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Infrared spectra are computed for neutral and cationic clusters of Polycyclic Aromatic Hydrocarbon clusters, namely (C16H10) (0/+) n=1,4 , using the Density Functional based Tight Binding scheme combined with a Configuration Interaction scheme (DFTB-CI) in the double harmonic approximation. Cross-comparison is carried out with DFT and simple DFTB. Similarly to the monomer cation, the IR spectra of cluster cations are characterized by a depletion of the intensity of the CH stretch modes around 3000 cm -1 , with a weak revival for n = 3 and 4. The in-plane CCC modes in the region 1400-2000 cm -1 are enhanced while the CH bending modes in the range 700-1000 cm -1 are significantly weakened with respect to the monomer cation, in particular for n = 2. Finally, soft modes corresponding to diedral fluctuations of the monomers within the central stack of the ion structure, possibly mixed with monomer folding, are also observed in the region 70-120 cm -1 .

Introduction

Clusters of Polycyclic Aromatic Hydrocarbons (PAHs) have been the subject of various experimental and theoretical investigations over the past decades due to their interest in several research fields. For instance, their role in flame chemistry is still under debate, as they could act as possible precursors of soot particles through oligomerization [1][2][3][4][5][6][7][8][9][10][11][12]. The optical and transport properties of PAH clusters are also investigated in the context of organic solar cell design [12][13][14][15][16][17][18][19][20][21]. Carbonaceous compounds involving PAH are studied as pollutants in both environmental and atmospheric science [22][23][24][25][26]. In astrophysics, PAHs have been proposed in the mid-eighties as precursors of mid-infrared emission bands [27,28] as well as contributors to the Diffuse Interstellar Bands (DIBs), a series of UV-Visible absorption bands [29][30][31][START_REF] Salama | Astrophys[END_REF]. Observations made with the Infrared Space Observatory and the Spitzer Space Telescope suggested that free flying PAHs result from the evaporation of larger grains, possibly PAH clusters [33][34][35]. PAH clusters are also suspected to contribute to some of the DIBs and the extended red emission and to play a role in the growth of interstellar PAHs [16,[START_REF] Rhee | Proc. Natl. Acad. Sci. Unit. States Am[END_REF][START_REF] Lemmens | [END_REF][38][39]. Not only there is a need for characterizing the spectral properties of neu-Correspondence to: mathias.rapacioli@irsamc.ups-tlse.fr tral clusters, but also to address their dependence upon charge, as previously done for free-flying PAH molecules, either ionized or protonated [40][41][42][43][44][45][46][47][48].

A number of studies focused on the characterisation of the structural properties of PAH clusters, in particular discussing the appearance of stack patterns [9,[49][50][51][52][53][54][55][56][57][58][59]. The structures of neutral clusters are governed by steric effects and long-range interactions. It is obviously necessary to use a methodology adequate to describe long range forces and in particular the dispersion forces. Unfortunately, highly accurate methods such as Coupled Cluster or MP4, fully relevant to deal with weakly bound closed shell molecular systems, are quite accurate if large basis sets are involved but computationally demanding and hence have not been used for PAH clusters larger than dimers. Their IR spectra have been investigated both experimentally and theoretically [59][60][61]. Ricca et al. gave a quite thorough IR theoretical harmonic characterization of various isomers of neutral pyrene clusters at the DFT+D3 level [59].

The theoretical investigation of cationic clusters is even more delicate. Indeed in addition to long range forces, the charge localization must me treated correctly. At the DFT level, traditional functionals undergo self-interaction artifacts leading to improper description of dissociated rad-ical cations [62]. Several schemes have been developed to correct those artifacts, such as the long-range shortrange schemes which allow to treat differently the short dynamical correlation and the long-range non-dynamical correlation [START_REF] Savin | Recent developments and applications of modern Density Functional Theory[END_REF][START_REF] Leininger | [END_REF][65][66]. Similar implementations have been done [67] with the context of Density Functional based Tight Binding (DFTB [68][69][70][71]), an approximation of DFT which is computationally more efficient than DFT and able to deal with larger systems. Other schemes can be used to avoid overdelocalization problems in charged molecular clusters. In the past decade, we have developed a model combining Configuration Interaction with the DFTB (hereafter labeled DFTB-CI) [72], which is an adaptation of the DFT-CI scheme [73] to the DFTB framework.

