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Pressure dependence of crystal structure and molecular packing in anthracene

Crystal structure, molecular packing and relative molecular orientation in a molecular crystal can be altered by change in temperature, pressure, electric and magnetic fields [1].

Particularly, high-density polymorphic modification can be brought using high pressure techniques [2,3]. The electronic, magnetic and optical properties of these high density polymorphs are dramatically different compared to the room temperature polymorphic forms of the same materials. This is one of the many important reasons why many organic as well as inorganic materials [4] are routinely investigated as a function of pressure and the pressure induced structural changes are reported for these materials [1,2,5]. Particularly, high pressure study on the crystals of aromatic molecules is very important due to the potential use of these materials in the electrochemical and opto-electronic devices [6,7].

High pressure results in tuning of electronic and optical properties in these materials and these investigations are useful to extract the relationships between the structure and electronic, optical, magnetic properties. In this context, many polyphenyls and polyacenes are investigated extensively as a function of pressure using both experimental and theoretical techniques [8,9,10]. Earlier we have reported the pressure dependent structural changes in some polyphenyl systems [11,12]. Here, we report a pressure dependent study on the anthracene molecular crystal. Anthracene crystallizes in monoclinic lattice with 2 molecules per unit cell. The molecules occupy (000) and (0 1 2 1 2 ) positions in the unit cell. The unit cell parameters reported by Brock and Dunitz [13] at 94K are a =8.4144, b =5.9903, c =11.0953 Å and β=125.293 • . Within the unit cell, the anthracene molecules are packed in herringbone pattern [14] similar to naphthalene which is the first member in the series of fused polyaromatic molecules. The nearest neighbor molecules in this packing are related by inclined T-geometry [14]. Many experimental investigations have been carried out for anthracene as a function of pressure. The isothermal bulk modulus and the pressure derivative of isothermal bulk modulus have been reported by Vaidya and Kennedy [15]. Zhao, et al. have reported pressure induced Raman shifts and line broadening for crystalline anthracene up to a pressure of 3.1 GPa [16]. Dreger et al. report pressure induced changes on the fluorescence spectra up to 5 GPa [17]. X-ray diffraction measurements were reported up to a pressure 5 GPa [18]. Recently, the crystallographic structure of anthracene is studied up to 27 GPa using different pressure-transmitting media and without medium [19]. This study by Resel et al. provides the structural changes of crystalline anthracene under hydrostatic and non-hydrostatic pressure conditions [19]. Some of these experimental observations [16,18] report about the existence of a phase transition around 2.5 GPa while the other experiments [15,17,19] do not find such a phase transition. It has been suggested by Resel et al. [19] that the phase transition reported between 1 atm-3 GPa should be attributed to the non-hydrostatic condition developed within the system due to the solidification of pressure-transmitting medium. Our present calculations which aim at investigating the anthracene molecular crystal under hydrostatic condition will provide a clear picture about the existence or nonexistence of such a transition. Resel et al. [19] further discuss about the pressure induced structural changes in terms of cell parameters and volumes. The change in molecular packing in crystals is discussed in terms of angles θ, χ and δ. There are ab initio calculations based on density functional theory [19][20][21][22] carried out for anthracene as a function of pressure using the full-potential linearized augmented plane wave formalism as implemented in the WIEN97 code [START_REF] Blaha | A full potential linearized augmented plane wave package or calculating crystal properties[END_REF]. These calculations report the internal geometry that has been optimized for the [20,21] reported isothermal bulk-moduli, electronic band structures and dielectric tensors as a function of the unit cell volume.

In this article, we report a variable shape Monte Carlo simulations study on pressure dependence of crystal structure and molecular packing of anthracene up to 10.5 GPa.

