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Abstract

In this work we assess a recently published anisotropic potential for polycyclic
aromatic hydrocarbon (PAH) molecules (J. Chem. Theory Comput. 2010, 6, 683-
695). Comparison to recent high-level SAPT(DFT) results for coronene (C24H12)
demonstrate the transferability of the potential whilst highlighting some limitations
with simple point charge descriptions of the electrostatic interaction. The potential
is also shown to reproduce second virial coefficients of benzene (C6H6) with high
accuracy and this is enhanced by using a distributed multipole model for the elec-
trostatic interaction. The graphene dimer interaction energy and the exfoliation en-
ergy of graphite have been estimated by extrapolation of PAH interaction energies.
The contribution of non-local fluctuations in the π electron density in graphite have
also been estimated which increases the exfoliation energy by 3.0meV atom−1 to
47.6meV atom−1 which compares well to recent theoretical and experimental re-
sults.
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1 Introduction

Polycyclic aromatic hydrocarbon (PAH) molecules are an important class of molecules
in the chemistry of hydrocarbon combustion. These molecules are found in a wide dis-
tribution of sizes in sooting flames [15–17, 25, 65, 85]. The examination of the result-
ing soot particles using high resolution TEM images reveals layered graphitic structures
[11, 34, 82] and has led to the conclusion that clustering of PAH molecules is responsible
for soot particle nucleation [27, 77, 92]. These findings have lead to the development of
predictive models to describe soot particle evolution in flame environments, such as en-
gines [8, 9, 56, 66], but there remain many unanswered questions concerning the precise
mechanisms of the nucleation and growth processes.

In order to access the structure and composition of nascent soot particles it is necessary
to understand the interactions of PAH clusters at a molecular level. At present the most
accurate means of doing this in a computationally feasible manner is by using atomistic
intermolecular potentials. There have been many such potentials proposed in the literature,
and they are often designed to be widely transferable between large classes of organic
molecules [2, 6, 12, 35–37, 81, 86–88, 90], and are typically simple in form, treating all
atom–atom interactions as isotropic. Often these potentials are augmented with a simple
point charge model to account for the electrostatic interaction explicitly.

In the crystallographic community, intermolecular potentials have been developed for
many years, notably by Williams [71, 86, 87] who used crystallographic data and heats
of sublimation of organic molecules to parameterise Buckingham potentials with an ad-
ditional point charge term. These potentials have been widely used in organic crystal
structure prediction [3, 14, 42, 58, 63, 95] and on work with molecular clusters [20, 75].
The 1967 Williams version (W67) has been used in the context of PAH interactions by
Miller [28] whilst the 1977 version (W77) has been fitted to a ‘Lennard-Jones plus point
charges’ form [81] (termed the LJ potential) which has proved popular due to its compu-
tational efficiency [28, 67, 77].

The most recent of Williams’ potentials, the W99 potential [87], was originally derived
from crystallographic data for hydrocarbon molecules but has since been extended to
oxyhydrocarbon molecules [88] and nitrogen-containing molecules [89] to yield a model
with 13 different atomic classes. For PAH molecules only the C(3) and H(1) classes are
considered resulting in a PAH interaction potential with just 6 parameters as well as
atomic point charges. In the crystallographic community Williams’ potentials have be-
come benchmarks [62], and in a recent work we have shown that the W99 potential gives
excellent agreement with high level quantum chemistry results for small stacked PAH
dimers [78]. This agreement is due largely to the stacked dimers representing the low-
est energy conformations which correspond to the crystal structures used to parameterise
the potential. However, we also demonstrated that such potentials which use an isotropic
atom-atom description of the intermolecular interaction cannot accurately model PAH in-
teractions throughout conformational space. Consequently, if PAH interactions are to be
accurately modelled in situations where non-stacked conformations are expected, e.g. in
larger molecular clusters, a more complex atom-atom description is needed.

Until relatively recently, the paucity of experimental data and the computational limita-
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tions of high-level quantum chemistry methods has precluded the development of com-
plex atom-atom potentials. The development of new computational quantum chemistry
methods which combine high accuracy with computational efficiency has enabled the
development of a new class of specific, high-accuracy intermolecular potentials. In par-
ticular, the development of symmetry-adapted perturbation theory based on Kohn-Sham
density functional theory orbitals (SAPT(DFT)) [29–32, 48–51] has led to a spate of new
potentials, in part due to its high accuracy and computational efficiency. Equally impor-
tantly, however, is the feature of perturbation theory that allows us to naturally partition
the total interaction energy into physical contributions: the exchange-repulsion, disper-
sion, polarisation and electrostatic interactions. This has enabled the parameterisation of
potentials capable of modelling important details of intermolecular interactions such as
atomic shape anisotropy, anisotropic polarizabilities and higher order dispersion contri-
butions [13, 53, 55, 61, 63, 78, 80]. In particular, this approach was successfully used in a
recent blind test of organic crystal structure prediction [53].

Podeszwa et al. [61] have used this methodology to develop an accurate intermolecular
potential for benzene using SAPT(DFT) interaction energies. The form of this potential
is a generalisation of the Buckingham potential, containing an exponential component
multiplied by a quadratic term and a more detailed dispersion model including C6, C8

and C10 terms. A point charge electrostatic term was also included and this along with
the dispersion terms were multiplied by damping functions to attenuate the divergence
at short intermolecular separations. In addition to the usual atomic sites this potential
contained 13 off-atomic sites, resulting in a fit with a total of 92 parameters. The extra
sites were required to account for the shape-anisotropy of the atomic sites in benzene.
However, the large number of sites and parameters mean the potential is not obviously
transferable to larger PAH molecules, and thus while it acts as a benchmark in terms of
accuracy for benzene, it is not suitable for the study of the potential energy surface (PES)
of PAH clusters.

In recent work [78] we developed a transferable, anisotropic, atomistic potential to de-
scribe the interactions of PAH molecules. This anisotropic potential was based on the
methodology developed and successfully tested by Misquitta et al. [53] using a data set
that included a large number of conformations of the benzene dimer and additionally
dimers of larger PAH molecules (naphthalene, anthracene and pyrene [60]). The PAH
anisotropic potential (PAHAP) was designed to be simple enough to maintain transfer-
ability amongst planar pericondensed PAH molecules, while accurately reproducing the
interactions of these molecules for a large number of randomly chosen conformations. The
potential was limited to three types of atom-atom interactions: carbon–carbon, carbon–
hydrogen and hydrogen–hydrogen. Each of these atom-atom terms is dependent on the
separation, Rab, and relative orientation, Ωab, with a functional form given by

Uab = G exp

[
− αab

(
Rab − ρab(Ωab)

)]
︸ ︷︷ ︸

short−range

−f6(Rab)
C6,iso

R6
ab

+ Eelst(model)︸ ︷︷ ︸
long−range

. (1)

The first term is a Born–Mayer term describing short-range interactions, the second is an
isotropic, damped dispersion term, and the third term is an appropriate electrostatic model,
which for simplicity we chose to be based on atom-centred point charges calculated using
the Merz-Singh-Kollman scheme [69].
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This form of the potential remedies two of the major deficiencies of traditional ‘exp-6’
potentials. Firstly, the short-range term now includes a shape-function, ρab, which models
the anisotropy of the interacting sites through a dependence on the relative orientation of
the two sites:

ρab(Ωab) = ρa(θa) + ρb(θb), (2)

where
ρa(θa) = ρa00 + ρa10 cos θa + 1

2
ρa20(3 cos2 θa − 1) (3)

and similarly for ρb(θb). Here the angle θa defines the angle between the site–site vector
from a to b and the z-axis in the local axis system of site a. Since the anisotropy is included
via shape-functions rather than additional sites, the resulting atom–atom potential is more
clearly transferable to other PAH molecules.

Secondly, the singularity in the dispersion term is removed by a Tang–Toennies damping
function [76], f6(Rab) for which the parameter β is calculated from the vertical ionisation
potential of benzene I according to β = 2(2I)1/2 [46],

fn(Rab) = 1− exp(−βRab)
n∑

k=0

(βRab)
k

k!
. (4)

The resulting potential has a total of 12 parameters for the short-range and dispersion
terms as well as the atom-centred point charges used in the electrostatic interaction.

SAPT(DFT) contributions up to second-order were used to fit the short-range term which
included first-order exchange and penetration energies and second-order exchange-dispersion
and exchange-induction energies. The isotropic C6 dispersion model was calculated di-
rectly using the Williams-Stone-Misquitta method [45–47, 52, 91] and, due to a strong
linear correlation found between the model energies and the SAPT(DFT) dispersion en-
ergies, a simple scaling factor was introduced to match SAPT(DFT) energies [46].

The PAHAP potential has been carefully parameterised using very accurate ab initio data
from SAPT(DFT) and the WSM method, however two important short-comings remain:
(1) The potential could not be considered transferable because a new set of point charges
were needed for every type of PAH molecule, and (2) the potential was never validated
against data not used in the fitting process.

We have remedied the first deficiency in a recent paper [79] by developing an electro-
static model for PAH molecules based on a transferable set of atom-centred quadrupole
moments and point charges. In this paper we address the second deficiency by indepen-
dent assessment of the potential against experimental data and very recent ab initio data.
Firstly, we compare PAHAP and other potentials against recent high-level SAPT(DFT)
calculations of coronene (C24H12) interactions. We then compare the potential with others
against experimental data in the form of second virial coefficients of benzene. Finally, we
use PAHAP to estimate the interaction energy of the graphene dimer and the exfoliation
energy of graphite and compare results against experiment and recent high-level quantum
calculations.
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2 Numerical details

The geometries of all the molecules used in this work were optimised using density func-
tional theory (DFT) with the B3LYP functional and the 6-31G* basis set. DFT calcu-
lations were also used to calculate electrostatic-potential-fitted (ESP) point charges for
the electrostatic term using the Merz-Singh-Kollman scheme [69] with the PBE0 [1, 57]
functional based on the optimised atomic coordinates. The basis set used for calculating
charges depended on PAH size. The aug-cc-pVTZ was used for molecules up to the size
of coronene (C24H12) and for larger molecules the cc-pVTZ basis set was used due to nu-
merical instabilities encountered with the augmented version. All DFT calculations were
performed using the GAUSSIAN03 program [22].

For most of our calculations we have used ESP charges, but for some we have used a more
detailed distributed multipole description with multipoles up to rank 4 (hexadecapole) on
the carbon atoms and up to rank 1 (dipole) on the hydrogen atoms. These distributed
multipoles were calculated using the GDMA program [72, 73] from densities obtained
using the PBE0 functional. Where there is potential ambiguity we have explicitly stated
the kind of electrostatic model used with the PAHAP potential.

All evaluations of the PAHAP potential and other literature potentials were performed
using the ORIENT program [74]. The local atomic axes used for the PAHAP potential,
along with the distributed multipoles for benzene and coronene in ORIENT format are
given in the Supporting Information. Also given are the geometries and ESP point charges
for all the PAH molecules.