The coupling of DFTB and DFTB-CI with a global exploration scheme allowed us to obtain low energy structures for cationic and neutral pyrene clusters [74], providing binding energies and ionisation potentials in agreement with experimental measurements [75,76]. We report, in the present work, the IR spectra of cationic and neutral pyrene clusters, namely dimers, trimers and tetramers, obtained with DFTB-CI for cations and DFTB for neutrals. In particular, we address the IR spectra dependence upon size and charge. We also present comparison with first principle DFT spectra. In the next section, we briefly describe the scheme used to compute these spectra before presenting and discussing the results.

Method

The IR spectra presented for the most stable structures of pyrene clusters are computed here within the double harmonic approximation. Three electronic structure methods have been used to compute these spectra, namely DFTB for neutrals, DFTB and DFTB-CI for the ions and DFT for common reference calculations. The DFT calculations have been performed with the Gaussian09 [START_REF] Frisch | Gaussian 03 Revision A.1[END_REF] package using the B3LYP functional with D3 dispersion correction combined with the extended basis cc-pVDZ. We quickly summarize the essential ingredients of the DFTB scheme used here [68][69][70][71]. In its most common SCC (selfconsistent-charge) formulation [70], DFTB is derived from DFT through a second order expansion of the DFT energy around a reference density, taken as the sum of isolated atomic densities. The neglect of three-center integrals allows for building the DFTB Kohn Sham operator from two-center pre-tabulated DFT data, Mulliken definition of the atomic charges and Hubbard atomic parameters. In the present work, we use the set of matsci-0-3 parameters [START_REF] Frenzel | Semi-relativistic, self-consistent charge Slater-Koster tables for density-functional based tight-binding (DFTB) for materials science simulations[END_REF] as well as the weighted Mulliken (Wmull) charge scheme [START_REF] Simon | [END_REF]80], allowing for a better description of intermolecular coulomb interactions, and a dispersion correction scheme [50]. Note that the use of different charges also improves the dipole moments, a crucial quantity for the determination of IR spectra [81]. In the case of cationic clusters, we will also work in the framework of the configuration interaction DFTB-CI scheme [72] to properly describe the charge delocalization over different units. Briefly, the DFTB-CI scheme is implemented in a basis of valencebond type configurations Φ + Ak obtained via DFTB with a constraint of charge localization on a given molecule of the cluster. The DFTB-CI energies are thus the eigenvalues of a non-orthogonal CI problem whose size is equal (k=HOMO only) or scales (k=HOMO,HOMO-1...) as the number of molecules, corresponding to ground state eigenvectors Ψ + 0 incorporating charge delocalization as a combination over the charged localized configurations

Ψ + 0 = Ak c 0 Ak Φ + Ak (1)
Note that, in the case of the cationic monomer, DFTB-CI is reduced to simple DFTB. The DFTB and DFTB-CI calculations have been carried out with the deMonNano package [START_REF] Heine | deMon-Nano Experiment[END_REF]. In the following and for sake of simplicity, we will generally refer to DFT, DFTB or DFTB-CI, the previously mentioned calculation details (+D/ +D3/ Wmull/ SCC) being implicit. All presented spectra result from convolution of the lines originating from the diagonalisation of the weighted Hessian matrix with lorentzian functions with half-width 15 cm -1 .