The molecules were treated as rigid bodies as the covalent intramolecular bonding is considerably stronger than the weak Van der Waals type of forces acting between the molecules [START_REF] Oehzelt | [END_REF]. The calculations were carried out up to 10.5 GPa due to the availability of rich experimental results on the crystal structure and packing of molecules and a direct comparison of our results can be made with the experimental results. Also, at extreme pressures it will be important to include the molecular flexibility. We report the structural quantities such as cell parameters, unit cell volume, θ, χ, δ and the interaction energy as a function of pressure. θ, χ, δ are the angles to discuss about the relative packing of molecules within unit cell. The center of mass (c.o.m.)-c.o.m. radial distribution function (rdf) has been reported as a function of pressure. The equation of state (EOS) has been calculated and it has been fitted to Murnaghan-type EOS [26,[START_REF] Murnaghan | Proc. Natl. Acad. Sci[END_REF]. The isothermal bulk modulus and the pressure derivative of isothermal bulk modulus are calculated and compared to the experimentally reported values [15].

Computational method and interaction potential

Usually crystallographic experiments are carried out at the constant temperature and constant pressure conditions. Moreover, the order-disorder transitions and structural transitions in molecular crystals involve considerable unit cell volume change and the crystals of molecules of non-spherical shape undergo anisotropic expansion or compression by applying temperature or pressure change. In such situation, simulation method to investigate the pressure or temperature dependence of crystallographic structure should allow the change in volume and shape. Keeping above facts in the mind, in the present study, we have adopted variable shape Monte Carlo technique in isothermal-isobaric ensemble [START_REF] Thomas | [END_REF][START_REF] Wood | Physics of Simple Fluids[END_REF]. For the details about the technique and implementation, we recommend the references, [START_REF] Thomas | [END_REF][START_REF] Wood | Physics of Simple Fluids[END_REF][START_REF] Allen | Computer Simulation of Liquids[END_REF]. The interaction potential is given by a pairwise additive atom-atom Buckingham potential model [START_REF] Gavezzotti | [END_REF] as given in equation 1.

U(r ij ) = A kl exp(-B kl r ij ) -C kl /r 6 ij (1)
where k and l are atom type indices (such as C and H) while i and j are the atomic indices. r ij refers to the distance between the pair of atoms i and j. The values of the potential parameters, A, B and C for the C-C, C-H and H-H sites are taken from the reference [START_REF] Gavezzotti | [END_REF].

Computational details

The simulation box contains 5 × 7 × 4 unit cells and a total of 280 anthracene molecules. Starting with the experimental crystallographic structure reported by Brock and Dunitz [13], a calculation was carried out at 94K. The experimental cell parameters reported at 94K are a=8.4144, b=5.9903, c=11.0953 Å, α =90.00 • , β=125.293 • and γ=90.00 • . With the final structure of 94K run, we have carried out a calculation at 300K and 1 atmospheric pressure. The final structure of this run has been used as the initial configuration for the high pressure run at 0.5 GPa. Calculations were carried out up to 10.5 GPa with an increment by pressure 0.5 GPa with the initial configuration which was The reported structural quantities such as radial distribution function (rdf), cell parameters, volume and interaction energies are calculated as an average over 30000 MC steps after equilibration. The c.o.m.-c.o.m. cut-off (r c ) of 15 Å has been used for the calculation of interaction energies. This cut-off has been chosen, as any further increase in r c does not change the total interaction energy significantly.

Results and discussions

The pressure effect on the crystal structure of anthracene has been discussed earlier in terms of the cell parameters and packing angles [START_REF] Hummer | On the electro-optical properties of oligoacenes: An abinitio study Ph[END_REF][START_REF] Oehzelt | [END_REF]32]. We have also calculated the average structural parameters and compared with experimental results and the results are shown in Figure 1 and Figure 2. In Figure 1 we plot the pressure dependence of cell parameters a, b and c against pressure at 300 K and compare with the experimental results reported by Hummer et al. [START_REF] Hummer | On the electro-optical properties of oligoacenes: An abinitio study Ph[END_REF]. In this Figure, the legend Expt-XRD denotes the experimental cell parameters reported from X-ray diffraction experiments while NPT-MC denotes our simulated results. The average cell parameters calculated from simulation at 300 K are a=8.16, b=5.93, c=11.18 Å , α =88.99, β=121.2 and γ=90.60 • while experimental cell parameters reported at ambient conditions are a=8.55, b=6.02, c=11.17 Å , α =90.00, β=124.60 • and γ=90.00 • [START_REF] Hummer | On the electro-optical properties of oligoacenes: An abinitio study Ph[END_REF] respectively. It is also evident from Figure 1 that not only 1 atm pressure but over the entire pressure range all the cell parameters are reproduced well within the threshold limit allowed for the deviation in cell edge shift [33].