3 Assessment of the PAHAP potential

3.1 Comparing the PAHAP potential to SAPT(DFT) results for the
coronene dimer

The PAHAP potential was originally fitted using SAPT(DFT) data for four small PAH
molecules (benzene, naphthalene, anthracene and pyrene dimers), and while the poten-
tial was shown to model the interactions of these molecules very well, the lack of inde-
pendent data to test the potential against weakened the claim of transferability. Recently
SAPT(DFT) interaction energies for the coronene (C24H12) dimer have been calculated in
a number of conformations [59] and provide the first opportunity to assess the transfer-
ability of PAHAP potential to larger PAH molecules.

The SAPT(DFT) calculations were performed by Podeszwa [59] using the aug-cc-pVDZ
basis set [38] using the monomer-centred ‘plus’ (MC+) approach as used for the SAPT(DFT)
calculations for the PAHAP potential. Figure 1 shows the four conformations for which
potential curves were calculated by varying the interplanar distance. Figure 2 compares
the PAHAP, W99 and LJ potentials with the SAPT(DFT) results. With one exception,
which we will come to later, these potentials were all used with an ESP point-charge
electrostatic model.
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Three of the four conformations are very well matched by the PAHAP potential using the
ESP charge model. For the fourth, sandwich conformation, the match is not as good; the
well-depth is overestimated by around 10 kJ mol−1 (∼ 15% of the interaction energy),
and the equilibrium separation is ∼ 0.1 Å smaller. This discrepancy is mainly due to the
simplicity of the point-charge model. Also shown in figure 2 are interaction energies cal-
culated using PAHAP with a more detailed distributed multipole electrostatic model. The
agreement is clearly much better for the sandwich conformation, though this is accom-
panied with a slight degradation in accuracy at the other conformations. We expect some
systematic error when using the distributed multipoles in place of ESP charges because
the short-range terms in the PAHAP potential were obtained using electrostatic penetra-
tion energies calculated using ESP charges [78].

The improvement obtained with the distributed multipole model demonstrates the limita-
tion of the simple point charge model. Figure 3 shows sections of the PES for the coronene
dimer using the PAHAP potential with ESP charges and distributed multipoles. Here in-
teraction energies are plotted with the monomers kept parallel to each other and moved
around the xz plane. The twin minima in the potential wells show the two shifted graphite
positions, and the smaller hump connecting the two corresponds to the sandwich posi-
tion, identifying the conformation as a transition state between the two shifted graphite
minima. The SAPT(DFT) results suggest that the energy of this saddle point is too low in
the ESP case and that its location on the z axis should be further away from the repulsive
wall.

The PES generated using distributed multipoles resolves the finer details of the energy
landscape to a higher degree than the rather smoother PES generated using ESP charges.
This is clearly demonstrated for sandwich conformation with a more accurately located
saddle point. These results highlight the expected trade-off in accuracy when, in seeking
to generate a simple transferable potential, a simple point charge electrostatic model is
used. To maintain high accuracy in all conformations requires a more complex potential
form, but the success of the PAHAP potential in prediction of the low-energy minima of
the coronene dimer helps confirm its transferability to PAH interactions other than those
from which it was originally parameterised.

Also shown in Figure 2 are interaction energy curves obtained with the W99 and LJ po-
tentials. The W67 and W77 potentials are very similar to the LJ potential and are therefore
not shown. As has been previously noted [78] the W99 potential is very accurate for these
stacked conformations. However, we do not expect the W99 potential to fare as well in
the non-stacked conformations where it has been shown to underestimate the binding of
PAH molecules [78]. By contrast, the LJ potential (and W67 and W77 potentials) overes-
timates the well depths for all the conformations by at least 20 kJ mol−1, and in the case
of the sandwich conformation by more than 30 kJ mol−1. This is a serious shortcoming
and potentially undermines work based on these potentials.

3.2 Calculation of the second virial coefficients of benzene

The second (pressure) virial coefficient is a common source of experimental data directly
related to the two-body interaction potential.
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(a) (b)

(c) (d)

dd

Figure 1: Structures of the coronene dimer: (a) graphite (d = 1.43 Å), (b) shifted graphite
(d = 1.65 Å), (c) crossed (twisted sandwich), and (d) sandwich.

An expression for the second virial coefficient, B(T ), can be obtained from statistical
mechanics which depends upon the pair potential only, even if many-body terms occur in
the total energy. The variation of the second virial coefficient with temperature provides
a way of examining the potential energy surface. At low temperatures the second virial
coefficient is a measure of the volume of the potential well and at high temperatures it
is a measure of the average size of the repulsive core, although both the repulsive and
attractive parts of the potential surface contribute at each temperature. Since B(T ) is
an integrated functional of the intermolecular potential, it is quite possible to obtain a
good second virial coefficient with a poor potential. We shall see an example of this. We
should therefore regard a good reproduction of B(T ) as a necessary rather than sufficient
condition for an intermolecular potential.

In this work we have calculated the second virial coefficient of benzene for temperatures in
the range 300-700 K using the ORIENT program. We have used the Gauss-Legendre inte-
gration scheme and have included the first-order quantum-correction [24, 33, 44], though
the latter does not make a significant contribution owing to the relatively large mass and
large moments of inertia of the benzene molecule; the effect being greatest at low temper-
ature but still relatively small (∼0.8%) at 200 K.

Figure 4 shows the second virial coefficients for the PAHAP potential with both ESP
point charges and a full distributed multipole (DMA) electrostatic term. Also included
are results obtained with the W67, W99 and LJ potentials and the benzene-specific po-
tential from Podeszwa et al. We have taken the experimental data from Bich et al. [7],
Wormald et al. [93] and Francis et al. [21] We see that the PAHAP(ESP) potential results
in second virial coefficients that, while good at high temperatures, slightly underestimates
the experimental values at low temperatures. This perhaps indicates that on average the
potential slightly under-binds benzene. However, the PAHAP(DMA) potential is a clear
improvement with excellent agreement with experiment across the temperature range. The
Podeszwa et al. potential results in equally good virial coefficients.
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(b) Shifted graphite
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(c) Crossed
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Figure 2: Comparison of potentials with SAPT(DFT) for stacked coronene dimer con-
formations. All potentials use the ESP point charge model except the PAHAP
potential which is shown using both ESP charges and distributed multipoles
(DMA). The Williams’ 67 and 77 potentials (W67/W77) are not shown as they
result in interaction energies very similar to those from the LJ potential.
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(a) (b)

(c) (d)

Figure 3: Potential energy surface for coronene dimer when one molecule is fixed and
the other is kept parallel and moved in the xz plane calculate using the PAHAP
potential with ESP charges, (a) and (b), and with distributed multipoles (DMA),
(c) and (d).
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Figure 4: Second virial coefficient of benzene. Experiment 1: ref. [7], Experiment 2: ref.
[93], Experiment 3: ref. [21], Podeszwa potential: ref. [61], W99 potential:
ref. [88], W67 potential: ref. [86], LJ potential: ref. [81]

Although the W99 potential performs well for stacked conformations, we know [78] that
this potential under-binds for other conformations, in particular the T-shaped conforma-
tion, and this seems to be reflected in systematic underestimation across the temperature
range. Interestingly, while the W67 and LJ potentials appear to be almost identical for
the coronene dimer, they result in quite different second virial coefficients for benzene.
The W67 potential matches the experimental data almost perfectly whereas the LJ po-
tential underestimates the data. However, as we have stated before, a good second virial
coefficients does not imply an accurate potential. In the case of the W67 potential this
is highlighted in the overestimation of the well depth for stacked conformations of the
coronene dimer (section 3.1), a trend also seen for benzene, which suggests other areas of
the PES must be underestimated to give an accurate average interaction.

3.3 Binding energy of the graphene dimer

The interaction energy of stacked homo-molecular PAH dimers (per number of monomer
carbon atoms) increases with increased dimer mass, but tends towards an asymptote cor-
responding to the interaction energy of two infinite graphene sheets (Figure 6). This is an
important limit from the theoretical viewpoint, but also because PAH molecules in soot,
while not infinite in extent, can be very large, comprising hundreds of atoms [64].

An estimate of the interaction energy of two graphene sheets can be found by extrapolating
the interaction energies for the stacked PAH dimers using a simple two-parameter model
[26, 59]:

Eint(nC)

nC
=

anC

b+ nC
(5)

11



21 3 4 5 6

7 8 9 10

11 12 13

Figure 5: The pericondensed PAH molecules studied in this work: 1. Benzene (C6H6),
2. Naphthalene (C10H8), 3. Phenanthrene (C14H10), 4. Anthracene (C14H10),
5. Pyrene (C16H10), 6. Perylene (C20H12), 7. Benzo[g,h,i]perylene (C22H12),
8. Coronene (C24H12), 9. Bisanthene (C28H14), 10. Ovalene (C32H14), 11.
Hexabenzocoronene (C42H18), 12. Octabenzocoronene (C46H18), 13. Circum-
coronene (C54H18)

where nC is the number of carbon atoms per monomer and a and b are fitted parameters.
This satisfies the physical constraints of the system, being zero for nC = 0 and asymp-
totically constant for large nC. The interaction energy per carbon atom for the graphene
dimer is given by the limit as nC →∞, which is simply a.

Interaction energies for homomolecular PAH dimers were calculated for 13 different PAH
molecules (Figure 5) using the GMIN program [83]. With this program, molecular cluster
geometry is optimised using the ‘basin hopping’ method [10, 41, 77, 84] which combines
local gradient-based minimisation with a Metropolis Monte Carlo scheme allowing dif-
ferent ‘basins’ on the PES to be located and ‘hopped’ between. This method provides an
efficient scheme to sample the potential energy landscape.

We obtain an estimate for the interaction energy of the graphene dimer of a = 3.94 kJ mol−1

per carbon atom (40.9 meV atom−1) and b = 7.59, using interaction energies calculated
with the PAHAP potential for dimers of PAH molecules shown in Figure 5. The rms de-
viation for the fit is 0.06 kJ mol−1 per carbon atom (0.6 meV atom−1). We excluded ben-
zene from the fit to Eqn. 5 as the minimum energy conformation of the benzene dimer
is not stacked (it is a tilted T-shaped structure[61]). This result is similar to that found
by Podeszwa [59], who, using SAPT(DFT) calculations of interaction energies of three
PAH dimers (anthracene, pyrene and coronene) together with the extrapolation method
described above, obtained a graphene dimer interaction energy of 42.5 meV atom−1.

There are, however, key differences in our approaches: we have used minimum energy
dimer conformations while Podeszwa constrained the dimer to be in the graphite con-
figuration and optimized interplanar separation only. By using SAPT(DFT) interaction

12



0

1

2

3

4

0 10 20 30 40 50 60

SAPT(DFT)
W99
PAHAP
Fit

E
in

t/n
C
 (

kJ
 m

ol
-1

)

n
C

Figure 6: Interaction energies for PAH dimers using the PAHAP and W99 potentials.
The SAPT(DFT) energies used in Ref. [59] are included for comparison. These
energies were calculated using the full dimer-centered basis set plus mid-
bonds (DC+BS) approach and were used to estimate the interaction energy
of graphene (Table 1). A fit of the PAHAP results using Eqn. 5 is shown with
parameters a = 3.94 kJ mol−1 and b = 7.59.

energies with a 1-dimensional fit Podeszwa minimizes the errors due to fitting, but con-
sequently, only a few small dimers can be used. This leads to an uncertainty in the ex-
trapolation using Eqn. 5. This uncertainty is largely removed in our approach, as with a
potential a much larger number of dimers can be sampled, thereby leading to a better con-
trol of extrapolation errors. The similarity of our results suggests that these differences
are probably inconsequential. Our results also serve as a validation of the extrapolation
formula (Eqn. 5).