Results

We start here with the monomer. The present subsection is not supposed to bring new information about the IR spectra of the pyrene monomer and its cation, abundantly documented in the literature but to measure the performance of DFTB as an approximate DFT method for the vibrational observables of this constituting molecule. The spectrum of neutral pyrene has been experimentally determined by a number of authors, either in cryogenic matrices [41,[START_REF] Joblin | [END_REF] or in gas phase [86,[START_REF] Joblin | [END_REF]. Joblin et al. [START_REF] Joblin | [END_REF] provided full range spectroscopy of pyrene in neon matrices at 4K, the lines with largest intensity occurring around peaks at 713, 844, 1087/1097, 1605 and 3053/3064 cm -1 while the gas phase experiments of Malteseva et al. [86] only concerned the range 3044-3118 cm 1 . Essentially, the region 700-900 cm -1 corresponds to CH out of plane bending modes, that between 1000 and 1800 cm -1 to in-plane CCC or CH bending (possibly coupled) modes and the features around 3000 cm -1 to CH stretching modes. Some weaker intensity patterns are also observed in the region 1405-1430 cm -1 . A number of theoretical studies, either at the HF level [41] or at the DFT level [40,42], were devoted to the IR bands assignments. In most calculations, the double harmonic approximation was used, corrected by scaling factors. Mackie et al. [87] and Mulas et al. [88] have explored theoretically the importance of anharmonicities. The work of Mulas et al. is based on a DFT potential surface with the B97-1 hybrid functional, which provides, after applying a scaling factor, harmonic lines (largest intensities at 713, 845, 1089, 1606 and 3057/3074 cm -1 ) in close correspondence with the experimental results. Anharmonicities are shown to induce small shifts of a few cm -1 depending on the spectral region. More significant C 16 H 10 DFTB IR wavenumber (cm -1 ) Fig. 1. Harmonic IR spectra of neutral and cationic pyrene monomer with DFT/B3LYP and DFTB. The vertical dashed lines indicate the experimental frequencies of the major intensity modes for neutral [START_REF] Joblin | [END_REF] and cationic [41,84,85] pyrene changes are observed for the intensities, due to mode mixing. We will take as reference here standard DFT calculations achieved using the hybrid B3LYP functional, the most commonly used to calculate IR spectra. Despite DFT calculations already exist [40,42,88] for the monomer, we have repeated them here to have a global common benchmark with the same functional and the same basis set for monomers and small clusters, neutral and singly charged. It can be seen in figure 1 that DFT/B3LYP yields lines at 746, 878, 1112/1196, 1455, 1648 and 3186/3196 cm -1 . The DFTB results of the neutral monomer reproduce reasonably the DFT spectrum, with three peaks at 722, 816 and 2929 cm -1 and very weak bumps at 1175 and 1858 cm -1 . The relative errors on the DFT peaks vs the experimental values are in the range of 3 to 10 percent. Fortuitously, the errors of DFTB on the three main peaks vs the corresponding experimental values above are found to be below 5 percent. One can however observe that in the region 900-1700 cm -1 (in plane CCC stretching modes), the intensities of the DFTB bands almost completely vanish, while the DFT peaks remain small but still visible, more consistent with the experimental results [41,[START_REF] Joblin | [END_REF]. Despite these differences, the qualitative assignment in DFT and DFTB is consistent. In the following, since we will be mostly interested in the changes induced by clustering effects, we will not apply any scaling factors.

The IR spectrum of the singly charged pyrene monomer has also been investigated experimentally either from ab-sorption in argon matrices [41] or in gas phase via the Single Photon Infra Red emission technique [84,85] (SPIRES). The spectrum is strongly different from that of neutral pyrene with a vanishing intensity for the stretching CH modes around 3000 cm -1 and lines with significant intensities at 685, 862, 961, 1125, 1217, 1245, 1362/1459, 1420, 1441 and 1550 (the most intense). This large change was reported theoretically [41,40,42] and interpreted by Torii et al. [89]. In their interpretation the collective inplane vibrational motion of the carbon atoms couples with strong fluctuations of the dipole moment over the molecule skeleton. This coupling induces significant charge fluxes which dominates the in-plane CH stretch intensity contributions to the spectrum. All together, these give rise to a much richer pattern in the 1000-2000 cm -1 region and vanishing intensity around 3000 cm -1 It can be seen in Figure 1 that these trends are correctly reproduced both at the DFT level, as previously reported [41,40] Fig. 2. Harmonic IR spectra of (C16H10)n=1,4 clusters from DFT/B3LYP (top) and DFTB (bottom) calculations. For each method, two zoom views in the 700-900 cm -1 range and around 3000 cm -1 regions, respectively, are shown below the full spectrum graph. We now comment results obtained for clusters. Crossed comparisons of the IR spectra computed at the various levels of theory are given for neutral and cationic pyrene clusters in supplementary materials. The spectra obtained for neutrals are reported in Fig. 2. Note that the geometries involved in the present work and shown in Figure 3 are the lowest ones found with DFTB global optimization simulations in our previous work [74](or the same consistently relaxed in the DFT/B3LYP approach). They are different from the ones explored by Ricca et al. [59]. The dimer and the trimer are stacks presenting twisting, while the tetramer consists of a deformed twisted stack with a side molecule. At both the DFTB and DFT levels, the IR spectra of the neutral clusters are very similar to those of the monomer and the size evolution is hardly visible on the upper plots of Figure 2 showing the full spectrum. The peak modes around 746 and 878 cm -1 in DFT are now associated with in-phase out of plane CH bending of the molecules in the stack, while the peak around 3190 cm -1 is actually a quite narrow band associated with various CH stretches on the different molecules. The bottom insets of the figure show that the lines in clusters present weak shifts with respect to the monomer lines. With DFT/B3LYP (resp DFTB), the peak maxima of the CH bending modes at 746 (resp 878 ) cm -1 are redshifted by -4 (resp -5) cm -1 for the dimer and -6 (resp -7) cm -1 for the trimer. This is qualitatively consistent although smaller than the redshifts previously calculated by Ricca et al. [59] for the components of those lines in various geometries (in the range -5/-8 cm -1 for dimers and -8/-13 cm -1 for the trimers) and the redshifts measured experimentally by Roser and Ricca [60]. The DFT peak maximum of the CH stretching band at 3190 cm -1 is almost not affected by size (± 2cm -1 ). The DFTB results are essentially consistent with the DFT results, with spectral shapes very weakly affected by size. Let us mention that the intensity weakness of the mode at 722 cm -1 observed for the monomer persists for larger sizes. The 816 cm -1 peak is also redshifted up to the trimer, (-4 cm -1 ), slightly less than the corresponding DFT peak (-7 cm -1 ) at 878 cm -1 . Note however that in the tetramer case, the shift with respect to the monomer is cancelled, certainly due to the hindrance induced by the side molecule. The peak position at 722 cm -1 is almost unaffected by size. In contrast, the maximum of the CH stretch band is shifted to the red from 2932 to 2927 cm -1 , a trend also observed experimentally [60]. Note that for the two peaks at 746 and 878 cm -1 (respectively 722 and 816 cm -1 with DFTB), DFT spectra seem to show a monotonic increase of the redshift with the addition of molecules, which is much less stringent at the DFTB level. This could stem from the different dispersion terms or also from the pointwise charge approximation used in the Coulomb contribution. Obviously, the present results must be taken with care because of the inherent approximations of DFTB. They do not include anharmonicity, whose magnitude is also of a few cm -1 on the monomer [88], certainly transferable and possibly enhanced in clusters. Finally one can also see that neither in DFT nor in DFTB, the intermolecular modes, associated with low frequencies, have significant intensities in the spectra, certainly because in the neutral species, those modes are characterized by vanishing dipole variations either within the monomers or over the cluster.

