scans ω and φ scans 0.33 × 0.27 × 0.20 0.35 × 0.27 × 0.05 0.27 × 0.18 × 0.12 0.60 × 0.50 × 0.15 0.30 × 0.18 × 0.03 0.50 × 0.50 × 0.44 monoclinic orthorhombic triclinic monoclinic monoclinic monoclinic P21/c Cmca P1j P21/c P21/c P21/c 13.788(6) 28.055(4) 8.901(1) 11.964(2) 11.968(2) 11.9620(6) 10.664(5) 15.616(6) 10.500(2) 28.083(6) 14.029(3) 14.0380(4) 7.894(4) 10.667(1) 12.576(1) 15.600(3) 15.606(3) 15.5950(8) 90 90 82.560(9) 90 90 90 91.77(5) 90 84.445(7) 117.22(3) 117.15(3) 117.270(2) 90 90 73.053(6) 90 90 90 1160.1(9) 4673.3(2) 1112.7(3) 4660.9(15) 2331.5(8) 2327.70(18) 4 16 4 16 8 8 480 1920 480 1920 960 960 25.02 22.97 25.05 25.01 25.04 25.00 2055 1622 3872 8139 4097 4084 1379 899 1883 4018 1963 3039 0.0934 0.1476 0.1228 0.1434 0.1785 0.0705 0.0536 0.0975 0.0607 0.0632 0.0974 0.0526 1.164 1.142 0.889 1.098 1.047 1.088
 
 This polymorph has already been reported (ref 11). Table 3. Selected Average Values Obtained from Molecular Geometries of Polymorphs 1a-f polymorph crystallographic site
 
 parameter L (Å) O-O C-O C-C A (deg) O-C-O O-O-C C-C-C T (deg) C-O-O-C O-O-C-O a
 
 helix type
 
 1b 1a
 
 m-site
 
 1c 2-fold site
 
 site A
 
 site B
 
 1d
 
 1e
 
 1f
 
 ∆ Λ ∆ Λ ∆ Λ
 
 1.470(3) 1.470(3) 1.419 1.419 1.511 1.511
 
 1.502(3) 1.429(3) 1.405(3) 1.468(3) 1.506(3) 1.515(3)
 
 1.483(3) nda 1.408(4) nd 1.504(5) nd
 
 1.460(3) 1.417(3) 1.405(4) 1.397(4) 1.483(5) 1.527(5)
 
 1.460(3) 1.409(3) 1.398(4) 1.407(4) 1.486(5) 1.520(5)
 
 1.474(3) 1.464(3) 1.419(4) 1.427(4) 1.514(5) 1.509(5)
 
 1.467(5) 1.477(5) 1.481(6) 1.421(6) 1.508(6) 1.505(6)
 
 1.469(2) 1.469(2) 1.422 (2) 1.422 (2) 1.514(3) 1.514(3)
 
 ∆ Λ ∆ Λ ∆ Λ
 
 112.2(3) 112.2(3) 107.7(2) 107.7(2) 113.8(3) 113.8(3)
 
 111.4(3) 113.7 105.4(2) 109.7(2) 112.5(3) 115.2(3)
 
 113.2(3) nd 108.1(2) nd 114.0(3) nd
 
 112.6(3) 112.5 107.6(2) 107.6(2) 113.6(3) 112.6(3)
 
 112.4(3) 110.4 107.6(2) 108.0(2) 113.2(3) 112.8(3)
 
 112.2(3) 112.2(3) 107.8(2) 107.5(2) 114.0(3) 113.7(3)
 
 110.5(4) 112.5(4) 107.2(4) 107.7(4) 113.1(4) 114.2(4)
 
 112.4(1) 112.4(1) 107.6(1) 107.6(1) 114.9(2) 114.9(2)
 
 ∆ Λ ∆ Λ
 
 -135.6(3) +135.6(3) +56.5(3) -56.5(3)
 
 -136.8(3) +132.6(3) +58.9(3) -52.7(3)
 
 -134.0(3) +150.0(3) +56.2(3) -34(3)
 
 -136.2(3) +139.2(3) +57.4(3) -62.6(3)
 
 -135.4(3) +130.8(3) +57.7(3) -53.9(3)
 
 -135.5(3) +135.5(3) +57.6(3) -58.5(3)
 
 -134.7(3) +135.3(3) +54.9(3) -57.7(3)
 
 -135.3(3) +135.3(3) +57.9(3) -57.9(3)
 
 nd ) The occupancy of this enantiomer in the crystal is too low to provide accurate data.
 