3.4 Exfoliation energy of graphite

The exfoliation energy of graphite is the energy required for the uppermost graphene layer
to be removed from the graphite surface. This is different from the interaction energy of
two graphene sheets due to the interaction with graphene planes other than the nearest
neighbour.

The exfoliation energy must be differentiated from the binding energy and cleaving en-
ergy: the former is the interaction energy per carbon in the graphite crystal and the lat-
ter is the energy released per carbon upon cleaving a graphite crystal into two along a
graphene plane. Unfortunately, these energies are often undifferentiated in theoretical and
experimental papers, but because the dominant interaction is between nearest layers, the
differences in these three energies is expected to be small and is probably well within the
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uncertainties in the experimental data.

Experimental values vary widely between the most recent value of 52 ± 5 meV atom−1

[94] measured from the thermal desorption of PAHs on graphite, and much lower older
experimental results (35+15

−10 meV atom−1 [5], 43 meV atom−1 [23]. The latter result has
been erroneously quoted as 21 meV atom−1 in some literature.). Table 1 compares the
PAHAP values with a number of experimental and higher-level numerical estimations.

An estimate of the exfoliation energy for graphite can be gained using a similar method
as used to estimate the graphene dimer interaction energy by using the attachment energy
Eattach of a PAH to a small homomolecular stack which is defined as:

Eattach = Ek
int − Ek−1

int , (6)

where Ek
int is the interaction energy for a homomolecular stack of k molecules. This im-

plicitly includes the interaction of the top molecule with layers other than the nearest
neighbour.

Interaction energies for homomolecular stacks were found using the GMIN program un-
der constraints to ensure that only stacked configurations were obtained. The constraints
were fairly weak and allowed molecules to arrange in the most energetically favourable
way in the stack (not necessarily a parallel stack, though often, near-parallel stacks were
obtained). This freedom meant that sometimes graphitic conformations were not found.
These energies were then used to calculate asymptotic limits for each value of k (number
of molecules in the stack), giving parameter a according to Eqn. 5 (see Figure 7). En-
ergies for molecules smaller than pyrene were not included in the extrapolation as they
tended not to form stable stacks. The value of a for k = 2 corresponds to the estimate
of the graphene interaction energy described above. For k > 2 the value of a does not
change by much, indicating that the interaction arises predominantly from two layers. An
estimate of the exfoliation energy for graphite was obtained as the average of the results
for k > 2, and was found to be a = 44.6 ± 0.4 meV atom−1 with b = 8.1 ± 0.3. Once
again, this compares reasonably well with the work of Podeszwa [59] (45.3 meV atom−1),
although our lower value suggests that the PAHAP potential may slightly underestimate
well-depths in the stacked configuration.

3.4.1 π-electron contribution to the dispersion

Semi-classically, the van der Waals dispersion interaction may be interpreted as arising
from the correlation between quantum mechanical density fluctuations in the interacting
species. Implicit in this picture is the tactic assumption that these fluctuations are local, in
the sense that they remain associated with the atom (in a molecule), from which we obtain
the familiar−

∑
abC

ab
6 R

−6
ab expression for the van der Waals dispersion energy (to leading

order). This is the assumption made in the PAHAP potential. But recently it has been
shown that for small, or zero gap, extended systems this assumption breaks down, or is
at best incomplete, with a contribution to the van der Waals interaction arising from non-
local density fluctuations [18, 54]. Within this picture, the van der Waals interaction in
graphite has been shown to arise from two types of electron correlation [18]: a correlation
between local density fluctuations in the sp2 electrons and a correlation between non-local
density fluctuations in the delocalized π electrons.
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Figure 7: The asymptotic limit of the binding energy per carbon atom as estimates of the
exfoliation energy of graphite. The dashed line indicates the average value ex-
cluding the result for k = 2 and the grey area indicates the standard deviation.

Our calculations of the binding energy of graphene and the exfoliation energy of graphite
do not include the latter. First of all, this is because of the form of the van der Waals
dispersion energy in the PAHAP potential, and secondly because we have attempted to
approach the graphene limit by extrapolating from finite-sized PAHs. Dobson et al. [18]
have shown that the non-local fluctuations arising from the π electron density in graphite
result in an effective −c3D−3 contribution, where D is the interlayer separation. This
has been confirmed recently by Lebegue et al. using the ACFDT-RPA method [40], who
have also been able to isolate this contribution and have obtained c3 = 487.6 meV Å3 per
unit cell (containing four atoms). Although this result was obtained for bulk graphite, we
can use it to estimate the importance of the non-local fluctuations to the binding energy.
We have done this using a stack of 10 circumcoronene molecules fixed in the graphite
AB stacking configuration. As we see in Figure 8, the c3 term contributes an additional
3.0 meV atom−1 to the exfoliation energy. As noted by Lebegue et al., the effect of this
term is small, but it is in the right direction: with this term included our estimate of the
exfoliation energy of 47.6 meV atom−1 compares well with the binding energy computed
by Lebegue et al. as well as the recent experimental binding energy result from Liu et al.
[43].

The interlayer separation of graphite is difficult to estimate using finite systems, particu-
larly if we do not enforce the graphitic structure. Variations are significant and an extrap-
olation to the graphite limit is apparently impossible. For the 10 circumcoronene stack
described above, we obtain a minimum in the energy at an interlayer separation of 3.46 Å.
This is larger than the experimental value of 3.34 Å [4] by 0.12 Å. The c3 term reduces
the separation slightly to 3.44 Å, leaving a residual discrepancy of 0.10 Å (see Figure ??).
There are a few possible reasons for this difference: circumcoronene may not be large
enough to represent graphene and an extrapolation may be required. Podeszwa [59] has
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Table 1: Binding energies for the graphene dimer and exfoliation and binding energies of
graphite. Energies are given in meV atom−1.

Method Eint(graphene) Eexf(graphite) Eint(graphite) Note
PAHAP 40.9± 0.6 44.6± 0.4 Present work
SAPT(DFT) 42.5 45.3 ref. [59]; SAPT(DFT) interactions of small

dimers
ACFDT-RPA 48 ref. [40]; Adiabatic-connection fluctuation-

dissipation theorem in random phase
approximation calculation of interlayer
binding energy

QMC 56± 5 ref. [70]; Quantum Monte Carlo calculations
of equilibrium interlayer binding energy

QMPFF 49.9 54.9 ref. [19]; Potential fitted to ab initio
interaction energies of small dimers

vdW-DF 24 ref. [39]; van der Waals density functional
theory

DFT-D 54 ref. [68]; Supermolecular DFT-D using
DFT/CCSD(T) correction scheme

B97-D 66 ref. [26]; Supermolecular DFT-D using an
empirical correction

Exp. 43 ref. [23]; energy of wetting at room
temperature

Exp. 35+15
−10 ref. [5]; measurements of cross-sections of

deformed carbon nanotubes
Exp. 52± 5 ref. [94]; thermal desorption of PAHs on

graphite
Exp. 44± 3 ref. [43]; Atomic force microscopy over

graphite flakes

attempted such an extrapolation using much smaller PAH molecules and stacks and ob-
tains a very similar interlayer separation. A more probable reason may be that the PAHAP
potential has been fitted to energies and not geometries, or perhaps, as Podeszwa has sug-
gested, the SAPT(DFT) interaction energies on which the PAHAP potential is based are
not yet saturated with respect to basis set.

4 Conclusions

The PAHAP potential has been assessed by comparison against experiment and high-level
ab initio data. In assessing the accuracy of the potential, firstly, comparison of the poten-
tial with high-level SAPT(DFT) calculations for the coronene dimer reveals very close
matches for the three lowest-energy conformations sampled. This confirms the transfer-
ability of the potential to PAH molecules larger than the four molecules on which the
potential was originally parameterised. With the simple ESP point charge electrostatic
model the transitional ‘sandwich’ conformation well depth was overestimated by ∼ 15%.
Using a more elaborate distributed multipole electrostatic model, this was reduced such
that the well depth residual error became 0.2%. This highlights the need for more com-
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Figure 8: c3 contribution to the interaction energy for a 10-layered circumcoronene stack
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of c3 reported by Lebegue et al. is per unit cell (which contains four atoms).

plex descriptions of the electrostatic interaction if all conformations are to be accurately
modelled.

Secondly, the second virial coefficients for benzene, calculated over a broad range of
temperatures have been shown to reproduce experimental values. The residual errors at
low temperatures are removed by replacing the ESP point charge electrostatic model with
the distributed multipole model. These results have been shown to be significantly more
accurate than those calculated with the empirical Williams ’99 potential, which represents
a benchmark transferable potential in the literature, and are comparable to results obtained
using the benzene-specific potential derived by Podeszwa et al. [61].

Thirdly, by extrapolating interaction energies of homomolecular PAH stacks, estimates
were obtained for the interaction energy of the graphene dimer (40.9 meV atom−1) and
the exfoliation energy of graphite (44.6 meV atom−1). These results are very similar to
those obtained by Podeszwa [59], but through our approach uncontrolled errors in the
extrapolation are significantly reduced. The contribution of long wavelength, non-local
fluctuations associated with the π-electron density in graphite have also been estimated
using data from recent calculations by Lebegue et al. [40]. This increases the exfoliation
energy to 47.6 meV atom−1, bringing it into line with recent theoretical results by Lebegue
et al. and experimental results by Liu et al. [43].

These results combine to highlight the transferability of the PAHAP potential whilst main-
taining high accuracy. The potential will form the basis of further studies into the nucle-
ation of PAH clusters in high temperature environments, corresponding to the conditions
seen for soot formation in flames. For this application quantitatively accurate descriptions
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of the underlying potential energy surfaces are required to determine the size of nucleating
species and the process kinetics, which will depend exponentially on the binding energies.
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Monomer coordinates with partial atomic point charges for the 13 PAH molecules used
in this work are provided. Axes files which define the local axis system used for each
molecule are also provided for use with the ORIENT program [74]. Additionally the dis-
tributed multipoles up to rank 4 for the carbon atoms and rank 1 for the hydrogen atoms
are provided for the benzene and coronene molecules.
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Abstract


This document contains supporting information for the paper ‘Anisotropic Poten-
tial Calculations of Intermolecular Interactions of Polycyclic Aromatic Hydrocarbon
Clusters’. Included are geometries, point charges, and local axes definitions for the
13 polycyclic aromatic hydrocarbon molecules used in the paper.
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1 Molecular Geometries and ESP Point Charges


Molecular geometries have been calculated at the DFT B3LYP/6-31G* level of theory and
ESP point charges have been calculated at the DFT PBE0/aug-cc-pVTZ level of theory
for molecules up to coronene and the PBE0/cc-pVTZ level of theory for molecules large
than coronene.


Table 1: Benzene monomer coordinates (Å) and point charges (a.u.)


