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INTRODUCTION

Benzophenone (chemical formula C13H10O, Figure 1) and its derivatives exhibit great diversity in biochemical and photophysical properties, which are exploited in a huge number of applications. They are inhibitors of enzymes and possess antimicrobial, anticancer, and antiviral properties. Moreover, they are good absorbers of ultraviolet light and are used to prevent damage in the skin in sunscreen lotions and to avoid photo-degradation of polymers for packaging. Benzophenone derivatives are also used as crosslinking units between polymers, and as photoinitiators among others. [START_REF] Kim | Designing Responsive Buckled Surfaces by Halftone Gel Lithography[END_REF][START_REF] Schlumpf | Endocrine activity and developmental toxicity of cosmetic UV filters-an update[END_REF][START_REF] Costa | Structure Based Design, Synthesis, and Evaluation of Potential Inhibitors of Steroid Sulfatase[END_REF][START_REF] Cuquerella | Benzophenone Photosensitized DNA Damage[END_REF][START_REF] Wu | Structural diversity and bioactivities of natural benzophenones[END_REF][START_REF] Suzuki | Estrogenic and antiandrogenic activities of 17 benzophenone derivatives used as UV stabilizers and sunscreens[END_REF] In pharmaceutical chemistry, the benzophenone scaffold is a basic synthetic building block. [START_REF] Surana | Benzophenone: a ubiquitous scaffold in medicinal chemistry[END_REF] Finally, these molecules are used in light-emitting diodes and in other optoelectronic applications due to their linear and nonlinear optical properties. [START_REF] Hoshino | Electroluminescence from triplet excited states of benzophenone[END_REF][START_REF] Zhao | The important role of the bromo group in improving the properties of organic nonlinear optical materials[END_REF] Benzophenone (BPh) was observed to exhibit polymorphism in the latter part of the 19 th century [START_REF] Gossner | VIII. Untersuchung polymorpher Körper[END_REF] and a short historical review has been given in a paper by Kutzke et al. [START_REF] Kutzke | Metastable β-phase of benzophenone: independent structure determinations via X-ray powder -diffraction and single crystal studies[END_REF] The polymorphism is strongly related to the chiral character of the benzophenone molecule. The chirality is associated with the dihedral angle between the two planes defined by the phenyl rings, which can also be described in terms of the angles of either phenyl group with the central ketone plane, >C-(C=O)-C<, through the two torsion angles O=C-C-C, in which the last carbon atom is part of either one of the phenyl rings. However, the enantiomers (i.e. stereoisomers that cannot be superposed on their mirror image) only materialize in the solid state as both in the liquid and gas phase, the aromatic rings of BPh can turn more or less freely resulting in a dynamically averaged single conformation.

Whereas the crystal structure of the stable polymorph of BPh (orthorhombic, space group P212121) contains only one enantiomer, 12 the metastable polymorph (monoclinic, space group C2/c), obtained by recrystallization from the liquid, which is by its nature racemic, is a racemate. [START_REF] Kutzke | Metastable β-phase of benzophenone: independent structure determinations via X-ray powder -diffraction and single crystal studies[END_REF] In addition, the two polymorphs differ in their molecular conformation characterized by the dihedral angle between the planes of the two phenyl rings, while all other bond lengths and angles remain similar. In the stable phase of BPh, this dihedral angle is 54.4°, whereas in the metastable phase it is 64.5°. [START_REF] Kutzke | Metastable β-phase of benzophenone: independent structure determinations via X-ray powder -diffraction and single crystal studies[END_REF] Both dihedral angles are close to the theoretical optimum angle of 52.5° calculated for the isolated molecule using DFT. [START_REF] Ma | Variable Conformation of Benzophenone in a Series of Resorcinarene-Based Supramolecular Frameworks[END_REF] Because the metastable form of BPh is racemic, a transition on heating from this phase to the enantiomer-pure, stable form would imply a chiral inversion of one of the two enantiomers. This process has not been reported for BPh as it was for 4-methylbenzophenone (Figure 1), [START_REF] Kutzke | Stable and metastable crystal phases of 4methylbenzophenone[END_REF] which may imply that the activation energy for the conversion is too high. Ma and Coppens studied ten supramolecular crystals in which BPh is encapsulated as a guest and determined the distortion energy of the different conformations of BPh as a function of the dihedral angle between the phenyl planes ranging between 42 and 68°. [START_REF] Ma | Variable Conformation of Benzophenone in a Series of Resorcinarene-Based Supramolecular Frameworks[END_REF] They obtained energy differences of up to 25 kJ•mol -1 , which is significant compared to the lattice energy of the stable, -85.9 kJ•mol -1 , and metastable, -83.0 kJ•mol -1 , polymorphs. [START_REF] Kutzke | Metastable β-phase of benzophenone: independent structure determinations via X-ray powder -diffraction and single crystal studies[END_REF] Quantum chemical calculations for BPh on the rotational potential energy surface showed that the dihedral angle between the phenyl rings remains near 60 o along most of the minimum rotational energy path, thus, close to the values found in both stable and metastable structures. This result suggests that steric interactions are more important than conjugation and crystal-packing forces when it comes to the molecular conformation. [START_REF] Gough | Hindered internal rotation in benzophenone[END_REF] The interplay of chirality and polymorphism in the BPh derivatives is diverse. In this work, a study on 2-bromobenzophenone (2-BrBPh, Figure 1) is presented. Introducing a bromine atom at the 2-position causes stronger steric hindrance between the aryl groups in comparison to unsubstituted BPh. The structure of the stable phase (form I) of 2-BrBPh was determined by Baumer et al. in 2005 through single crystal X-ray diffraction and was found to be a racemate (monoclinic, space group P21/a). [START_REF] Baumer | 2-Bromobenzophenone[END_REF] A new metastable phase (form II), obtained by recrystallization from the supercooled liquid, was recently discovered by Baran et al., but its structure remains to be determined. [START_REF] Baran | Discovery of a new polymorphic phase of orthobromobenzophenone[END_REF] Baumer et al., through DFT calculations and quantum chemical modelling on the isolated molecule, demonstrated the existence of two low-energy conformers with different torsion angles (both existing as a pair of enantiomers), while the conformation with the lowest energy was very close to the observed torsion angle in phase I. Because the energy barrier between the two conformations was found to be small, the gas phase at RT should contain about 34% of the other conformation. Thus, they concluded that the crystal packing has a "substantial influence on the conformational parameters" (i.e. the torsion angle) of the 2-BrBPh molecule in the crystalline state. [START_REF] Baumer | 2-Bromobenzophenone[END_REF] However, this must be within the boundaries created by the steric hindrance between the two rings and the bromine atom.