 All three polymorphs, 1d-f, which were obtained by recrystallization from various organic solvents, exhibit essentially the same motif, with the molecules being organized in layers. The variations within these layers arise from two apparently independent traits: the van der Waals contacts between the peripheral gem-dimethyl groups and the internal conformation of the peroxide oxygens manifested by either ∆ or Λ helicity. Furthermore, since the methyl groups determine the intermolecular contacts, there is much freedom left for the oxygen atoms to occupy the interior of each molecule in either an ordered, as with 1d and 1f, or a disordered manner, as with 1e. Thus, within each layer, molecules with either the same or opposite handedness can occupy a separate crystallographic site with either full occupancy, as in 1d and 1f, or the same site with partial occupancy, as in 1e. Polymorph 1d, which was obtained by recrystallization from n-hexane, is monoclinic with 16 molecules in the unit cell, space group P21/c and cell constants of a ) 11.964, b ) 28.083, c )
 
 15.600 Å, and β ) 117.22°. There are four molecules in the asymmetric unit with non- crystallographic D3 symmetry (Figure 8). Two of the four molecules adopt a Λ helicity, whereas the two other nonequivalent molecules are ∆. Since the space group contains an inversion center, the structure can be described in terms of layers of 2∆/2Λ and 2Λ/2∆ enantiomers, respectively, extending approximately parallel to the bc plane and bisecting a at 3/4 (Figure 8). Thus, 2∆/2Λ accounts for the exact doubling of the b axis, leaving a and c unaffected. In addition, we have observed systematic six-apex stars composed of pairs of TATP molecules, oriented perpendicular to the b axis and rotated either -20° or -50° along the b axis (Figure 8). Interestingly, the six-pointed stars shown with -20° rotation (Figure 8 left) are composed of two homochiral enantiomers (2∆), whereas the six-apex stars shown with -50° rotation (Figure 8 right) are composed of the opposite homochiral molecules, both being 2Λ.
 
 Rich Polymorphism in TATP
 
 Figure 3. Crystal structure of 1a. View of a molecular layer approximately down the b axis.
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 Figure 5. ORTEP drawing of the two crystallographically independent sites in 1b with 50% probability ellipsoids of the non-hydrogen atoms, namely, the m-site (A) and the 2-fold site (B and C). One enantiomer of 1 (D3 helix ∆) is accommodated in the 2-fold site with 85% occupancy (B), whereas the other enantiomer (helix Λ) is accommodated in the 2-fold site with 15% occupancy (C). In the second layer of the unit cell, which is not shown in Figure 3, the occupancies are 15% of ∆ and 85% of Λ.
 
 Figure 4. TATP 1b. View of a TATP layer parallel to the ab plane.
 
 Polymorph 1e, which was obtained by recrystallization from CCl4, is monoclinic, with eight molecules in the unit cell, space group P21/c, and cell constants of a ) 11.968, b ) 14.029, c ) 15.606 Å, and β ) 117.15°. Again, all molecules exhibit noncrystallographic D3 symmetry. Since the space group contains an inversion center, the asymmetric unit contains one ∆ and one Λ molecules. The structure can be described in terms of layers of ∆ and Λ enantiomers extending approximately parallel to the bc plane and bisecting a at 1/2. Within each layer (Figure 10A) neighboring triangular-shaped molecules are arranged with one of three apexes pointing in opposite directions. Adjacent layers are formed by applying screw axes along b and glide planes normal to b. The asymmetric unit within the layer is composed of two disordered sites, with each crystallographic site being occupied by both Λ and ∆ molecules with partial occupancies of 90:10 and 10:90, respectively, with no change in the layer motif. Polymorph 1f, which was obtained by recrystallization from ethanol, is also monoclinic, with eight molecules in the unit cell, space group P21/c, and cell constants of a ) 11.962, b ) 14.038, c ) 15.595 Å, and β ) 117.27°. The cell dimensions approach those of polymorph 1e, and the layer motif shown in Figure 10B is identical to that of 1e. However, the two molecules
 
 Figure 6. View of the TATP layer within the unit cell of polymorph 1c, parallel to the (1j11) plane.
 