Atom label x y z Charge
C1 -1.39662 0.00000 0.00000 -0.11737
C2 1.39662 0.00000 0.00000 -0.11737
C3 -0.69831 -1.20951 0.00000 -0.11737
C4 0.69831 -1.20951 0.00000 -0.11737
C5 -0.69831 1.20951 0.00000 -0.11737
C6 0.69831 1.20951 0.00000 -0.11737
H1 -2.48363 0.00000 0.00000 0.11737
H2 2.48363 0.00000 0.00000 0.11737
H3 1.24182 2.15089 0.00000 0.11737
H4 -1.24182 2.15089 0.00000 0.11737
H5 1.24182 -2.15089 0.00000 0.11737
H6 -1.24182 -2.15089 0.00000 0.11737
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Table 2: Naphthalene monomer coordinates (Å) and point charges (a.u.)


Atom label x y z Charge
C1 -0.70845 -2.43361 0.00000 -0.10386
C2 -1.40251 -1.24477 0.00000 -0.31448
C3 -0.71690 0.00000 0.00000 0.25489
C4 0.71690 0.00000 0.00000 0.25489
C5 1.40251 -1.24477 0.00000 -0.31448
C6 0.70845 -2.43361 0.00000 -0.10386
C7 -1.40251 1.24477 0.00000 -0.31448
C8 1.40251 1.24477 0.00000 -0.31448
C9 0.70845 2.43361 0.00000 -0.10386
C10 -0.70845 2.43361 0.00000 -0.10386
H1 -2.49019 1.24212 0.00000 0.16265
H2 -1.24558 -3.37830 0.00000 0.12825
H3 -2.49019 -1.24212 0.00000 0.16265
H4 2.49019 -1.24212 0.00000 0.16265
H5 1.24558 -3.37830 0.00000 0.12825
H6 2.49019 1.24212 0.00000 0.16265
H7 1.24558 3.37830 0.00000 0.12825
H8 -1.24558 3.37830 0.00000 0.12825
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Table 3: Phenanthrene monomer coordinates (Å) and point charges (a.u.)


Atom label x y z Charge
C1 0.72895 1.27720 0.00000 0.01536
C2 -0.72895 1.27720 0.00000 0.01536
C3 0.67980 -1.19769 0.00000 -0.27746
C4 -0.67980 -1.19769 0.00000 -0.27746
C5 -1.42303 0.03002 0.00000 0.23961
C6 1.42303 0.03002 0.00000 0.23961
C7 1.50074 2.46285 0.00000 -0.19302
C8 -1.50074 2.46285 0.00000 -0.19302
C9 2.88348 2.42500 0.00000 -0.14236
C10 -2.88348 2.42500 0.00000 -0.14236
C11 2.83731 0.01673 0.00000 -0.26812
C12 -2.83731 0.01673 0.00000 -0.26812
C13 3.56200 1.19206 0.00000 -0.08662
C14 -3.56200 1.19206 0.00000 -0.08662
H1 1.23229 -2.13430 0.00000 0.16964
H2 -1.23229 -2.13430 0.00000 0.16964
H3 1.00791 3.42916 0.00000 0.14096
H4 3.44722 3.35402 0.00000 0.13121
H5 3.34789 -0.94360 0.00000 0.14464
H6 -1.00791 3.42916 0.00000 0.14096
H7 -3.44722 3.35402 0.00000 0.13121
H8 -3.34789 -0.94360 0.00000 0.14464
H9 4.64827 1.16703 0.00000 0.12617
H10 -4.64827 1.16703 0.00000 0.12617
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Table 4: Anthracene monomer coordinates (Å) and point charges (a.u.)


Atom label x y z Charge
C1 0.72260 1.22390 0.00000 0.24863
C2 -0.72260 1.22390 0.00000 0.24863
C3 0.72260 -1.22390 0.00000 0.24863
C4 -0.72260 -1.22390 0.00000 0.24863
C5 -1.40343 0.00000 0.00000 -0.49437
C6 1.40343 0.00000 0.00000 -0.49437
C7 1.40706 2.47949 0.00000 -0.26713
C8 -1.40706 2.47949 0.00000 -0.26713
C9 1.40706 -2.47949 0.00000 -0.26713
C10 -1.40706 -2.47949 0.00000 -0.26713
C11 0.71314 -3.66062 0.00000 -0.11806
C12 -0.71314 -3.66062 0.00000 -0.11806
C13 0.71314 3.66062 0.00000 -0.11806
C14 -0.71314 3.66062 0.00000 -0.11806
H1 2.49461 -2.47689 0.00000 0.15028
H2 1.24668 -4.60728 0.00000 0.13045
H3 -1.24668 -4.60728 0.00000 0.13045
H4 -2.49461 -2.47689 0.00000 0.15028
H5 2.49461 2.47689 0.00000 0.15028
H6 1.24668 4.60728 0.00000 0.13045
H7 -1.24668 4.60728 0.00000 0.13045
H8 -2.49461 2.47689 0.00000 0.15028
H9 -2.49180 0.00000 0.00000 0.20602
H10 2.49180 0.00000 0.00000 0.20602
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Table 5: Pyrene monomer coordinates (Å) and point charges (a.u.)


Atom label x y z Charge
C1 -0.71331 0.00000 0.00000 -0.04187
C2 0.71331 0.00000 0.00000 -0.04187
C3 1.42907 1.23632 0.00000 0.23540
C4 1.42907 -1.23632 0.00000 0.23540
C5 -1.42907 -1.23632 0.00000 0.23540
C6 -1.42907 1.23632 0.00000 0.23540
C7 0.68078 2.46394 0.00000 -0.25313
C8 2.83294 1.21067 0.00000 -0.31857
C9 0.68078 -2.46394 0.00000 -0.25313
C10 2.83294 -1.21067 0.00000 -0.31857
C11 -0.68078 -2.46394 0.00000 -0.25313
C12 -2.83294 -1.21067 0.00000 -0.31857
C13 -0.68078 2.46394 0.00000 -0.25313
C14 -2.83294 1.21067 0.00000 -0.31857
C15 3.52383 0.00000 0.00000 -0.05123
C16 -3.52383 0.00000 0.00000 -0.05123
H1 1.23039 3.40228 0.00000 0.15931
H2 3.37968 2.15059 0.00000 0.15916
H3 1.23039 -3.40228 0.00000 0.15931
H4 3.37968 -2.15059 0.00000 0.15916
H5 -1.23039 -3.40228 0.00000 0.15931
H6 -3.37968 -2.15059 0.00000 0.15916
H7 -1.23039 3.40228 0.00000 0.15931
H8 -3.37968 2.15059 0.00000 0.15916
H9 4.61051 0.00000 0.00000 0.12877
H10 -4.61051 0.00000 0.00000 0.12877


7







Table 6: Perylene monomer coordinates (Å) and point charges (a.u.)


Atom label x y z Charge
C1 0.00000 1.43941 0.00000 0.02355
C2 0.00000 -1.43941 0.00000 0.02355
C3 -1.24997 0.73831 0.00000 0.02941
C4 1.24997 -0.73831 0.00000 0.02941
C5 -1.24997 -0.73831 0.00000 0.02941
C6 1.24997 0.73831 0.00000 0.02941
C7 -2.42762 1.47964 0.00000 -0.19992
C8 2.42762 -1.47964 0.00000 -0.19992
C9 -2.42762 -1.47964 0.00000 -0.19992
C10 2.42762 1.47964 0.00000 -0.19992
C11 -2.42275 2.88615 0.00000 -0.07577
C12 2.42275 -2.88615 0.00000 -0.07577
C13 -2.42275 -2.88615 0.00000 -0.07577
C14 2.42275 2.88615 0.00000 -0.07577
C15 -1.23256 3.57564 0.00000 -0.34599
C16 1.23256 -3.57564 0.00000 -0.34599
C17 -1.23256 -3.57564 0.00000 -0.34599
C18 1.23256 3.57564 0.00000 -0.34599
C19 0.00000 2.87471 0.00000 0.28625
C20 0.00000 -2.87471 0.00000 0.28625
H1 -1.21783 4.66262 0.00000 0.16800
H2 1.21783 -4.66262 0.00000 0.16800
H3 -1.21783 -4.66262 0.00000 0.16800
H4 1.21783 4.66262 0.00000 0.16800
H5 -3.36839 3.42140 0.00000 0.12861
H6 3.36839 -3.42140 0.00000 0.12861
H7 -3.36839 -3.42140 0.00000 0.12861
H8 3.36839 3.42140 0.00000 0.12861
H9 -3.38832 0.97750 0.00000 0.14076
H10 3.38832 -0.97750 0.00000 0.14076
H11 -3.38832 -0.97750 0.00000 0.14076
H12 3.38832 0.97750 0.00000 0.14076
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Table 7: Benzo[g,h,i]perylene monomer coordinates (Å) and point charges (a.u.)


Atom label x y z Charge
C1 -1.43244 -0.34455 0.00000 -0.00324
C2 1.43244 -0.34455 0.00000 -0.00324
C3 -0.71433 0.89636 0.00000 -0.04850
C4 0.73535 -1.59230 0.00000 0.05313
C5 0.71433 0.89636 0.00000 -0.04850
C6 -0.73535 -1.59230 0.00000 0.05313
C7 -1.41941 2.13011 0.00000 0.19244
C8 1.49105 -2.77263 0.00000 -0.21231
C9 1.41941 2.13011 0.00000 0.19244
C10 -1.49105 -2.77263 0.00000 -0.21231
C11 -2.85246 2.11576 0.00000 -0.22889
C12 2.89006 -2.74764 0.00000 -0.08116
C13 2.85246 2.11576 0.00000 -0.22889
C14 -2.89006 -2.74764 0.00000 -0.08116
C15 -3.54397 0.93994 0.00000 -0.28088
C16 3.57299 -1.53951 0.00000 -0.29321
C17 3.54397 0.93994 0.00000 -0.28088
C18 -3.57299 -1.53951 0.00000 -0.29321
C19 -0.68836 3.34596 0.00000 -0.23209
C20 0.68836 3.34596 0.00000 -0.23209
C21 -2.86310 -0.32357 0.00000 0.23349
C22 2.86310 -0.32357 0.00000 0.23349
H1 -4.63160 0.94015 0.00000 0.16622
H2 4.66037 -1.52000 0.00000 0.15533
H3 4.63160 0.94015 0.00000 0.16622
H4 -4.66037 -1.52000 0.00000 0.15533
H5 -3.38141 3.06623 0.00000 0.15453
H6 3.44075 -3.68476 0.00000 0.12906
H7 3.38141 3.06623 0.00000 0.15453
H8 -3.44075 -3.68476 0.00000 0.12906
H9 0.99654 -3.73776 0.00000 0.14375
H10 -0.99654 -3.73776 0.00000 0.14375
H11 -1.23531 4.28618 0.00000 0.15235
H12 1.23531 4.28618 0.00000 0.15235
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Table 8: Coronene monomer coordinates (Å) and point charges (a.u.)