It is interesting to point out that the equilibrium conformation of unsubstituted benzophenone is a "helicoidal" conformer with both phenyl rings tilted with respect to the plane of the carbonyl group. [START_REF] Baraldi | Conformations and internal rotation properties of molecules containing one geminal diphenylgroup: diphenylethylene, diphenylketimine, benzophenone, diphenylether and diphenylmethane[END_REF] Such a geometry favours cross-conjugation between both equivalent phenyl moieties by sacrificing the optimum coplanar geometry which would maximize electronic conjugation of a single phenyl ring with the central carbonyl group. In contrast, in the brominated 2-BrBPh derivative the phenyl ring is coplanar with the carbonyl group. This entails that the large electronegativity of the Br substituent leads to a strong molecular asymmetry which suppresses the energy gain of cross-conjugation between the two aryl moieties, leading to a coplanar geometry that maximizes electron delocalization between the carbonyl group and the unsubstituted ring. A survey of other mono-substituted analogues (Figure 1), such as 2-chlorobenzophenone (2-ClBPh), [START_REF] Pinkus | Crystal structures of 2-chloro-and 2,5-dichloro-benzophenones[END_REF] 4-bromobenzophenone (4-BrBPh), [START_REF] Strzhemechny | Polymorphism of 4-bromobenzophenone[END_REF] or 4-methylbenzophenone (4-methylBPh) [START_REF] Kutzke | Stable and metastable crystal phases of 4methylbenzophenone[END_REF] for which crystal structures of the stable and metastable phases have been described, shows that the interplay between chirality, the structures, and their stability is highly unpredictable. Whereas stable phases of 4-methylBPh (P21/c), 2-ClBPh (P21/c) and 4-BrBPh (P21/c) are centrosymmetric (racemic) crystal structures, metastable phases (when they have been discovered) were found either to contain both enantiomers, i.e. to be racemic crystals, in the case of 4-BrBPh with a P-1 space group, or to contain only one enantiomer, i.e. to be enantiomorph crystals, in the case of 4-methylBPh with a P31 space group. Interestingly, for the unsubstituted BPh, the stable form contains only one enantiomer in the P212121 space group, while the metastable form is the racemic crystal with the space group C2/c. Thus, Wallach's rule [START_REF] Wallach | Zur Kenntniss der Terpene und der ätherischen Oele[END_REF] claiming that racemic crystals have in general a higher density and stability does not seem to be universally true, in particular in the case of BPh.