 in the asymmetric unit are completely ordered, with the same handedness as in 1e. Since the structure contains a center of symmetry, the unit cell contains four Λ enantiomers and four ∆ enantiomers. Overall, all three polymorphs, 1d,e,f crystallize in centrosymmetric space groups that contain equal numbers of Λ and ∆ enantiomers. Polymorphs 1e and 1f have almost the same cell parameters, but they differ in the extent of order within the molecular layer (Figure 10). The enantiomers can occupy the same crystallographic site in either a disordered fashion or in a fully ordered manner. In polymorph 1d, axes a and c remain the same, but there is exact doubling of b due to the arrangement of the four molecules in the asymmetric unit along b, in two ∆ and two Λ (Table 1). However, since the structure is centrosym-
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 Figure 7. ORTEP drawing of site A in polymorph 1c with the 50% probability ellipsoids of the non-hydrogen atoms. Up: ∆ enantiomer with 70% occupancy in site A and 30% in site B (not shown). Bottom: Λ enantiomer with 30% occupancy in site A and 70% in site B (not shown).
 
 metric, there are eight molecules of each type in the unit cell. The arrangement of columns in the ac plane is identical to the situation in polymorphs 1e and 1f. Notably, there is some origin shift of layers between 1e and 1f, which does not affect the above periodicities. X-ray Powder Diffraction Study. X-ray powder diffraction (XRPD) is often used to identify an individual polymorphic form or a mixture of polymorphs.24 The diffraction pattern provides a fingerprint of a particular polymorph because every polymorph generates a characteristic set of diffraction peaks as a function of 2θ.25 We used the above-described crystallographic data to calculate the corresponding XRPD patterns and used them as ideal reference patterns for comparison with the experimental observations.26 Figure 10 depicts the calculated XRPD patterns of the six polymorphs. They all exhibited similar powder diffraction patterns, particularly in the regions of 2θ ) 10-14°, 14-17°, and 19-25°. The calculated XRPD patterns of 1a-c allowed us to clearly distinguish between these polymorphs. In contrast, the patterns of polymorphs 1d, 1e, and 1f were found to be very similar. This close similarity is not surprising because all three polymorphs have either identical a and b cell dimensions (1e and 1f) or identical a and c and exact doubling of b with essentially the same packing motif (1d). Various samples of 1a-c were carefully ground16 and analyzed by X-ray powder diffraction (XRPD), exhibiting patterns that were slightly shifted with respect to their calculated 2θ values (data not shown). These differences can be partially explained by the fact that the single-crystal diffraction data were collected at 180-200 K, whereas the XRPD experiments were performed at 298 K. Furthermore, some of the experimental peaks were not as well resolved as the calculated ones, indicating the presence of polymorphic mixtures.27 On several occasions, we observed different crystal habits in the same batch of crystals,
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 and these different habits were confirmed by fast X-ray analysis to be different polymorphs. Concomitant polymorphism is an intriguing phenomenon that has been attracting much attention.15 The existence of concomitant polymorphs in 1 on one hand and the similarity of cell dimensions of 1d-f limit the use of XRPD as an analytical tool for polymorph identification. Differential Scanning Calorimetry (DSC). A DSC thermogram of 1a that was obtained by recrystallization from chloroform is shown in Figure 11. Identical thermograms were obtained for other samples of 1a, which were obtained either by sublimation or by recrystallization from toluene or acetone. The first cycle of heating curve (blue), which was obtained with a heating rate of 1 °C min-1, involves a single endotherm with a characteristic sublimation peak at approximately Ts ) 95.5-96.5 °C. Cooling the resultant gas phase sample back to 50 °C (red curve) at a cooling rate of 5 °C min-1 resulted in single exothermic solidification at approximately 67-68 °C. Heating the latter solid involved a single endothermic peak at Ts ) 89-90 °C. This behavior of solidification at 67-68 °C and resublimation at 89-90 °C was consistent with all samples of various polymorphs following the first heating to 120 °C (Figures 12-14 and Table 4). The peaks were characterized by onset temperature (the temperature in which the baseline intersected the extrapolated tangents at the midpoint of the peaks). The temperature onsets of polymorphs 1a and, in particular 1d-f, are distinguishable and support our interpretation of crystalline phases that have different arrangements of molecules in the solid phase. In the case of 1a and 1d, additional cooling and heating cycles were run using the same temperature rate, revealing no change in the DSC thermograms (Figure 15). We therefore conclude that the sublimate species that appears upon cooling is a stable form of 1, whose formation is independent of its original polymorph. Moreover, upon heating the sublimate is not converted to other polymorphic structures. Conclusions Since its discovery in 1895,18 1 was believed to have only one solid-state structure, which is defined here as polymorph 1a. Our study reveals that 1a is just one of at least six different polymorphs of this explosive; additional polymorphs may be discovered in the future. The extensive polymorphism of 1 is a function of not only the solvent used for its recrystallization, but also the acid catalyst used for its synthesis. The singlecrystal structure of each polymorph was solved by X-ray crystallography, revealing that all polymorphs have no solvent inclusion, and all exhibit the same molecular conformation with D3 point symmetry. The ever-increasing interest in polymorphism phenomena28 is mainly driven by the desire to better control the crystallization process. Historically, this control was achieved by varying solvents, temperature,29,30 and occasionally various additives.31 The availability of detailed structural data has led to significant advances in the control over the polymorphs obtained in a particular crystallization.32 Here the polymorphism arises from either different pH values of the aqueous reaction medium or from a different organic solvent used for recrystallization. In cases of precipitation out of an acidic reaction mixture, the crystals are quite small, mainly exhibiting concomitant polymorphism, which probably reflects kinetic control. Nevertheless, we were able to characterize two distinct polymorphs, namely, 1b and 1c. It is noteworthy that 1 itself, regardless of any specific polymorphs, is a kinetic product, and when left in acidic solution in the presence of an appropriate cosolvent, it is
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 Figure 8. Top: TATP layer within the unit cell of polymorph 1d; view of the bc layer with -20° (left) and -50° (right) rotation along the b axis. Each independent molecule in the asymmetric unit is shown in a different color. Bottom: Crystal structure of TATP molecules in the asymmetric unit of 1d: Each two of the nonequivalent molecules possess the same helicity.
 