Atom label x y z Charge
C1 1.42751 0.00000 0.00000 -0.01102
C2 0.71376 1.23626 0.00000 -0.01102
C3 -0.71375 1.23626 0.00000 -0.01102
C4 -1.42750 0.00000 0.00000 -0.01102
C5 -0.71375 -1.23626 0.00000 -0.01102
C6 0.71376 -1.23626 0.00000 -0.01102
C7 2.84906 0.00000 0.00000 0.18171
C8 1.42454 2.46736 0.00000 0.18171
C9 -1.42453 2.46736 0.00000 0.18171
C10 -2.84905 0.00000 0.00000 0.18171
C11 -1.42453 -2.46736 0.00000 0.18171
C12 1.42454 -2.46736 0.00000 0.18171
C13 3.53438 1.24827 0.00000 -0.23977
C14 2.84823 2.43673 0.00000 -0.23977
C15 0.68616 3.68501 0.00000 -0.23977
C16 -0.68615 3.68501 0.00000 -0.23977
C17 -2.84823 2.43673 0.00000 -0.23977
C18 -3.53438 1.24827 0.00000 -0.23977
C19 -3.53438 -1.24827 0.00000 -0.23977
C20 -2.84823 -2.43673 0.00000 -0.23977
C21 -0.68615 -3.68501 0.00000 -0.23977
C22 0.68616 -3.68501 0.00000 -0.23977
C23 2.84823 -2.43673 0.00000 -0.23977
C24 3.53438 -1.24827 0.00000 -0.23977
H1 4.62179 1.24537 0.00000 0.15443
H2 3.38943 3.37989 0.00000 0.15443
H3 1.23237 4.62528 0.00000 0.15443
H4 -1.23236 4.62528 0.00000 0.15443
H5 -3.38942 3.37989 0.00000 0.15443
H6 -4.62178 1.24537 0.00000 0.15443
H7 -4.62178 -1.24537 0.00000 0.15443
H8 -3.38942 -3.37989 0.00000 0.15443
H9 -1.23236 -4.62528 0.00000 0.15443
H10 1.23237 -4.62528 0.00000 0.15443
H11 3.38943 -3.37989 0.00000 0.15443
H12 4.62179 -1.24537 0.00000 0.15443
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Table 9: Bisanthene monomer coordinates (Å) and point charges (a.u.)


Atom label x y z Charge
C1 0.72649 0.00000 0.00000 -0.04616
C2 -0.72649 0.00000 0.00000 -0.04616
C3 1.43251 -1.23096 0.00000 -0.00595
C4 -1.43251 -1.23096 0.00000 -0.00595
C5 1.43251 1.23096 0.00000 -0.00595
C6 -1.43251 1.23096 0.00000 -0.00595
C7 0.73664 -2.48931 0.00000 0.05543
C8 -0.73664 -2.48931 0.00000 0.05543
C9 0.73664 2.48931 0.00000 0.05543
C10 -0.73664 2.48931 0.00000 0.05543
C11 2.87460 -1.22324 0.00000 0.27742
C12 -2.87460 -1.22324 0.00000 0.27742
C13 2.87460 1.22324 0.00000 0.27742
C14 -2.87460 1.22324 0.00000 0.27742
C15 3.55567 0.00000 0.00000 -0.48625
C16 -3.55567 0.00000 0.00000 -0.48625
C17 3.58253 -2.46022 0.00000 -0.27317
C18 -3.58253 -2.46022 0.00000 -0.27317
C19 3.58253 2.46022 0.00000 -0.27317
C20 -3.58253 2.46022 0.00000 -0.27317
C21 2.89659 -3.65057 0.00000 -0.10224
C22 -2.89659 -3.65057 0.00000 -0.10224
C23 2.89659 3.65057 0.00000 -0.10224
C24 -2.89659 3.65057 0.00000 -0.10224
C25 1.48441 -3.66248 0.00000 -0.22241
C26 -1.48441 -3.66248 0.00000 -0.22241
C27 1.48441 3.66248 0.00000 -0.22241
C28 -1.48441 3.66248 0.00000 -0.22241
H1 4.64380 0.00000 0.00000 0.19924
H2 -4.64380 0.00000 0.00000 0.19924
H3 4.66972 -2.44149 0.00000 0.15389
H4 -4.66972 -2.44149 0.00000 0.15389
H5 4.66972 2.44149 0.00000 0.15389
H6 -4.66972 2.44149 0.00000 0.15389
H7 3.43481 -4.59494 0.00000 0.13525
H8 -3.43481 -4.59494 0.00000 0.13525
H9 3.43481 4.59494 0.00000 0.13525
H10 -3.43481 4.59494 0.00000 0.13525
H11 0.98795 -4.62652 0.00000 0.14835
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H12 -0.98795 -4.62652 0.00000 0.14835
H13 0.98795 4.62652 0.00000 0.14835
H14 -0.98795 4.62652 0.00000 0.14835
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Table 10: Ovalene monomer coordinates (Å) and point charges (a.u.)


Atom label x y z Charge
C1 -1.22812 -1.42629 0.00000 -0.05641
C2 0.00000 -0.71751 0.00000 0.01608
C3 0.00000 0.71751 0.00000 0.01608
C4 -1.22812 1.42629 0.00000 -0.05641
C5 -2.46449 0.71329 0.00000 0.01017
C6 -2.46449 -0.71329 0.00000 0.01017
C7 -1.22454 -2.85836 0.00000 0.24260
C8 1.22812 -1.42629 0.00000 -0.05641
C9 1.22812 1.42629 0.00000 -0.05641
C10 -1.22454 2.85836 0.00000 0.24260
C11 -3.69721 1.42319 0.00000 0.16099
C12 -3.69721 -1.42319 0.00000 0.16099
C13 1.22453 -2.85836 0.00000 0.24260
C14 2.46449 -0.71329 0.00000 0.01017
C15 2.46449 0.71329 0.00000 0.01017
C16 1.22453 2.85836 0.00000 0.24260
C17 -3.66571 2.85594 0.00000 -0.24349
C18 -4.90722 0.69017 0.00000 -0.23389
C19 -4.90722 -0.69017 0.00000 -0.23389
C20 -3.66571 -2.85594 0.00000 -0.24349
C21 0.00000 -3.53931 0.00000 -0.43105
C22 3.69721 -1.42319 0.00000 0.16099
C23 3.69721 1.42319 0.00000 0.16099
C24 0.00000 3.53931 0.00000 -0.43105
C25 -2.48587 3.54224 0.00000 -0.23192
C26 -2.48587 -3.54224 0.00000 -0.23192
C27 2.48587 -3.54224 0.00000 -0.23192
C28 3.66571 -2.85594 0.00000 -0.24349
C29 4.90722 -0.69017 0.00000 -0.23389
C30 4.90722 0.69017 0.00000 -0.23389
C31 3.66571 2.85594 0.00000 -0.24349
C32 2.48587 3.54224 0.00000 -0.23192
H1 0.00000 -4.62737 0.00000 0.17977
H2 0.00000 4.62737 0.00000 0.17977
H3 -2.48358 4.62953 0.00000 0.15665
H4 -2.48358 -4.62953 0.00000 0.15665
H5 -5.84904 1.23367 0.00000 0.15657
H6 -5.84904 -1.23367 0.00000 0.15657
H7 -4.61108 3.39333 0.00000 0.15632
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H8 -4.61108 -3.39333 0.00000 0.15632
H9 2.48358 -4.62953 0.00000 0.15665
H10 2.48358 4.62953 0.00000 0.15665
H11 4.61108 -3.39333 0.00000 0.15632
H12 5.84904 -1.23367 0.00000 0.15657
H13 5.84904 1.23367 0.00000 0.15657
H14 4.61108 3.39333 0.00000 0.15632


14







Table 11: Hexabenzocoronene monomer coordinates (Å) and point charges (a.u.)


Atom label x y z Charge
C1 0.00000 -1.42376 0.00000 -0.02391
C2 1.23302 -0.71188 0.00000 -0.02391
C3 1.23302 0.71188 0.00000 -0.02391
C4 0.00000 1.42376 0.00000 -0.02391
C5 -1.23302 0.71188 0.00000 -0.02391
C6 -1.23302 -0.71188 0.00000 -0.02391
C7 0.00000 -2.87160 0.00000 0.02879
C8 2.48689 -1.43580 0.00000 0.02879
C9 2.48689 1.43580 0.00000 0.02879
C10 0.00000 2.87160 0.00000 0.02879
C11 -2.48689 1.43580 0.00000 0.02879
C12 -2.48689 -1.43580 0.00000 0.02879
C13 1.20084 -4.99381 0.00000 -0.21136
C14 2.49534 -2.86059 0.00000 0.05260
C15 3.72502 -0.73073 0.00000 0.05260
C16 3.72502 0.73073 0.00000 0.05260
C17 2.49534 2.86059 0.00000 0.05260
C18 1.20084 4.99381 0.00000 -0.21136
C19 -1.20084 4.99381 0.00000 -0.21136
C20 -2.49534 2.86059 0.00000 0.05260
C21 -3.72502 0.73073 0.00000 0.05260
C22 -3.72502 -0.73073 0.00000 0.05260
C23 -2.49534 -2.86059 0.00000 0.05260
C24 -1.20084 -4.99381 0.00000 -0.21136
C25 1.22967 -3.59132 0.00000 0.05260
C26 4.92519 -1.45695 0.00000 -0.21136
C27 4.92519 1.45695 0.00000 -0.21136
C28 1.22967 3.59132 0.00000 0.05260
C29 -1.22967 3.59132 0.00000 0.05260
C30 -4.92519 1.45695 0.00000 -0.21136
C31 -4.92519 -1.45695 0.00000 -0.21136
C32 -1.22967 -3.59132 0.00000 0.05260
C33 3.72434 -3.53687 0.00000 -0.21136
C34 4.92549 -2.84374 0.00000 -0.11079
C35 4.92549 2.84374 0.00000 -0.11079
C36 3.72434 3.53687 0.00000 -0.21136
C37 0.00000 5.68746 0.00000 -0.11079
C38 -3.72434 3.53687 0.00000 -0.21136
C39 -4.92549 2.84374 0.00000 -0.11079
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C40 -4.92549 -2.84374 0.00000 -0.11079
C41 -3.72434 -3.53687 0.00000 -0.21136
C42 0.00000 -5.68746 0.00000 -0.11079
H1 -2.12185 5.56264 0.00000 0.14563
H2 2.12185 -5.56264 0.00000 0.14563
H3 3.75648 -4.61891 0.00000 0.14563
H4 3.75648 4.61891 0.00000 0.14563
H5 -3.75648 4.61891 0.00000 0.14563
H6 -3.75648 -4.61891 0.00000 0.14563
H7 5.87833 -0.94378 0.00000 0.14563
H8 5.87833 0.94378 0.00000 0.14563
H9 2.12185 5.56264 0.00000 0.14563
H10 -5.87833 0.94378 0.00000 0.14563
H11 -5.87833 -0.94378 0.00000 0.14563
H12 -2.12185 -5.56264 0.00000 0.14563
H13 5.86639 -3.38697 0.00000 0.13216
H14 5.86639 3.38697 0.00000 0.13216
H15 0.00000 6.77392 0.00000 0.13216
H16 -5.86639 3.38697 0.00000 0.13216
H17 -5.86639 -3.38697 0.00000 0.13216
H18 0.00000 -6.77392 0.00000 0.13216
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Table 12: Octabenzocoronene monomer coordinates (Å) and point charges (a.u.)