Intermolecular interactions caused by aromatic systems have received considerable attention. [START_REF] Hunter | The nature of π-π interactions[END_REF][START_REF] Salonen | Aromatic rings in chemical and biological recognition: energetics and structures[END_REF] Often, these interactions are called π-π stacking and three main configurations between two aromatic rings are identified: 23 i) face-to-face, ii) parallel-displaced, and iii) Tshaped edge-to-face (also designated as C-H•••π). Nonetheless, the interpretation of the strengths of these quite different interaction geometries is still not fully understood, while the use of the term π-π stacking to describe aromatic interactions is being advised against. [START_REF] Martinez | Rethinking the term "pi-stacking[END_REF][START_REF] Grimme | Do special noncovalent pi-pi stacking interactions really exist?[END_REF] In particular for small, simple molecules such as benzene direct face-to-face stacking does not increase the interaction between two aromatic rings. [START_REF] Grimme | Do special noncovalent pi-pi stacking interactions really exist?[END_REF] However, larger sized aromatic molecules, electron withdrawing substituents on aromatic rings, parallel-displaced geometries and the T-shaped geometries all lead to more favorable interactions for which the label 'aromatic interaction' is probably too general. [START_REF] Salonen | Aromatic rings in chemical and biological recognition: energetics and structures[END_REF][START_REF] Martinez | Rethinking the term "pi-stacking[END_REF][START_REF] Grimme | Do special noncovalent pi-pi stacking interactions really exist?[END_REF] In addition to the problem of the identity of 'the' aromatic interaction, the directionality of the aromatic interactions is not as straightforward as for example for hydrogen bonds. Thermal expansion studies may allow to obtain information about the directionality; however, such studies related to molecules that are mainly aromatic in nature are fairly rare. The aromatic molecule 1-hydroxypyrene was found to exhibit positive thermal expansion in all directions. [START_REF] Gajda | Crystal morphology fixed by interplay of π-stacking and hydrogen bonds -the case of 1-hydroxypyrene[END_REF] Nonetheless, Saraswatula et al. demonstrate that increasing the strength of the aromatic interactions can decrease thermal expansion in a series of similar aromatic molecules. [START_REF] Saraswatula | Stronger π•••π Interaction Leads to a Smaller Thermal Expansion in Some Charge Transfer Complexes[END_REF] Glipizide is probably one of the earlier examples demonstrating uniaxial negative thermal expansion (NTE), although steric hindrance appears to be the cause of the uniaxial contraction on heating. [START_REF] Burley | Structure and intermolecular interactions of glipizide from laboratory X-ray powder diffraction[END_REF] NTE has been observed for co-crystals with 4-phenylazopyridine, which was ascribed to a rotational movement of the molecules and to the hydrogen bonds present in the co-crystals. [START_REF] Hutchins | Achieving dynamic behaviour and thermal expansion in the organic solid state via cocrystallization[END_REF] Furthermore, NTE has been shown to be generated by oppositely shifting molecular layers, although hydrogen bonding was again involved in this case. [START_REF] Bhattacharya | Steric guided anomalous thermal expansion in a dimorphic organic system[END_REF][START_REF] Bhattacharya | Uniaxial Negative Thermal Expansion in an Organic Complex Caused by Sliding of Layers[END_REF] It is therefore, up to now, not clear whether aromatic interactions are able to directly cause (uniaxial) NTE as hydrogen bonds are known to be capable of.

In the following, the crystal structures of 2-bromobenzophenone are analyzed. It is demonstrated that, despite the existence of two possible conformers for each enantiomer of 2BrBPh, both stable and metastable crystalline phases belong to a centrosymmetric space group and thus, both enantiomers are present. These enantiomers only favor one conformation. Moreover, temperature-resolved X-ray diffraction demonstrates the presence of uniaxial NTE in the presence of mainly aromatic interactions. It is shown that the density of the metastable phase is higher than that of the stable phase and its consequences on the stability relationship between phases I and II as a function of pressure will be analyzed.

EXPERIMENTAL SECTION

Material. 

Differential Scanning Calorimetry. Differential scanning calorimetry (DSC) experiments

were carried out with a conventional Q100 thermal analyzer from TA Instruments. It was calibrated using the melting point of indium (Tfus = 429.75 K and ∆fusH = 3.267 kJ mol -1 ). The specimens with sample masses around 10 mg were weighed with a microbalance sensitive to 0.01 mg and sealed in aluminum pans.

High-pressure differential thermal analysis. High-pressure differential thermal analysis (HP-DTA) measurements were carried out with an in-house-constructed apparatus similar to the equipment built by Würflinger [START_REF] Würflinger | Differential thermal-analysis under high-pressure IV. Low-temperature DTA of solid-solid and solid-liquid transitions of several hydrocarbons up to 3 kbar[END_REF] operating between 0-300 MPa. Melting temperatures as a function of pressure were determined of specimens mixed with an inert Perfluorinated liquid (Galden; Bioblock Scientifics, Illkirch, France) to eliminate air while enclosed in tin capsules. The onset of the calorimetric peaks was taken as the melting temperature.