 much freedom for the internal portion of the molecule, particularly the oxygen atoms, to adopt various conformations, in either ordered or disordered arrangements. The sensitivity and explosive properties of each of these newly discovered polymorphs are currently being investigated in our laboratories. Experimental Section
 
 Figure 9. Structures of 1e (left) and 1f (right). The same plane of the crystal is shown in both cases, demonstrating the same packing motif.
 
 fully converted to DADP, 2. In contrast, polymorphs 1a, 1d, 1e, and 1f, which are obtained by recrystallization from various organic solvents, are produced as single polymorphs, usually in the form of large crystals, reflecting a thermodynamic control over the crystallization process. Although the cell dimensions are very similar, the intensity distributions are different, resulting in different crystal structures. The structural variance between 1d, 1e, and 1f indicates that their packing mode is largely determined by the intermolecular interactions of the methyl groups and their relative orientation. These interactions leave
 
 Note of Caution. All peroxide compounds, including TATP, are extremely dangerous materials, which may lead to severe and spontaneous explosion under impact, friction, open flame, spark, or electric discharge. Synthesis should be carried out in small quantities using nonmetallic vessels and tools and the product should be handled with extreme care. General Methods. All chemicals, analytical grade, were purchased from Aldrich Chemicals. 1H NMR spectra were recorded on a Bruker Ultrashield AV300 spectrometer, operating at 200 MHz (1H) using CDCl3 as a solvent. Chemical shifts reported (in ppm) are relative to internal Me4Si (δ ) 0.0). Preparation of TATP. Using the general method described earlier,11 hydrogen peroxide (30%, 10.3 mL, 0.1 mol) was slowly added over 5 min to acetone (7.2 mL, 0.1 mol) at room temperature, and the mixture was cooled to 0 °C. The appropriate acid was slowly added at 0 °C [sulfuric acid (98%, 50 µL), acetic acid (glacial, 250 µL), hydrochloric acid (32%, 250 µL), citric acid (250 mg), phosphoric acid (85%, 250 µL), and nitric acid (70%, 250 µL)]. The mixture was allowed to warm to room temperature and then kept at room temperature without stirring for 24-72 h (sulfuric acid, 24 h; acetic acid, 72 h; hydrochloric acid, 24 h; citric acid, 72 h; phosphoric acid, 48 h; nitric acid 24 h). The resulting crystalline precipitate was collected by careful filtration with suction, then washed three times with water and air-dried to afford varying amounts of TATP, depending on the acid used (0.2-4.2 g, 4-57%), in the form of colorless crystals. Recrystallization of 1 from various organic solvents, namely, toluene, n-hexane, tetrachloromethane,
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 Figure 12. DSC thermogram of 1d.
 
 Figure 13. DSC thermogram of 1e.
 
 Figure 10. Calculated X-ray powder diffraction patterns of TATP polymorphs at 180 K for 1a and 200 K for 1b-f. The radiation source was CuKa.
 
 Figure 14. DSC thermogram of 1f.
 