Atom label x y z Charge
C1 0.00000 -1.42506 0.00000 -0.06283
C2 1.23118 -0.71070 0.00000 0.00950
C3 1.23118 0.71070 0.00000 0.00950
C4 0.00000 1.42506 0.00000 -0.06283
C5 -1.23118 0.71070 0.00000 0.00950
C6 -1.23118 -0.71070 0.00000 0.00950
C7 0.00000 -2.86507 0.00000 0.02313
C8 2.47869 -1.43489 0.00000 0.01106
C9 2.47869 1.43489 0.00000 0.01106
C10 0.00000 2.86507 0.00000 0.02313
C11 -2.47869 1.43489 0.00000 0.01106
C12 -2.47869 -1.43489 0.00000 0.01106
C13 1.20362 -4.98730 0.00000 -0.22508
C14 2.49382 -2.84958 0.00000 0.01264
C15 3.71205 -0.71406 0.00000 -0.01513
C16 3.71205 0.71406 0.00000 -0.01513
C17 2.49382 2.84958 0.00000 0.01264
C18 1.20362 4.98730 0.00000 -0.22508
C19 -1.20362 4.98730 0.00000 -0.22508
C20 -2.49382 2.84958 0.00000 0.01264
C21 -3.71205 0.71406 0.00000 -0.01513
C22 -3.71205 -0.71406 0.00000 -0.01513
C23 -2.49382 -2.84958 0.00000 0.01264
C24 -1.20362 -4.98730 0.00000 -0.22508
C25 1.23531 -3.58384 0.00000 0.08614
C26 4.95153 -1.41342 0.00000 0.19677
C27 4.95153 1.41342 0.00000 0.19677
C28 1.23531 3.58384 0.00000 0.08614
C29 -1.23531 3.58384 0.00000 0.08614
C30 -4.95153 1.41342 0.00000 0.19677
C31 -4.95153 -1.41342 0.00000 0.19677
C32 -1.23531 -3.58384 0.00000 0.08614
C33 3.74549 -3.51511 0.00000 -0.17628
C34 4.93317 -2.82490 0.00000 -0.25799
C35 6.17728 -0.68215 0.00000 -0.24326
C36 6.17728 0.68215 0.00000 -0.24326
C37 4.93317 2.82490 0.00000 -0.25799
C38 3.74549 3.51511 0.00000 -0.17628
C39 0.00000 5.67828 0.00000 -0.11042
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C40 -3.74549 3.51511 0.00000 -0.17628
C41 -4.93317 2.82490 0.00000 -0.25799
C42 -6.17728 0.68215 0.00000 -0.24326
C43 -6.17728 -0.68215 0.00000 -0.24326
C44 -4.93317 -2.82490 0.00000 -0.25799
C45 -3.74549 -3.51511 0.00000 -0.17628
C46 0.00000 -5.67828 0.00000 -0.11042
H1 3.78339 -4.59750 0.00000 0.15197
H2 3.78339 4.59750 0.00000 0.15197
H3 -3.78339 4.59750 0.00000 0.15197
H4 -3.78339 -4.59750 0.00000 0.15197
H5 2.12457 -5.55696 0.00000 0.14473
H6 2.12457 5.55696 0.00000 0.14473
H7 -2.12457 5.55696 0.00000 0.14473
H8 -2.12457 -5.55696 0.00000 0.14473
H9 5.87692 -3.36472 0.00000 0.15291
H10 7.11231 -1.23687 0.00000 0.15931
H11 7.11231 1.23687 0.00000 0.15931
H12 5.87692 3.36472 0.00000 0.15291
H13 0.00000 6.76481 0.00000 0.13560
H14 -5.87692 3.36472 0.00000 0.15291
H15 -7.11231 1.23687 0.00000 0.15931
H16 -7.11231 -1.23687 0.00000 0.15931
H17 -5.87692 -3.36472 0.00000 0.15291
H18 0.00000 -6.76481 0.00000 0.13560
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Table 13: Circumcoronene monomer coordinates (Å) and point charges (a.u.)


Atom label x y z Charge
C1 0.00000 -1.41957 0.00000 0.00296
C2 1.22939 -0.70979 0.00000 0.00296
C3 1.22939 0.70979 0.00000 0.00296
C4 0.00000 1.41957 0.00000 0.00296
C5 -1.22939 0.70979 0.00000 0.00296
C6 -1.22939 -0.70979 0.00000 0.00296
C7 0.00000 -2.84879 0.00000 0.00088
C8 2.46713 -1.42439 0.00000 0.00088
C9 2.46713 1.42439 0.00000 0.00088
C10 0.00000 2.84879 0.00000 0.00088
C11 -2.46713 1.42439 0.00000 0.00088
C12 -2.46713 -1.42439 0.00000 0.00088
C13 1.22532 -4.98836 0.00000 0.22985
C14 2.46583 -2.84475 0.00000 -0.03086
C15 3.69655 -0.71310 0.00000 -0.03086
C16 3.69655 0.71310 0.00000 -0.03086
C17 2.46583 2.84475 0.00000 -0.03086
C18 1.22532 4.98836 0.00000 0.22985
C19 -1.22532 4.98836 0.00000 0.22985
C20 -2.46583 2.84475 0.00000 -0.03086
C21 -3.69655 0.71310 0.00000 -0.03086
C22 -3.69655 -0.71310 0.00000 -0.03086
C23 -2.46583 -2.84475 0.00000 -0.03086
C24 -1.22532 -4.98836 0.00000 0.22985
C25 1.23071 -3.55784 0.00000 -0.03086
C26 3.66917 -4.99204 0.00000 -0.24048
C27 4.93272 -1.43302 0.00000 0.22985
C28 4.93272 1.43302 0.00000 0.22985
C29 3.66917 4.99204 0.00000 -0.24048
C30 1.23071 3.55784 0.00000 -0.03086
C31 -1.23071 3.55784 0.00000 -0.03086
C32 -3.66917 4.99204 0.00000 -0.24048
C33 -4.93272 1.43302 0.00000 0.22985
C34 -4.93272 -1.43302 0.00000 0.22985
C35 -3.66917 -4.99204 0.00000 -0.24048
C36 -1.23071 -3.55784 0.00000 -0.03086
C37 2.48864 -5.67361 0.00000 -0.24048
C38 3.70739 -3.55534 0.00000 0.22985
C39 4.90886 -2.83413 0.00000 -0.41843
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C40 6.15782 -0.68158 0.00000 -0.24048
C41 6.15782 0.68158 0.00000 -0.24048
C42 4.90886 2.83413 0.00000 -0.41843
C43 3.70739 3.55534 0.00000 0.22985
C44 2.48864 5.67361 0.00000 -0.24048
C45 0.00000 5.66824 0.00000 -0.41843
C46 -2.48864 5.67361 0.00000 -0.24048
C47 -3.70739 3.55534 0.00000 0.22985
C48 -4.90886 2.83413 0.00000 -0.41843
C49 -6.15782 0.68158 0.00000 -0.24048
C50 -6.15782 -0.68158 0.00000 -0.24048
C51 -4.90886 -2.83413 0.00000 -0.41843
C52 -3.70739 -3.55534 0.00000 0.22985
C53 -2.48864 -5.67361 0.00000 -0.24048
C54 0.00000 -5.66824 0.00000 -0.41843
H1 2.48436 -6.76093 0.00000 0.15850
H2 4.61295 -5.53201 0.00000 0.15850
H3 5.85117 -3.37818 0.00000 0.18057
H4 7.09734 -1.22893 0.00000 0.15850
H5 7.09734 1.22893 0.00000 0.15850
H6 5.85117 3.37818 0.00000 0.18057
H7 4.61295 5.53201 0.00000 0.15850
H8 2.48436 6.76093 0.00000 0.15850
H9 0.00000 6.75634 0.00000 0.18057
H10 -2.48436 6.76093 0.00000 0.15850
H11 -4.61295 5.53201 0.00000 0.15850
H12 -5.85117 3.37818 0.00000 0.18057
H13 -7.09734 1.22893 0.00000 0.15850
H14 -7.09734 -1.22893 0.00000 0.15850
H15 -5.85117 -3.37818 0.00000 0.18057
H16 -4.61295 -5.53201 0.00000 0.15850
H17 -2.48436 -6.76093 0.00000 0.15850
H18 0.00000 -6.75634 0.00000 0.18057
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2 Axes files


Below are axes files which define local axes for the 13 PAH molecules. These files can be
used with the ORIENT program.


Benzene


Axes
C1 z from C1 to H1 x from C1 to C5
C5 z from C5 to H4 x from C5 to C6
C6 z from C6 to H3 x from C6 to C2
C2 z from C2 to H2 x from C2 to C4
C4 z from C4 to H5 x from C4 to C3
C3 z from C3 to H6 x from C3 to C1
H1 z from C1 to H1 x from C1 to C5
H2 z from C2 to H2 x from C2 to C4
H3 z from C6 to H3 x from C6 to C2
H4 z from C5 to H4 x from C5 to C6
H5 z from C4 to H5 x from C4 to C3
H6 z from C3 to H6 x from C3 to C1


End


Naphthalene


Axes
C1 z from C1 to H2 x from C1 to C2
C2 z from C2 to H3 x from C2 to C3
C3 z from C3 to C4 x from C3 to C7
C7 z from C7 to H1 x from C7 to C10
C10 z from C10 to H8 x from C10 to C9
C9 z from C9 to H7 x from C9 to C8
C8 z from C8 to H6 x from C8 to C4
C4 z from C4 to C3 x from C4 to C5
C5 z from C5 to H4 x from C5 to C6
C6 z from C6 to H5 x from C6 to C1
H1 z from C7 to H1 x from C7 to C10
H2 z from C1 to H2 x from C1 to C2
H3 z from C2 to H3 x from C2 to C3
H4 z from C5 to H4 x from C5 to C6
H5 z from C6 to H5 x from C6 to C1
H6 z from C8 to H6 x from C8 to C4
H7 z from C9 to H7 x from C9 to C8
H8 z from C10 to H8 x from C10 to C9


End
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Phenanthrene


Axes
C1 z from C1 to C2 x from C1 to C7
C2 z from C2 to C1 x from C2 to C5
C3 z from C3 to H1 x from C3 to C4
C4 z from C4 to H2 x from C4 to C5
C5 z from C5 to C2 x from C5 to C4
C6 z from C6 to C1 x from C6 to C11
C7 z from C7 to H3 x from C7 to C9
C8 z from C8 to H6 x from C8 to C2
C9 z from C9 to H4 x from C9 to C13
C10 z from C10 to H7 x from C10 to C8
C11 z from C11 to H5 x from C11 to C6
C12 z from C12 to H8 x from C12 to C14
C13 z from C13 to H9 x from C13 to C11
C14 z from C14 to H10 x from C14 to C10
H1 z from C3 to H1 x from C3 to C4
H2 z from C4 to H2 x from C4 to C5
H3 z from C7 to H3 x from C7 to C9
H4 z from C9 to H4 x from C9 to C13
H5 z from C11 to H5 x from C11 to C6
H6 z from C8 to H6 x from C8 to C2
H7 z from C10 to H7 x from C10 to C8
H8 z from C12 to H8 x from C12 to C14
H9 z from C13 to H9 x from C13 to C11
H10 z from C14 to H10 x from C14 to C10