The geometries of the cationic clusters, taken from Dontot et al. [74], are shown in Figure 3. They are similar however not identical to those of neutral clusters, since the intermolecular twists within the stack are different. The spectra of cationic dimers (Figure 4) present the same main trends as the one of the cationic monomer, characterized by a weak intensity of the CH stretching mode in comparison with the neutrals. Concerning the relative intensities of the bands in the 700-1000 cm -1 region versus those in the 1000-2000 cm -1 region, the charge effect is even more pronounced in the dimer as compared to that previously reported for the monomer, as the bands in the range 700-1000 cm with and without the CI scheme. The first observation is that in cationic clusters, oppositely to neutral clusters, size effects have a non negligible influence on the spectra, as can be seen in Figure 4. In the dimer, obviously both the DFTB and DFTB-CI schemes lead to the same charge delocalization pattern, that is an equal sharing of the charge over the two units. The DFT intensities of the maxima at 1395 and 1459 cm -1 are inverted, producing a major peak located around 1432 cm -1 . The peak located in the monomer around 1613 cm -1 is now blueshifted by almost 30 cm -1 . The same merging is observed in the dimer with DFTB and DFTB-CI for the lines at 1528 and 1572 cm -1 merging into a single peak at 1590 cm -1 . The DFTB-CI band at 1781 cm -1 is also blueshifted to the region 1801-1826 cm -1 . A similar behaviour is observed for the larger sizes n=3 and 4. Let us notice nevertheless that for the trimer and the tetramer, the band intensities in the regions 698-762 and 816-826 cm -1 tend to increase, a trend that can probably be attributed to the fact that the charge (expressed in units of electrons) is now shared by several units and its average decreases on each one namely (DFTB-CI values) 0.46/0.27/0.26 in the trimer and 0.49/0.25/0.24/0.02, in the tetramer, the side molecule being almost neutral. When the cluster size increases, the contribution of neutral molecules should tend to increase. Interestingly, this can be observed (Figure 5, right) in the re-emergence for sizes n=3 and 4 of a weak feature around 2945 cm -1 , the region of the CH stretch mode, the most active in the neutral monomer and almost absent in the monomer cation. This feature is further enhanced in DFTB-CI calculation. In the tetramer, one may notice a triplet peak structure in the DFTB-CI spectrum at 2769, 2854 and 2939 cm -1 , due to the influence of the side molecule above the stack. Finally, another feature which is specific of the ions concerns the intermolecular modes and the appearance of a weak but visible intensity pattern at very low frequency around 122 cm -1 as can be seen in the left panel of Figure 5. In the trimer, a mode at 79 cm -1 (DFTB-CI) is associated with a change of the diedral angles between almost internally rigid monomers. The mode at 122 cm -1 couples this diedral fluctuation with folding of the monomer carbon skeleton. In the neutrals, those modes had vanishing intensities. In the cation, the small but existing intensities of those modes may reflect charge fluctuations between the various molecules. Similar modes are observed in the tetramer at 79 (diedral) and 129 cm -1 (diedral coupled with monomer folding).