The cell parameter a shows the maximum deviation and c shows the minimum deviation when compared to the experimental cell parameters. Under compression to 10.2 GPa, the cell parameter a is experimentally reported to decrease by 13.7%. Our calculations report 12.2% decrease in cell parameter a at 10.5 GPa which is in good agreement with the experimental results. The cell parameters b and c decrease by 6% and 6.2% respectively in our simulations. So, all the cell parameters decrease with increasing pressure and the cell parameter a shows larger change for the applied pressure. This shows that the intermolecular bonding along this axis is softer and hence easily compressible than along other crystallographic axes. In Table 1, We report the cell parameters calculated from simulation and experiment at 94 K [13]. We again find very good agreement between calculated and experimental cell parameters. It can be seen from Table 1 that the cell parameters at different temperatures are reproduced correctly and we report that the thermal expansion of the unit cell has been well described by the sets of potential Figure 2 shows the unit cell volume and total interaction energy as a function of pressure. Figure 2a (upper panel) shows pressure dependence of simulated unit cell volume compared to the experimental volume [START_REF] Hummer | On the electro-optical properties of oligoacenes: An abinitio study Ph[END_REF]. As it can be seen from this figure, over the entire pressure range the calculated unit cell volume is in good agreement with the experimental values. Experimentally the unit cell volume decreases by 29.2% for the increase in pressure by 10.2 GPa. The unit cell volume change calculated from our simulations is 24.8% for an increase in pressure by 10.5 GPa. With increasing pressure, the difference between the calculated and experimental unit cell volume also increases. This can be attributed to the rigid-body approximation employed in our calculations. But up to the pressure 10.5 GPa, the rigid-body approximation for molecules seems to be good enough, as the cell parameters and unit cell volume are reproduced well. This also tells us that beyond this pressure, it may be important to include the normal modes to incorporate the flexibility [34] within the molecules which is beyond the scope of present work. In Figure 2a, we also show a fit of the pressure dependence of simulated volume to equation of state. Different types of EOS (such as Murnaghan-type, Birch-Murnaghan type, Vinet type and Kumar type EOS) have been reported in the literature to explain the pressure dependence of volume for organic molecular crystals in isothermal conditions. Among all this EOS, Murnaghan EOS seems to be more suitable compared to others [9,[START_REF] Oehzelt | [END_REF]32] to explain the compressibility of organic molecular crystals. It has been shown by Oehzelt et al. [32] that Murnaghan EOS explains the compressibility of polyphenyls reasonably well.

That is why we have also fitted our simulated volume (V ) data to the analytical form (See equation 2) of Murnaghan type EOS [26,[START_REF] Murnaghan | Proc. Natl. Acad. Sci[END_REF]. 

V = V 0 (1 + B ′ 0 P B 0 ) -1/B ′ 0 (2)
where B 0 and B ′ 0 are the bulk modulus and the derivative of bulk modulus with respect to pressure respectively. The fitting of the calculated pressure dependence of volume data to the Murnaghan EOS was very good and chi-square value for the fitting was as small as 5.5 × 10 -5 Å6 . The bulk modulus and its derivative with respect to pressure are estimated from the fitting. The extracted values for bulk modulus and its pressure derivative are 8.2 GPa and 8.9 respectively. The experimentally [15] reported values for B 0 was between 6.5 to 7.5 GPa and for B ′ 0 the values were varying between 7.3 and 9.8. The calculated values from our simulations are in good agreement with the experimental values.