High resolution X-ray diffraction as a function of temperature. High-resolution Xray diffraction as a function of temperature was performed at normal pressure using Debye-Scherrer geometry and transmission mode. CuKα1 (λ = 1.54056 Å) radiation was used in a horizontally mounted INEL diffractometer with a quartz monochromator and a cylindrical position-sensitive detector (CPS-120) with 4096 channels (0.029 o 2θ-angular step). Powder samples were introduced into a 0.5-mm-diameter Lindemann capillary. The temperature was controlled with a 700 series Oxford Cryostream Cooler from Oxford UK Cryosystems.

Lattice parameters as a function of the temperature were determined through isothermal acquisition of X-ray patterns between 100 K and the respective melting points of both forms. External calibration by means of the cubic phase Na2Ca3Al2F4 and cubic spline fitting was used to convert the measurement channels into 2θ. Peak positions were determined using pseudo-Voigt fitting.

Liquid density measurements. The density of the (supercooled) liquid was determined as a function of the temperature with a DMA-5000 Density Meter from Anton Paar. Data were obtained at isothermal steps on cooling from 363.2 K down to 298.2 K with a temperature control of ±1 mK.

RESULTS AND DISCUSSION

Characterization of the polymorphic behavior Thermodynamic study. A DSC curve of a 2-BrBPh sample in a closed pan is presented in Figure 2. Heating from room temperature, the sample (initially purified form I) exhibited a single endothermic effect ascribed to a melting transition with a mean onset at 312.2 ±0.5 K and a mean value of the melting enthalpy of 18.7 ±0.4 kJ•mol -1 (see Table 1). On reheating after quick or slow cooling of the melt to 193 K, a glass transition was observed at 224.8 ±0.5 K (midpoint), followed by an exothermic peak at around 265 K corresponding to the recrystallization of the supercooled liquid into the metastable form II, which melts at 302.2 ±0.5 K, with a lower melting enthalpy, 16.3 ±0.7 kJ•mol -1 , than form I. Crystallographic study. Powder X-ray diffraction (PXRD) patterns of form I as a function of the temperature from 100 K to its melting point have been fitted to the published structure [START_REF] Baumer | 2-Bromobenzophenone[END_REF] and virtually the same results were obtained. An example of the PXRD at room temperature together with the Rietveld refinement is provided in Figure S1. The structure of form I, which contains Z = 4 molecules in the unit cell, with only one molecule in the asymmetric unit (Z' = 1), was reported in the space group P21/a. [START_REF] Baumer | 2-Bromobenzophenone[END_REF] For the sake of comparison with the structure of form II, the structure can be transformed from the space group P21/a (a, b, c, β) to the space group P21/c (a', b, c', β) (a' = c and c' = a).

Although form II was recently discovered by Baran et al., [START_REF] Baran | Discovery of a new polymorphic phase of orthobromobenzophenone[END_REF] the structure and its relative stability with respect to form I have not been resolved. In order to solve the structure, a crystalline powder of form I was introduced into a Lindemann capillary and subjected to the described thermal treatment (see Figure 2). Growth of form II occurred at 280 K. Long acquisition-time high-resolution PXRD patterns were acquired at 200 K as well as at room temperature (293 K). The lattice was indexed using the X-cell software [START_REF] Neumann | X-Cell: a novel indexing algorithm for routine tasks and difficult cases[END_REF] followed by a Pawley profile-fit minimizing the R-factor, Rwp, [START_REF] Pawley | Unit-cell refinement from powder diffraction scans[END_REF] to confirm the space group (P21/c). This procedure enables to refine the lattice parameters, zero-shift, background, and peak profile parameters. To fully determine the structure of form II, rigid body Rietveld refinement was used based on the molecule in form I, thus all bond lengths, including those with hydrogen, are based on the existing molecular geometry of form I. In the Rietveld refinement therefore, only the angles between the cycles and the carbonyl group were adjusted. The fitted diffraction pattern is presented in Figure 3. Results of the Rietveld refinement of form II have been compiled in Table 2 together with the data of form I. A list of refinement parameters for form II can be found in Table S1 in the Supporting Information. 6.24 4.15 a Form I is refined following Baumer et al. [START_REF] Baumer | 2-Bromobenzophenone[END_REF] using data obtained on the same equipment as the data for form II.

For both polymorphs I and II, the space group is centrosymmetric with a single molecule in the asymmetric unit (Z'=1). Both phases have therefore an inversion center, which allows the crystallographic transformation within the structure from one enantiomer to the other.