At this point, it may be worth to comment about the difference for ions between DFTB and DFTB-CI. A partial relocalization of the charge is observed in DFTB-CI vs DFTB, namely 0.46/0.27/0.26 and 0.49/0.25/0.24/0.02 for the trimer and the tetramer respectively instead of 0.35/0.32/0.30 and 0.38/0.30/0.30/0.02 in simple DFTB. This does not considerably affect the cluster spectra. Nevertheless, the account of non-dynamical correlation vs mean field charge average and the avoidance of self-interaction in DFTB-CI, especially for extended systems, probably provides a better balance between neutral and ionized monomers. Indeed DFTB-CI explicitly considers the resonance of configurations with the charge based on a sin-gle monomers, while simple DFTB (and to some extent DFT, even though hybrid methods avoid a part of selfinteraction) intrinsically considers average charges on the monomers, which may not be equivalent in terms of dipole fluctuations. This seems to be responsible for a more pronounced account of the intensity of the very soft modes and of the triplet structure of the CH stretch mode of the tetramer.

We now focus on the distribution of vibrational frequencies. As can be seen in figure 6 (top) for dimers and tetramers, the distribution of these frequencies hardly depends on the cluster charge. The largest discrepancies occurs for the C-H stretching modes around 3000 cm -1 and are already present in the monomers. We compare now the computed vibrational frequencies with those resulting from an extrapolation model [75], allowing to address larger sizes. In this approach, one considers that the total number of modes 3nN at -6 of a given cationic cluster of size n can be simply separated in n inter = 6n -6 intermolecular modes and n intra = n(3N at -6) intramolecular modes, where N at is the number of atoms in the pyrene molecules. The intramolecular modes are obtained as the addition of the monomer cation modes ω + 1 , ω + 2 , ..., ω + 72 and those of n -1 neutral monomers (n -1) × ω 0 1 , ω 0 2 , ..., ω 0 72 . Intermolecular modes are linearly extrapolated between ω =13 cm -1 and the lowest frequency monomer mode :

ω i = ω + (ω + 1 -ω) (i -1) n inter , i = 1, n inter (2) 
Despite the crudeness of this model (the charge fluctuation over several molecules is completely neglected, in-tramolecular modes are considered unperturbed, etc.), a fairly good agreement is obtained when constructing the modes of the dimer and tetramer and comparing them to the actual DFTB-CI calculation, as shown in the difference spectrum (Figure 6, bottom). For the dimer, the frequencies are well reproduced for the cation and the agreement is excellent for the neutral. Of course, the largest the cluster, the minor the contribution of the charge. For the tetramer both neutral and cation frequencies are equally well reproduced. However, a clear departure is observed for some of the high frequency CH modes: this is due to H atoms pointing towards the plane of the side pyrene molecule (see figure 3 for the structure of the tetramer) and such steric effects cannot be reproduced by this additive model. The model can however be applied to arbitrarily large clusters, thus approaching the bulk limit and can be used to determine heat capacities in the harmonic approximation for the frequencies. Figure 7 shows the evolution of the heat capacities from the small cluster cations and up to 2000 molecules. For this largest size, we find a heat capacity in reasonable good agreement with the pyrene bulk experimental one [90], as can be seen in figure 7, except obviously for the peak associated to a phase transition, out of reach by the present additive model. To some extent, this agreement of an intensive observable is somewhat consistent with the reasonable reliability of the present DFTB monomer vibrational structure discussed above despite the various approximations inherent to DFTB and the harmonic approximations.