End
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Anthracene


Axes
C1 z from C1 to C2 x from C1 to C6
C2 z from C2 to C1 x from C2 to C8
C3 z from C3 to C4 x from C3 to C9
C4 z from C4 to C3 x from C4 to C5
C5 z from C5 to H9 x from C5 to C2
C6 z from C6 to H10 x from C6 to C3
C7 z from C7 to H5 x from C7 to C1
C8 z from C8 to H8 x from C8 to C14
C9 z from C9 to H1 x from C9 to C11
C10 z from C10 to H4 x from C10 to C4
C11 z from C11 to H2 x from C11 to C12
C12 z from C12 to H3 x from C12 to C10
C13 z from C13 to H6 x from C13 to C7
C14 z from C14 to H7 x from C14 to C13
H1 z from C9 to H1 x from C9 to C11
H2 z from C11 to H2 x from C11 to C12
H3 z from C12 to H3 x from C12 to C10
H4 z from C10 to H4 x from C10 to C4
H5 z from C7 to H5 x from C7 to C1
H6 z from C13 to H6 x from C13 to C7
H7 z from C14 to H7 x from C14 to C13
H8 z from C8 to H8 x from C8 to C14
H9 z from C5 to H9 x from C5 to C2
H10 z from C6 to H10 x from C6 to C3


End
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Pyrene


Axes
C1 z from C1 to C2 x from C1 to C5
C2 z from C2 to C1 x from C2 to C3
C3 z from C3 to C2 x from C3 to C8
C4 z from C4 to C2 x from C4 to C9
C5 z from C5 to C1 x from C5 to C12
C6 z from C6 to C1 x from C6 to C13
C7 z from C7 to H1 x from C7 to C3
C8 z from C8 to H2 x from C8 to C15
C9 z from C9 to H3 x from C9 to C11
C10 z from C10 to H4 x from C10 to C4
C11 z from C11 to H5 x from C11 to C5
C12 z from C12 to H6 x from C12 to C16
C13 z from C13 to H7 x from C13 to C7
C14 z from C14 to H8 x from C14 to C6
C15 z from C15 to H9 x from C15 to C10
C16 z from C16 to H10 x from C6 to C14
H1 z from C7 to H1 x from C7 to C3
H2 z from C8 to H2 x from C8 to C15
H3 z from C9 to H3 x from C9 to C11
H4 z from C10 to H4 x from C10 to C4
H5 z from C11 to H5 x from C11 to C5
H6 z from C12 to H6 x from C12 to C16
H7 z from C13 to H7 x from C13 to C7
H8 z from C14 to H8 x from C14 to C6
H9 z from C15 to H9 x from C15 to C10
H10 z from C16 to H10 x from C6 to C14


End
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Perylene


Axes
C1 z from C1 to C19 x from C1 to C6
C2 z from C2 to C20 x from C2 to C5
C3 z from C3 to C1 x from C3 to C5
C4 z from C4 to C2 x from C4 to C6
C5 z from C5 to C2 x from C5 to C9
C6 z from C6 to C1 x from C6 to C10
C7 z from C7 to H9 x from C7 to C11
C8 z from C8 to H10 x from C8 to C12
C9 z from C9 to H11 x from C9 to C5
C10 z from C10 to H12 x from C10 to C6
C11 z from C11 to H5 x from C11 to C15
C12 z from C12 to H6 x from C12 to C16
C13 z from C13 to H7 x from C13 to C9
C14 z from C14 to H8 x from C14 to C10
C15 z from C15 to H1 x from C15 to C19
C16 z from C16 to H2 x from C16 to C20
C17 z from C17 to H3 x from C17 to C13
C18 z from C18 to H4 x from C18 to C14
C19 z from C19 to H1 x from C19 to C15
C20 z from C20 to H2 x from C20 to C16
H1 z from C15 to H1 x from C15 to C19
H2 z from C16 to H2 x from C16 to C20
H3 z from C17 to H3 x from C17 to C13
H4 z from C18 to H4 x from C18 to C14
H5 z from C11 to H5 x from C11 to C15
H6 z from C12 to H6 x from C12 to C16
H7 z from C13 to H7 x from C13 to C9
H8 z from C14 to H8 x from C14 to C10
H9 z from C7 to H9 x from C7 to C11
H10 z from C8 to H10 x from C8 to C12
H11 z from C9 to H11 x from C9 to C5
H12 z from C10 to H12 x from C10 to C6


End
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Benzo[g,h,i]perylene


Axes
C1 z from C1 to C3 x from C1 to C6
C2 z from C2 to C5 x from C2 to C22
C3 z from C3 to C7 x from C3 to C5
C4 z from C4 to C2 x from C4 to C8
C5 z from C5 to C9 x from C5 to C2
C6 z from C6 to C1 x from C6 to C4
C7 z from C7 to C3 x from C7 to C11
C8 z from C8 to H9 x from C8 to C4
C9 z from C9 to C5 x from C9 to C20
C10 z from C10 to H10 x from C10 to C14
C11 z from C11 to H5 x from C11 to C7
C12 z from C12 to H6 x from C12 to C8
C13 z from C13 to H7 x from C13 to C17
C14 z from C14 to H8 x from C14 to C18
C15 z from C15 to H1 x from C15 to C11
C16 z from C16 to H2 x from C16 to C12
C17 z from C17 to H3 x from C17 to C22
C18 z from C18 to H4 x from C18 to C21
C19 z from C19 to H11 x from C19 to C20
C20 z from C20 to H12 x from C20 to C9
C21 z from C21 to C1 x from C21 to C18
C22 z from C22 to C2 x from C22 to C17
H1 z from C15 to H1 x from C15 to C11
H2 z from C16 to H2 x from C16 to C12
H3 z from C17 to H3 x from C17 to C22
H4 z from C18 to H4 x from C18 to C21
H5 z from C11 to H5 x from C11 to C7
H6 z from C12 to H6 x from C12 to C8
H7 z from C13 to H7 x from C13 to C17
H8 z from C14 to H8 x from C14 to C18
H9 z from C8 to H9 x from C8 to C4
H10 z from C10 to H10 x from C10 to C14
H11 z from C19 to H11 x from C19 to C20
H12 z from C20 to H12 x from C20 to C9


End


26







Coronene


Axes
C1 z from C1 to C7 x from C1 to C6
C2 z from C2 to C8 x from C2 to C1
C3 z from C3 to C9 x from C3 to C2
C4 z from C4 to C10 x from C4 to C3
C5 z from C5 to C11 x from C5 to C4
C6 z from C6 to C12 x from C6 to C5
C7 z from C7 to C1 x from C7 to C13
C8 z from C8 to C2 x from C8 to C15
C9 z from C9 to C3 x from C9 to C17
C10 z from C10 to C4 x from C10 to C19
C11 z from C11 to C5 x from C11 to C21
C12 z from C12 to C6 x from C12 to C23
C13 z from C13 to H1 x from C13 to C7
C14 z from C14 to H2 x from C14 to C13
C15 z from C15 to H3 x from C15 to C8
C16 z from C16 to H4 x from C16 to C15
C17 z from C17 to H5 x from C17 to C9
C18 z from C18 to H6 x from C18 to C17
C19 z from C19 to H7 x from C19 to C10
C20 z from C20 to H8 x from C20 to C19
C21 z from C21 to H9 x from C21 to C11
C22 z from C22 to H10 x from C22 to C21
C23 z from C23 to H11 x from C23 to C12
C24 z from C24 to H12 x from C24 to C23
H1 z from C13 to H1 x from C13 to C7
H2 z from C14 to H2 x from C14 to C13
H3 z from C15 to H3 x from C15 to C8
H4 z from C16 to H4 x from C16 to C15
H5 z from C17 to H5 x from C17 to C9
H6 z from C18 to H6 x from C18 to C17
H7 z from C19 to H7 x from C19 to C10
H8 z from C20 to H8 x from C20 to C19
H9 z from C21 to H9 x from C21 to C11
H10 z from C22 to H10 x from C22 to C21
H11 z from C23 to H11 x from C23 to C12
H12 z from C24 to H12 x from C24 to C23


End
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Bisanthene


Axes
C1 z from C1 to C2 x from C1 to C5
C2 z from C2 to C1 x from C2 to C4
C3 z from C3 to C1 x from C3 to C11
C4 z from C4 to C2 x from C4 to C8
C5 z from C5 to C1 x from C5 to C9
C6 z from C6 to C2 x from C6 to C14
C7 z from C7 to C8 x from C7 to C3
C8 z from C8 to C7 x from C8 to C26
C9 z from C9 to C10 x from C9 to C27
C10 z from C10 to C9 x from C10 to C6
C11 z from C11 to C3 x from C11 to C15
C12 z from C12 to C4 x from C12 to C18
C13 z from C13 to C5 x from C13 to C19
C14 z from C14 to C6 x from C14 to C16
C15 z from C15 to H1 x from C15 to C11
C16 z from C16 to H2 x from C16 to C14
C17 z from C17 to H3 x from C17 to C21
C18 z from C18 to H4 x from C18 to C12
C19 z from C19 to H5 x from C19 to C13
C20 z from C20 to H6 x from C20 to C24
C21 z from C21 to H7 x from C21 to C25
C22 z from C22 to H8 x from C22 to C18
C23 z from C23 to H9 x from C23 to C19
C24 z from C24 to H10 x from C24 to C28
C25 z from C25 to H11 x from C25 to C7
C26 z from C26 to H12 x from C26 to C22
C27 z from C27 to H13 x from C27 to C23
C28 z from C28 to H14 x from C28 to C10
H1 z from C15 to H1 x from C15 to C11
H2 z from C16 to H2 x from C16 to C14
H3 z from C17 to H3 x from C17 to C21
H4 z from C18 to H4 x from C18 to C12
H5 z from C19 to H5 x from C19 to C13
H6 z from C20 to H6 x from C20 to C24
H7 z from C21 to H7 x from C21 to C25
H8 z from C22 to H8 x from C22 to C18
H9 z from C23 to H9 x from C23 to C19
H10 z from C24 to H10 x from C24 to C28
H11 z from C25 to H11 x from C25 to C7
H12 z from C26 to H12 x from C26 to C22
H13 z from C27 to H13 x from C27 to C23
H14 z from C28 to H14 x from C28 to C10