The Cambridge Crystallographic Data Centre deposit (CCDC 2023202) contains the supplementary crystallographic data for this paper. It can be obtained free of charge from the CCDC via www.ccdc.cam.ac.uk/data_request/cif. The molecular conformations within both phases are quite similar. The subtle differences are related to the relative position of the planes of the phenyl groups towards each other through the torsion angles containing the carbonyl group (see Table 3). For O1-C1-C1A-C6A, the bromine substituted phenyl group, the angles are 68.3(5)° and 66.8(10)° and for O1-C1-C1B-C6B, the unsubstituted phenyl group, the angles are 17.6(6)° and 28.8(9)° for the stable form I and the metastable form II, respectively (see the inset of Figure 5 for the atom labels). As indicated by Baumer et al., these angles demonstrate the highly asymmetric character of 2-BrBPh when compared to similarly substituted compounds, such as 4-BrBPh. [START_REF] Baumer | 2-Bromobenzophenone[END_REF] It is demonstrated here that this asymmetry is maintained in both the stable and the metastable phase. The torsion angle with the brominated ring for either stable, 68.3(5)°, and metastable, 66.8(10)°, phases is quite large, when compared to the unsubstituted benzophenone with values around 27° and 41°. [START_REF] Kutzke | Metastable β-phase of benzophenone: independent structure determinations via X-ray powder -diffraction and single crystal studies[END_REF] Nonetheless, close similarity is found when comparing the central bond angle at the carbonyl group, C1A-C1-C1B, which are 117.8(3) o and 117.7(7) o for 2-BrBPh and 121.4(2) o and 118.9(1) o for BPh for the stable and metastable phases, respectively. As far as the packing is concerned, the structure of the metastable phase is quite different from that of the stable phase. Figure 4 contains the structure of both stable and metastable phases projected on the cb plane (P21/c setting for both structures). Fingerprint plots and Hirshfeld surfaces [START_REF] Turner | CrystalExplorer17[END_REF] are provided in the supplementary materials (Figures S4 andS5).

Table 3. Main characteristic torsion angles of the stable and metastable phases of 2bromobenzophenone a

Torsion

Both the stable phase and the metastable phase exhibit aromatic interactions. In the stable phase, form I, a number of strong aromatic interactions can be found (Figures S2a, b, andc). [START_REF] Macrae | Mercury 4.0: from visualization to analysis, design and prediction[END_REF] They are: i) a T-shaped interaction (C4A-H4A•••π), also observed by Baumer et al., [START_REF] Baumer | 2-Bromobenzophenone[END_REF] with a distance between the hydrogen and the ring of 2.96 Å and a distance of 5.11 Å between the centers of the two rings (Figure S2a), ii) a parallel-displaced interaction between two unsubstituted rings with a center-to-center distance of 4.64 Å and a shortest atom-atom (C4B•••C4B) distance of 3.59 Å (Figure S2b), and iii) a second parallel-displaced interaction between two bromine-containing rings with a center-to-center distance of 4.03 Å (Figure S2c). In total three strong and four moderate aromatic interactions (see for example Figure S2d for a moderate interaction) are found in the stable form by the AI aromatic interaction analyzer in Mercury (see Table S2). [START_REF] Macrae | Mercury 4.0: from visualization to analysis, design and prediction[END_REF] A weak intermolecular hydrogen bond, O1•••H3B, with 2.50 Å (angle 167.7° and O1 -C3B distance 3.412 Å) is present in the structure in combination with an even longer, weaker one, O1•••H6A (angle 153.0° and O1 -C6A distance 3.562 Å), with 2.71 Å.

In the structure of the metastable phase, form II, the shortest hydrogen bond distances have shifted to 2.67 Å for O1•••H4B (angle 166.0° and O1 -C4B distance 3.580 Å), and 2.680 Å for O1•••H5A (angle 119.6° and O1 -C5A 3.237 Å); these are longer than what can be properly considered as a hydrogen bond. [START_REF] Desiraju | The C-H•••O hydrogen bond in crystals: what is it?[END_REF][START_REF] Steiner | Distinction between the weak hydrogen bond and the van der Waals interaction[END_REF][START_REF] Steiner | O hydrogen bonding in crystals[END_REF][START_REF] Desiraju | The Weak Hydrogen Bond In Structural Chemistry and Biology[END_REF] In terms of aromatic interactions, two strong T-shaped interactions exist (Figures S3a andb), one with the C6A-H6A•••π distance of 2.73 Å along the c direction and a center-to-center distance of 5.01 Å (Figure S3a) and a second one with a C4A-H4A•••π distance of 2.96 Å and a center-to-center distance of 5.14 Å (Figure S3b). In addition, eight moderate T-shaped and parallel-displaced interactions (see for example Figures S3c andd) can be found in the metastable form (see Table S3) by the aromatic interaction analyzer in Mercury. [START_REF] Macrae | Mercury 4.0: from visualization to analysis, design and prediction[END_REF] Thus, although the stable form I possesses more strong interactions, the denser form II (Table 2) compensates the lack of stronger interactions by the presence of eight moderate aromatic interactions (compare Tables S2 andS3).