 Figure 11. Typical DSC thermogram of 1a: The blue line corresponds to absorption of heat (sublimation curve) running from 50 to 120 °C at a rate of 1 °C min-1. The cooling curve (back to 50 °C at a rate of 5 °C min-1) started at 120 °C, followed by a second heating cycle (red). chloroform, ethyl acetate, acetone, and ethanol (0.1-0.2 M concentration) in an open flask covered with paraffin film at room temperature, resulted in large colorless single crystals. Conversion of 1 to DADP, 2. Using the general method described earlier,11 TATP, 1 (0.2 g) was dissolved in dichloromethane (3 mL), and then trifluoroacetic acid (TFA) was added (5 drops) and the mixture was kept at room temperature for 16 h without stirring. The solvent was removed under reduced pressure, and the resulting crystals were collected, washed three times with water, and air-
 
 dried to afford 2 (0.15 g, 75%, pure by 1H NMR) in the form of colorless crystals. Photomicrographs of Crystalline 1. Optical microscopy was performed using a Zeiss Axiophot polarizing microscope with a APPLITECH Video camera. Images were produced by the imaging software and Adobe Photoshop 7.0. X-ray Structure Analysis. Single crystals of all three polymorphs were mounted on a KappaCCD diffractometer under stream of cold nitrogen. Data were collected using graphite monochromatized Mo KR radiation. The mounted crystals of polymorph 1b were found to be very unstable at room temperature and disappeared within a few minutes in the open air. However, under cold nitrogen at 200 K, they remained stable throughout the entire data collection. The following programs were used for data collection and reduction: polymorph 1a: Philips 1973, PRCON 1973, 1990; polymorphs 1b and 1c: Nonius 1997 Collect, HKL DENZO, and Scalepack 1997. The structures were solved by direct methods using the following programs: 1a (SHELXS97), 1b, 1c, 1e, and 1f (maXus 1997), and
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 Table 4. DSC Transition Temperaturesa polymorph
 
 1a
 
 1d
 
 1e
 
 1f
 
 1st heating cycle onset temp [°C] 95.0 93.6 94.7 91.6 ∆Hsublimation [J/g] 96.5 65.8 101.1 347.4 1st cooling cycle onset temp [°C] 67.7 65.9 64.8 63.1 ∆Hsublimation [J/g] 80.9 62.4 47.6 212.7 2nd heating cycle onset temp [°C] 87.8 88.1 88.1 88.3 ∆Hsublimation [J/g] 73.2 52.0 40.4 168.0 a Heating cycles were run at temperature range of 50-120 °C at a rate of 1 °C min-1. Cooling cycle was run from 120 to 50 °C at a rate of 5 °C min-1.
 
 Figure 15. DSC thermograms of the same 1a and1d samples shown in Figures 11-12, measured after 24 h, following two heating cycles. No change in sublimation peak (Tsublim ) 89-90 °C) was observed. refined in the usual way using SHELXL97. Non-hydrogen atoms were refined anisotropically and hydrogen atoms isotropically. The solved structure of polymorph 1a was reported previously.11 Hydrogen atoms were placed at calculated positions for 1b and 1c. Anisotropic refinement of oxygens and methyl carbons of polymorph 1c gave reasonable ADPs for occupancies 0.7 and 0.3. X-ray Powder Diffraction Pattern Simulations. Powder pattern simulations were carried out using Mercury Program Version 1.4.1, as part of the Cambridge Crystallographic Database package. X-ray Powder Diffraction. The X-ray powder diffraction study of all samples was carried out using a D5000 Siemens diffractometer with Cu KR (λ ) 1.54056 Å) radiation; it was precalibrated with quartz. Powders of 1 were measured between 2θmin ) 10° and 2θmax ) 60° at room temperature. The measurements were taken under θ - 2θ locked couple mode using step scan recording mode with 0.03° 2θ increments at 2-s hold time for each increment. DSC Measurements. All measurements were carried out with a Q10 V9.0 Build 275 DSC instrument (TA Instrument, Inc.) under a flow of nitrogen (50 mL/min). The sample was placed in a standard sealed aluminum pan of the type used for the TA-DSC instrument. The following temperature program was used: equilibrate at 50 °C, ramp up to 120 °C at a heating rate of 1 °C/min, isothermal for 1 min, ramp down to 50 °C at a heating rate of 5 °C/min, equilibrate at 50 °C, and ramp up to 120 °C at a heating rate of 1 °C/min. The data were recorded and analyzed on a TA program.
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