In Figure 2b, we have reported the total interaction energy of anthracene molecular crystal as a function of pressure. In the same figure, we also show the interaction energy calculated from experimental heat of sublimation for anthracene. According to Nass et al. [35] heat of sublimation of anthracene is equal to 99.7 kJ/mol and one can directly compare this with interaction energy as the contribution from P V term is negligible.

The calculated interaction energy (which is -97 kJ/mol) is in good agreement with this experimental value (-99.7 kJ/mol). From Figure 2, it is clear that the interaction energy has a minimum at 0.5 GPa and beyond this pressure it increases steeply. In order to show that the minimum is not an artifact due to inaccurate data, we have also calculated the standard error (defined as

√ σ 2 √
N where σ 2 is the standard deviation and N is number of points in the data) associated with the interaction energy at pressures in the range 1 atm to 2 GPa. The calculated standard errors are in the order of the 2-5 ×10 -3 , which shows that indeed there exists a minimum. The similar minimum in pressure dependence of interaction energy has been reported in the cases of other organic molecular crystals [11,12,34]. In the ambient temperature, the average interatomic distances are larger than the distance corresponding to the minimum in (Lennard-Jones or Buckingham) potential, r eq . When the pressure is applied the average interatomic distance decreases and the minimum is seen when the average distance crosses r eq .

Overall, the variation of the structural quantities such as cell parameters, volume and interaction energy with increasing pressure does not show any discontinuity up to pressure 10.5 GPa. This clearly indicates that according to our calculation there is no first order phase transition for anthracene up to a pressure 10.5 GPa. This is in agreement with the X-ray diffraction study reported by Oehzelt et al. [36]. Our calculations are performed under hydrostatic pressure condition and our results support the experimental works by

Resel et al. [19] which attribute the non-hydrostatic pressure condition to the controversial report of a first order phase transition below 3 GPa. Now we want to understand how different molecules in the first nearest neighbor shell respond to pressure. For that, in Figure 3 average distances. This can be compared to the centroid distances of the neighbors in the case of structurally closer phenanthrene molecular crystal [37]. In the case of phenanthrene too, there are three sets of centroids for first shell molecules appearing at the distances 5.1, 5.3 and 6.1 Å [37]. The reason for the splitting of first nearest shell peak can be easily attributed to the molecular geometry. Since these molecules have plate-like geometry, the neighboring molecules can approach the central molecule closer from some directions than from other directions. This may not be the case, when the molecules are globular in shape and the molecules in the first nearest neighbor shell appear at more or less equal distances. Other interesting observation is that these three sets of molecules respond to pressure in a slightly different way. The average distances of the centroids in these three sets decrease by 0.427, 0.462 and 0.342 Å respectively for an increase in pressure by 9

GPa (see Table 2). The decrease in the intermolecular distances can be attributed to decrease in the interaction energy (as seen in Figure 2b) as the contribution of repulsion energy to the total interaction energy increases steeply. Also, the free volume available for molecules decreases significantly with increase in pressure and hence the molecular motion becomes more localized at higher pressures.

Figure 4 shows the variation of angles θ, χ and δ with increasing pressure. These angles describe how the molecules are packed with in the unit cell [START_REF] Oehzelt | [END_REF]. θ is the herringbone angle and is defined as the angle between the molecular planes of the two translationally inequivalent molecules. The angle χ is the angle between the long molecular axis and the crystallographic c axis. The angle δ is the angle between the long molecular axes of the two translationally inequivalent molecules. For a pictorial description of these angles, we recommend the Figure 5 increase. This is in complete agreement with the experimental results by Oezhelt et al. [START_REF] Oehzelt | [END_REF] which are also shown along with the simulated values. In the beginning the variation is steeper and at higher pressures the changes are not very significant. The increase of the angles χ and δ has been attributed to the decreasing layer distance by Oehzelt et al. [START_REF] Oehzelt | [END_REF].