Lattice parameters of both forms have been obtained as a function of the temperature (see Supporting Information Table S4) from 100 K up to the respective melting points. Figure 5 presents the specific volumes of both polymorphs together with that of the liquid phase as a function of the temperature. The results in Figure 5 clearly demonstrate that the specific volume of the stable form I is larger than that of form II at any given temperature, which means that the metastable form II is denser than the stable form I, contrary to the expected behavior according to the density rule of Burger and Ramberger. [START_REF] Burger | Polymorphism of Pharmaceuticals and Other Molecular-Crystals .1. Theory of Thermodynamic Rules[END_REF] This implies that with increasing pressure the relative stability of the denser form II increases and that of form I decreases.

The specific volumes of the three condensed phases have been fitted as a function of the temperature using the least-squares method leading to the following equations: vI (/cm 3 g -1 ) = 11.1(6)•10 -5 T(/K) + 0.6102(4) (1a) vII (/cm 3 g -1 ) = 12.0(4)•10 -5 T(/K) + 0.6055(10) (1b)

vL (/cm 3 g -1 ) = 50.1(2)•10 -5 T(/K) + 0.5559(8) (1c) 
With these equations, the volume changes on melting and between the two solids have been determined (Table 1).

Analysis of the thermal expansion

In order to analyze the anisotropy in the intermolecular interactions, lattice parameters (Table S4) were fitted by a standard least-squares method to a polynomial function of the temperature. The polynomial coefficients describing the temperature dependencies have been compiled in Table S5 in the Supporting Information. The thermal expansion tensor of a monoclinic structure is defined by the principal coefficients, α1, α2, and α3, which form an orthogonal system, while the axis related to α2 is parallel to the unit-cell axis b. [START_REF] Salud | Anisotropy of intermolecular interactions from the study of the thermal-expansion tensor[END_REF] The thermal-expansion tensors for the stable form I and the metastable form II are represented in Figure 6 and have also been provided in the form of a table in the supplementary materials with the correlation between the principal tensor directions and the unit-cell axes (Table S6). The thermal expansion tensor at 200 K for the stable (P21/a setting) and metastable (P21/c setting) phases.

Figure 6 shows the eigenvalues as a function of the temperature for the two solid phases as well as a pictorial representation of the thermal-expansion tensor at 200 K. Except for the lowest temperatures, the overall expansivity, αV, (see upper panels of Figure 6) is higher in the metastable form II than for the stable form I. However, negative eigenvalues, implying contraction on heating and therefore called 'hard direction', [START_REF] Salud | Anisotropy of intermolecular interactions from the study of the thermal-expansion tensor[END_REF] are present in the expansion tensors of both phases (α3, see Figure 6).

For the stable phase, the hard direction (within the ac plane) can hardly be a consequence of the C-H•••O hydrogen bonds although they run along the [100] direction, because they are simply too weak distance-wise and donor-wise. As can be seen in Table S4, in the supplementary materials, the angle β decreases with increasing temperature, while the a and c axes increase in length. This can be interpreted as the unit cell being pulled at its origin (in the ac plane) and at the opposite side of the diagonal a + c, which within the crystal, translates into two layers moving in opposite directions as indicated in Figure 7a. While this causes expansion along the diagonal a + c, it diminishes the length of the diagonal c -a, similar to the situation described by Bhattarcharya and Saha. [START_REF] Bhattacharya | Uniaxial Negative Thermal Expansion in an Organic Complex Caused by Sliding of Layers[END_REF] However, contrary to the latter paper, in which the crystal contains several strong hydrogen bonds, [START_REF] Bhattacharya | Uniaxial Negative Thermal Expansion in an Organic Complex Caused by Sliding of Layers[END_REF] the current molecule does not have any hydrogen bonds that could be implicated in NTE and there is no clear reason, why these layers don't expand by moving away from each other. A tentative explanation may be the aromatic interactions, which possess a certain directionality. Although a number of these interactions is located within the moving layers, a strong interaction (according to the aromatic interaction module of Mercury [START_REF] Macrae | Mercury 4.0: from visualization to analysis, design and prediction[END_REF] ) is exactly positioned along the c -a direction that experiences the NTE (Figure 7a double red arrow and Figure S2b). It appears that the distance between the centers of the two aromatic cycles indicated by the red double arrow decrease on heating indicating a possible strengthening of this interaction. It is therefore of interest to investigate more precisely the role of the aromatic interactions and their directionality in this particular NTE. As for the hardest α3 direction of the metastable phase, the mechanism is less clear, because there is less movement in the system. However, again in the ac plane layers can be observed that are solely interconnected by aromatic interactions (Figure 7b, T-shaped interactions). As the angle β again decreases slightly on heating a similar sliding movement of the layers can be expected. The strongest expansion is along the b axis, which lacks any of the stronger aromatic interactions. As the hydrogen bonds are basically nonexistent in this structure, it would once again be of interest to investigate more closely the role of the aromatic interactions in the observed NTE.