Conclusion

We have reported a comparison of normal mode analysis for pyrene clusters containing up to 4 units, involving DFT, DFTB and DFTB-CI in the full range spectrum up to ≈ 3300 cm -1 . In the case of neutrals, little change is observed with size, both at the DFT and DFTB levels. The present DFTB IR spectra are generally consistent with the DFT/B3LYP ones and also with the previous results of Ricca et al. [59], even though quantitative shifts of a few cm -1 are quite delicate to estimate accurately, whatever the above methods. The situation of the pyrene cation clusters is significantly different from that of neutrals and essentially follows that of the cation monomer up to size n=4. The spectra show a strong attenuation of the CH stretch band around 3000 cm -1 and a strong reduction of the intensity between 700-1000 cm -1 , the region of the out of plane CH bending. The bands in the 1000-2000 cm -1 spectral range conserve their strong intensity from the cationic monomer to the tetramer. However, the CH stretch modes recover some perceptible intensity when the number of units increases. Another noticeable feature is that, while the intermolecular modes have almost no intensity in the neutrals, diedral fluctuation modes within the trimer stacks become somewhat active in the cationic clusters, possibly coupled with monomer folding motion.

Obviously, the question may arise about the challenge and ability of DFTB and DFTB-CI to address such small vibrational shifts induced by size or the transferability to different species. Indeed, while the qualitative change in the spectra due to charge are correctly accounted for as shown in the above results for the monomer, some absolute frequencies show errors of the order of 100-200 cm -1 . However, it was shown in a number of previous studies dealing with IR spectroscopy (harmonic and also including anharmonicities from molecular dynamics simulation) of various systems that spectral shifts are well accounted for, despite the discrepancies in the absolute line positions. This includes cases with significant spectral changes (varying the charge and/or the PAH size) as well as delicate shifts due to perturbations induced by clustering [91,81,92,93], chemical attachment [94,81] or matrix environment [95,96]. In neutral molecular clusters, clearly the bonding relies on a phenomenological dispersion contribution in DFTB (+D) or in DFT(+D3) and the present results seem to be reasonably consistent with the previous DFTB+D3 publication [59], despite the differences in the equilibrium structures. Thus it seems likely that the trends determined in the present work are correct and possibly transferable to other molecular clusters of the PAH family with larger units and/or larger sizes and possibly complexes, even though higher level calculations such as Coupled Cluster carried out in sufficiently large basis sets, nowadays out of reach with sufficiently extensive basis sets, are certainly desirable.

We hope that the present study brings some new insight in the spectroscopy of PAH-containing compounds and possibly help for the detection of PAH clusters or small grains in interstellar or circumstellar media. A perspective of the present work would be to investigate the anharmonic effects via molecular dynamics simulations which is possible either with DFTB or DFTB-CI and also potentially to explore the evolution of the IR spectra with temperature. Comparison of the bulk heat capacity (black line) [90] to the calculated ones using the extrapolation model for the vibration modes described in the text, for: the monomer (green dashed line), the tetramer (blue point line) and a cluster of 2000 pyrene molecules (red line).
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 3 Fig. 3. Geometries of neutral (top) and cationic (bottom) pyrene clusters, n=1-4 from left to right. For each structure, side (left) and top (right) views
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 4 Fig. 4. Harmonic IR spectra of (C16H10) + n=1,4 clusters from DFT/B3LYP (top), DFTB (medium) and DFTB-CI (bottom) calculations.
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 5 Fig. 5. Zoom views of the harmonic IR spectra of cationic pyrene clusters (n=1-4, from bottom to top) in regions 0-350 cm 1 (left) and 2700-3100 cm -1 (right), comparing DFTB and DFTB-CI calculations.
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 6 Fig. 6. Harmonic frequencies computed at the DFTB-CI level for neutral and cationic dimers (a) and tetramers (c). Differences between frequencies at the DFTB-CI level and from the extrapolation model for the dimer (b) and the tetramer (d) (see text).

  Fig.7. Comparison of the bulk heat capacity (black line)[90] to the calculated ones using the extrapolation model for the vibration modes described in the text, for: the monomer (green dashed line), the tetramer (blue point line) and a cluster of 2000 pyrene molecules (red line).

  , and DFTB level. The main DFT peaks are at 726, 895, 1256, 1395/1460 and 1613/1615 cm -1 . The main DFTB maxima point at 684, 841, 1323, 1529/1572 and 1781/1784 cm -1 . The analysis shows that the same types of modes are observed for the lines obtained at the DFT wavenumbers 726, 895, 1256 and 1613/1615 cm -1 and at the corresponding DFTB values at 684, 841, 1323 and 1781/1784 cm -1 respectively. The mixing of the analogous in-plane CCC and CH modes is however different for frequencies 1395/1460 in DFT cm -1 (1529/1572 in DFTB), due to de-
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  -1 (CH out of plane bending modes) have very weak intensity. It is worth mentioning that these trends are well reproduced at the DFTB level, computed
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