The layer thickness (h) is defined as csin(β). We have shown the pressure dependence of the layer thickness, h in Figure 5 along with the experimental results [START_REF] Oehzelt | [END_REF]. The simulated h steadily decreases with increasing pressure and is in agreement with the experimental results [START_REF] Oehzelt | [END_REF]. From our calculations, the decrease in the layer thickness is 0.85 Å for an increase in pressure of 10.5 GPa. This is in good agreement with the experimentally reported decrease of layer thickness by 0.83 Å for a pressure change of 10.2 GPa [36].

Overall, eventhough the actual magnitude is slightly overestimated, the change in the layer thickness with increasing pressure has been reproduced. Given that the molecules do not undergo internal conformational change, to accommodate this decrease in the layer thickness, the angles χ and δ have to be increased as we see in our simulations.

Conclusions

Anthracene molecular crystal has been simulated up to a pressure of 10.5 GPa. The crystal structure and the packing of molecules were investigated in terms of the cell parameters and the angles, θ, χ and δ. The simulated cell parameters and unit cell volume were compared with the experimental results reported by Oezhelt et al. [START_REF] Oehzelt | [END_REF] and the agreement is very good over the entire pressure range. Moreover, the simulations at 94 K and 300 K at 1 atm pressure also reproduce the experimental crystal structure. Overall, the Gavezzotti force-field could explain the thermal and pressure effect on anthracene molecular crystal. 
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  previous low pressure run. Each Monte Carlo move of a molecule involves a random displacement of c.o.m. and a random rotation of the molecule along a randomly selected axis. A Monte Carlo move associated with simulation cell involves a random increase or decrease of all the cell parameters by a small value. One Monte Carlo step includes Monte Carlo moves of all N molecules once and the Monte Carlo move of simulation box once. The displacement maxima for cell vectors and the molecular positions and rotations in Monte Carlo moves are adjusted so that the acceptance ratio is between 0.4-0.6. Each run involves 40000 Monte Carlo (MC) steps including 10000 MC steps for equilibration. Overall, each run involves 56 × 10 5 translational and rotational moves on molecules. On the basis of evolution of structural quantities such as volume, energy and radial distribution function against the number of MC steps (Figures are not shown), we decide that these many MC steps are good enough to reach on any reliable results.

  we have shown the c.o.m.-c.o.m. rdf for pressure up to 10 GPa. The evolution of peaks corresponding to first and second nearest neighbor shell molecules with increasing pressure is smooth. Actually, the first two peaks (appearing at 5.0 and 6.0 Å ) in the rdf correspond to the first nearest neighbor shell and the integrated value of these two peaks gives the value for number of molecules in the first nearest shell which is six.
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  Table 2 displays the average distances of the molecular centroids in the first nearest shell around a central molecule. From Table2, we can actually see that there are three sets of molecules appearing at distances 5.00, 5.04 and 5.93 Å. But in the rdf first two sets actually merged due to the small difference in the
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  The simulated volume data has been fitted to Murnaghan EOS and the estimated bulk modulus and the pressure derivative of bulk modulus were in good agreement with the experimental values reported by Vaidya and Kennedy[15].
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Table 1 .

 1 Cell parameters at 1 atm pressure.

		a, Å b, Å c, Å α, deg β, deg γ, deg
	Expt (94 K)	8.41 5.99 11.10 90.0	125.3 90.0
	NPT-MC (94 K) 8.08 5.95 11.06 90.2	123.2 89.9
	Expt (298 K)	8.51 6.03 11.16 90.0	124.6 90.0
	NPT-MC (298 K) 8.16 5.93 11.18 88.9	121.2 90.6

Table 2 .

 2 First nearest neighbor shell centroids distances

	Pressure 1	2	3	4	5	6
	1 atm	5.934 5.040 5.000 5.000 5.040 5.934
	3 GPa	5.738 4.768 4.775 4.775 4.768 5.738
	6 GPa	5.652 4.637 4.642 4.642 4.637 5.652
	9 GPa	5.592 4.578 4.573 4.573 4.578 5.592
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