It could be argued that in some way steric hindrance may in part cause the NTE through a trellis effect (as the steric interaction itself would be repulsive and therefore cause expansion). However, due to the small size of the 2-BrBPh molecule, scenarios such as found for the much longer glipizide [START_REF] Burley | Structure and intermolecular interactions of glipizide from laboratory X-ray powder diffraction[END_REF] are rather unlikely and it is therefore hard to imagine how steric interactions could cause NTE in the present case. In addition, the clear partitioning of both structures in layers makes it less likely that steric hindrance limits these layers from moving away from each other. Possibly, theoretical calculations, such as DFT, preferably with the effect of temperature taken into account, may provide additional information on the expected strength of the aromatic interactions and its role for this molecule in these two structures. 

The experimental slopes, dT/dP, corresponding to the melting of forms I and II, match perfectly with those calculated according to the Clapeyron equation (see Table 1).

High-pressure thermal analysis results demonstrate that the melting temperatures of the two polymorphs approach each other on increasing pressure as the slope dT/dP of the melting of the metastable form II is steeper than the slope of the higher melting form I, which can be seen in the left-hand panel of T-shaped and parallel-displaced aromatic interactions are important in both form I and form II. The latter is the densest of the two even if it is less and exhibits a more pronounced thermal expansion. It is striking, however, to observe that both forms exhibit uniaxial contraction on heating. The NTE can in both cases be explained by layers shifting in opposite directions; however, because of the absence of any significant hydrogen bonding, it is of interest to find out to what level the aromatic interactions both in the stable form I and in the metastable form II are responsible for the NTE behavior. In this respect, theoretical calculations, in particular as a function of the temperature, would be a welcome addition to this experimental study.

Thermodynamic properties at normal and high pressure have been determined for the stable and metastable phases and the pressure-temperature phase diagram has been constructed. While the metastable phase behaves monotropically with respect to the stable phase, with an increase in pressure, the phase relationship between the two polymorphs becomes enantiotropic. The solid-solid equilibrium line, which becomes stable at higher pressure, has a negative slope due to the negative difference in volume and it must be rather steep considering the small value of the dT/dP slope listed in Table 1. This implies that the solid-solid phase transformation is mainly entropy driven.
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Figure 1 .

 1 Figure 1. Molecular structure of benzophenone (A1 = A2 = 'H'), 4-methylbenzophenone (A1 = 'H', A2 = 'CH3'), 2-bromobenzophenone (A1 = 'Br', A2 = 'H'), 2-chlorobenzophenone (A1 = 'Cl', A2 = 'H'), 4-bromobenzophenone (A1 = 'H', A2 = 'Br')

  2-bromobenzophenone ((2-bromophenyl)phenylmethanone) was purchased from Aldrich with a purity of 98%. Most of the experiments were performed after careful purification of the sample through recrystallization in ethanol by the group of Professor A. Jezowski at the Institute of Low Temperature and Structure Research, Wroclaw (Poland).

  (dT/dP) exp / K•MPa-1 0.290 ±0.012 0.322 ±0.012 -* Values for the I to II transition have been calculated; the enthalpy and entropy differences are in principle valid at 307.2 K (the mean of the two melting temperatures), ∆v has been evaluated at 307.2 K leading to a dT/dP slope evaluated at the same temperature. Although the errors are in certain cases larger than the values themselves, the volume difference and the slope must have negative values (see eqs. 1 and text on relative stability below).

Figure 2 .

 2 Figure 2. Differential scanning calorimetry curves of 2-bromobenzophenone recorded at a rate of 10 K min -1 . (1) First heating of the purified form I. (2) Second heating after cooling the melt to 193 K in which a glass transition at Tg (from the glass state, G, to the supercooled liquid, SCL) can be observed (see inset).

Figure 3 .

 3 Figure 3. Experimental (red circles) and Rietveld refined (black line) diffraction patterns along with the difference profile (blue line) and Bragg reflections (vertical bars) of the monoclinic P21/c space group metastable phase II of 2-Br-benzophenone at 200 K. The inset corresponds to a 4.5times-magnified intensity scale in the 40-60 o 2θ range for clarity.

  atom labels see the inset of Figure 5.

Figure 4 .

 4 Figure 4. Projections of the 2-bromobenzophenone structure on the ab plane (P21/a setting) or cb plane (P21/c setting) for the stable phase form I (left) and on the cb plane (P21/c setting) for the metastable phase form II (right)

Figure 5 .

 5 Figure 5. The specific volume of 2-bromobenzophenone as a function of the temperature for the stable form I (solid blue circles, solid line), the metastable form II (open red circles, dashed line), and the liquid phase (open squares, dashed line). The open blue circle corresponds to the single crystal study of Baumer et al. 16 and half-full circles correspond to the X-ray powder diffraction values of the stable form I from Prokhvatilov et al. 41 Inset: Molecular conformations with atom labels of 2-bromobenzophenone in the stable form I (grey) and metastable form II (blue). Brown and red bonds correspond to the C-Br and C=O bonds, respectively.

Figure 6 .

 6 Figure 6. Eigenvalues (bottom) of the thermal-expansion tensor and thermal expansivity αv (top) for stable form I (left) and metastable form II (right) as a function of the temperature. (Insets) The thermal expansion tensor at 200 K for the stable (P21/a setting) and metastable (P21/c setting) phases.

Figure 7 .

 7 Figure 7. Two layers in (a) form I (ac plane, P21/a setting) and (b) form II (ac plane, P21/c setting) moving in opposite direction (green arrows) on heating decreasing the angle β. The NTE is indicated by a purple line, while the strong aromatic interaction is indicated by a red double arrow. The explanation is tentative, in particular for form II, because the NTE displacement is small.

  Relative stability of the crystalline phasesThe high-pressure melting temperatures of both forms are shown in Figure8for a series of pressures. Several examples of high-pressure thermograms are presented in FigureS6for both polymorphs in the Supporting Information. The experimental onset melting temperatures as a function of pressure were fitted with a linear expression leading to: TI-L /K = 0.290(12) P /MPa + 313.4(1.6) (2a) TII-L /K = 0.322(12) P /MPa + 301.2(1.5) 

Figure 8 . 8 .

 88 In the center panel of Figure 8, the T and P axes have been exchanged in line with most phase diagrams in the pharmaceutical community. The slopes convert therefore into dP/dT. Due to the inequality dP/dTI-L > dP/dTII-L the melting curves converge at the triple point I-II-L (Figure 8, center panel). This convergence implies that form II possesses a stable domain at high pressure and high temperature above the triple point I-II-L. In addition, because ∆SI-L > ∆SII-L, SI < SII and while vI > vII, the slope of the I-II transition dP/dTI-II should be negative. Accordingly, the topological pressure-temperature phase diagram corresponds to that depicted in the center panel of Figure In summary, the relationship of form II with respect to form I, which is monotropic at normal pressure and up to the triple point I-II-L, becomes enantiotropic for temperatures and pressures above this triple point (see the Gibbs-energy diagrams in the right-hand panels in Figure 8).

Figure 8 .

 8 Figure 8. Left-hand panel: Experimental temperature-pressure phase diagram of 2bromobenzophenone with solid and open circles the melting transitions of form I and form II, respectively. Center panel: Topological pressure-temperature phase diagram of 2bromobenzophenone. Right-hand panel: Isobaric sections of the Gibbs-free-energy-vstemperature diagrams at P=P1 (monotropic behavior, bottom panel), and at P=P2 (enantiotropic behavior, top panel). Solid lines represent stable equilibria (minimum Gibbs free energy)

Table 1 . Enthalpy (∆H), entropy (∆S), and volume (∆v) changes at the observed phase transitions together with the experimental ((dT/dP) exp ) and calculated ((dT/dP) calc ) slopes of the melting temperatures with respect to the pressure

 1 

	Property / Phase	I→L	II→L	I→II *
	transition			
	T/K	312.2 ±0.5	302.2 ±0.5	
	∆H / J•mol -1	18.7 ±0.4	16.3 ±0.7	2.4 ±0.9
	∆S / J•K -1 • mol -1	59.8 ±1.3	53.8 ±2.3	6 ±3
	∆v / cm 3 •mol -1	17.69 ±0.13	17.45 ±0.16	-0.0019
				±0.0025
	(dT/dP) calc / K•MPa -1	0.296 ±0.009	0.324 ±0.017	-0.0003
				±0.0005

Table 2 . Results of the Rietveld refinements of 2-Br-BPh form I a and form II

 2 

	Phase	form I	form II
	Formula	C13H9BrO	C13H9BrO
	FW (g•mol -1 )	261.118	261.118
	Crystal system	Monoclinic	Monoclinic
	Space group	P21/a	P21/c
	T (K)	200(1)	200(1)
	Wavelength (Å)	1.54056	1.54056
		a = 7.8160(3) Å	a = 8.4896(19) Å
		b = 16.7374(7) Å	b = 6.5438(8) Å
	Unit cell	c = 8.4654(4) Å	c = 20.253(1) Å
	dimensions	α= 90°	α= 90°
		β = 97.610(4)°	β = 104.452(6)°
		γ= 90°	γ=90°
	Z(Z')	4(1)	4(1)
	V (Å 3 )	1097.68(8)	1089.5(4)
	Dx (g•cm -3 )	1.5801(1)	1.5918(6)
	Rwp (%)	8.27	6.24
	Rp (%)		
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