End
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Ovalene


Axes
C1 z from C1 to C7 x from C1 to C6
C2 z from C2 to C3 x from C2 to C8
C3 z from C3 to C2 x from C3 to C4
C4 z from C4 to C10 x from C4 to C3
C5 z from C5 to C11 x from C5 to C4
C6 z from C6 to C12 x from C6 to C5
C7 z from C7 to C1 x from C7 to C21
C8 z from C8 to C13 x from C8 to C2
C9 z from C9 to C16 x from C9 to C15
C10 z from C10 to C4 x from C10 to C25
C11 z from C11 to C5 x from C11 to C18
C12 z from C12 to C6 x from C12 to C20
C13 z from C13 to C8 x from C13 to C27
C14 z from C14 to C22 x from C14 to C8
C15 z from C15 to C23 x from C15 to C14
C16 z from C16 to C9 x from C16 to C24
C17 z from C17 to H7 x from C17 to C25
C18 z from C18 to H5 x from C18 to C11
C19 z from C19 to H6 x from C19 to C18
C20 z from C20 to H8 x from C20 to C12
C21 z from C21 to H1 x from C21 to C7
C22 z from C22 to C14 x from C22 to C29
C23 z from C23 to C15 x from C23 to C31
C24 z from C24 to H2 x from C24 to C16
C25 z from C25 to H3 x from C25 to C10
C26 z from C26 to H4 x from C26 to C20
C27 z from C27 to H9 x from C27 to C13
C28 z from C28 to H11 x from C28 to C27
C29 z from C29 to H12 x from C29 to C22
C30 z from C30 to H13 x from C30 to C29
C31 z from C31 to H14 x from C31 to C23
C32 z from C32 to H10 x from C32 to C31
H1 z from C21 to H1 x from C21 to C7
H2 z from C24 to H2 x from C24 to C16
H3 z from C25 to H3 x from C25 to C10
H4 z from C26 to H4 x from C26 to C20
H5 z from C18 to H5 x from C18 to C11
H6 z from C19 to H6 x from C19 to C18
H7 z from C17 to H7 x from C17 to C25
H8 z from C20 to H8 x from C20 to C12
H9 z from C27 to H9 x from C27 to C13
H10 z from C32 to H10 x from C32 to C31
H11 z from C28 to H11 x from C28 to C27
H12 z from C29 to H12 x from C29 to C22
H13 z from C30 to H13 x from C30 to C29
H14 z from C31 to H14 x from C31 to C23


End
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Hexabenzocoronene


Axes
C1 z from C1 to C7 x from C1 to C6
C2 z from C2 to C8 x from C2 to C1
C3 z from C3 to C9 x from C3 to C2
C4 z from C4 to C10 x from C4 to C3
C5 z from C5 to C11 x from C5 to C4
C6 z from C6 to C12 x from C6 to C5
C7 z from C7 to C1 x from C7 to C25
C8 z from C8 to C2 x from C8 to C15
C9 z from C9 to C3 x from C9 to C17
C10 z from C10 to C4 x from C10 to C29
C11 z from C11 to C5 x from C11 to C21
C12 z from C12 to C6 x from C12 to C23
C13 z from C13 to H2 x from C13 to C42
C14 z from C14 to C25 x from C14 to C8
C15 z from C15 to C16 x from C15 to C26
C16 z from C16 to C15 x from C16 to C9
C17 z from C17 to C28 x from C17 to C36
C18 z from C18 to H9 x from C18 to C28
C19 z from C19 to H1 x from C19 to C37
C20 z from C20 to C29 x from C20 to C11
C21 z from C21 to C22 x from C21 to C30
C22 z from C22 to C21 x from C22 to C12
C23 z from C23 to C32 x from C23 to C41
C24 z from C24 to H12 x from C24 to C32
C25 z from C25 to C14 x from C25 to C13
C26 z from C26 to H7 x from C26 to C34
C27 z from C27 to H8 x from C27 to C16
C28 z from C28 to C17 x from C28 to C10
C29 z from C29 to C20 x from C29 to C19
C30 z from C30 to H10 x from C30 to C39
C31 z from C31 to H11 x from C31 to C22
C32 z from C32 to C23 x from C32 to C7
C33 z from C33 to H3 x from C33 to C14
C34 z from C34 to H13 x from C34 to C33
C35 z from C35 to H14 x from C35 to C27
C36 z from C36 to H4 x from C36 to C35
C37 z from C37 to H15 x from C37 to C18
C38 z from C38 to H5 x from C38 to C20
C39 z from C39 to H16 x from C39 to C38
C40 z from C40 to H17 x from C40 to C31
C41 z from C41 to H6 x from C41 to C40
C42 z from C42 to H18 x from C42 to C24
H1 z from C19 to H1 x from C19 to C37
H2 z from C13 to H2 x from C13 to C42
H3 z from C33 to H3 x from C33 to C14
H4 z from C36 to H4 x from C36 to C35
H5 z from C38 to H5 x from C38 to C20
H6 z from C41 to H6 x from C41 to C40
H7 z from C26 to H7 x from C26 to C34
H8 z from C27 to H8 x from C27 to C16
H9 z from C18 to H9 x from C18 to C28
H10 z from C30 to H10 x from C30 to C39
H11 z from C31 to H11 x from C31 to C22
H12 z from C24 to H12 x from C24 to C32
H13 z from C34 to H13 x from C34 to C33
H14 z from C35 to H14 x from C35 to C27
H15 z from C37 to H15 x from C37 to C18
H16 z from C39 to H16 x from C39 to C38
H17 z from C40 to H17 x from C40 to C31
H18 z from C42 to H18 x from C42 to C24


End
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Octabenzocoronene


Axes
C1 z from C1 to C7 x from C1 to C6
C2 z from C2 to C8 x from C2 to C1
C3 z from C3 to C9 x from C3 to C2
C4 z from C4 to C10 x from C4 to C3
C5 z from C5 to C11 x from C5 to C4
C6 z from C6 to C12 x from C6 to C5
C7 z from C7 to C1 x from C7 to C25
C8 z from C8 to C2 x from C8 to C15
C9 z from C9 to C3 x from C9 to C17
C10 z from C10 to C4 x from C10 to C29
C11 z from C11 to C5 x from C11 to C21
C12 z from C12 to C6 x from C12 to C23
C13 z from C13 to H5 x from C13 to C46
C14 z from C14 to C25 x from C14 to C8
C15 z from C15 to C26 x from C15 to C8
C16 z from C16 to C27 x from C16 to C15
C17 z from C17 to C28 x from C17 to C38
C18 z from C18 to H6 x from C18 to C28
C19 z from C19 to H7 x from C19 to C39
C20 z from C20 to C29 x from C20 to C11
C21 z from C21 to C30 x from C21 to C11
C22 z from C22 to C31 x from C22 to C21
C23 z from C23 to C32 x from C23 to C45
C24 z from C24 to H8 x from C24 to C32
C25 z from C25 to C14 x from C25 to C13
C26 z from C26 to C15 x from C26 to C35
C27 z from C27 to C16 x from C27 to C37
C28 z from C28 to C17 x from C28 to C10
C29 z from C29 to C20 x from C29 to C19
C30 z from C30 to C21 x from C30 to C42
C31 z from C31 to C22 x from C31 to C44
C32 z from C32 to C23 x from C32 to C7
C33 z from C33 to H1 x from C33 to C14
C34 z from C34 to H9 x from C34 to C33
C35 z from C35 to H10 x from C35 to C26
C36 z from C36 to H11 x from C36 to C35
C37 z from C37 to H12 x from C37 to C27
C38 z from C38 to H2 x from C38 to C37
C39 z from C39 to H13 x from C39 to C18
C40 z from C40 to H3 x from C40 to C20
C41 z from C41 to H14 x from C41 to C40
C42 z from C42 to H15 x from C42 to C30
C43 z from C43 to H16 x from C43 to C42
C44 z from C44 to H17 x from C44 to C31
C45 z from C45 to H4 x from C45 to C44
C46 z from C46 to H18 x from C46 to C24
H1 z from C33 to H1 x from C33 to C14
H2 z from C38 to H2 x from C38 to C37
H3 z from C40 to H3 x from C40 to C20
H4 z from C45 to H4 x from C45 to C44
H5 z from C13 to H5 x from C13 to C46
H6 z from C18 to H6 x from C18 to C28
H7 z from C19 to H7 x from C19 to C39
H8 z from C24 to H8 x from C24 to C32
H9 z from C34 to H9 x from C34 to C33
H10 z from C35 to H10 x from C35 to C26
H11 z from C36 to H11 x from C36 to C35
H12 z from C37 to H12 x from C37 to C27
H13 z from C39 to H13 x from C39 to C18
H14 z from C41 to H14 x from C41 to C40
H15 z from C42 to H15 x from C42 to C30
H16 z from C43 to H16 x from C43 to C42
H17 z from C44 to H17 x from C44 to C31
H18 z from C46 to H18 x from C46 to C24


End
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Circumcoronene


Axes
C1 z from C1 to C7 x from C1 to C6
C2 z from C2 to C8 x from C2 to C1
C3 z from C3 to C9 x from C3 to C2
C4 z from C4 to C10 x from C4 to C3
C5 z from C5 to C11 x from C5 to C4
C6 z from C6 to C12 x from C6 to C5
C7 z from C7 to C1 x from C7 to C25
C8 z from C8 to C2 x from C8 to C15
C9 z from C9 to C3 x from C9 to C17
C10 z from C10 to C4 x from C10 to C31
C11 z from C11 to C5 x from C11 to C21
C12 z from C12 to C6 x from C12 to C23
C13 z from C13 to C25 x from C13 to C37
C14 z from C14 to C38 x from C14 to C25
C15 z from C15 to C27 x from C15 to C8
C16 z from C16 to C28 x from C16 to C15
C17 z from C17 to C43 x from C17 to C9
C18 z from C18 to C30 x from C18 to C45
C19 z from C19 to C31 x from C19 to C46
C20 z from C20 to C47 x from C20 to C31
C21 z from C21 to C33 x from C21 to C11
C22 z from C22 to C34 x from C22 to C21
C23 z from C23 to C52 x from C23 to C12
C24 z from C24 to C36 x from C24 to C54
C25 z from C25 to C13 x from C25 to C7
C26 z from C26 to H2 x from C26 to C37
C27 z from C27 to C15 x from C27 to C40
C28 z from C28 to C16 x from C28 to C42
C29 z from C29 to H7 x from C29 to C43
C30 z from C30 to C18 x from C30 to C17
C31 z from C31 to C19 x from C31 to C10
C32 z from C32 to H11 x from C32 to C46
C33 z from C33 to C21 x from C33 to C49
C34 z from C34 to C22 x from C34 to C51
C35 z from C35 to H16 x from C35 to C52
C36 z from C36 to C24 x from C36 to C23
C37 z from C37 to H1 x from C37 to C13
C38 z from C38 to C14 x from C38 to C39
C39 z from C39 to H3 x from C39 to C38
C40 z from C40 to H4 x from C40 to C27
C41 z from C41 to H5 x from C41 to C40
C42 z from C42 to H6 x from C42 to C28
C43 z from C43 to C17 x from C43 to C29
C44 z from C44 to H8 x from C44 to C29
C45 z from C45 to H9 x from C45 to C18
C46 z from C46 to H10 x from C46 to C19
C47 z from C47 to C20 x from C47 to C48
C48 z from C48 to H12 x from C48 to C47
C49 z from C49 to H13 x from C49 to C33
C50 z from C50 to H14 x from C50 to C49
C51 z from C51 to H15 x from C51 to C34
C52 z from C52 to C23 x from C52 to C35
C53 z from C53 to H17 x from C53 to C35
C54 z from C54 to H18 x from C54 to C24
H1 z from C37 to H1 x from C37 to C13
H2 z from C26 to H2 x from C26 to C37
H3 z from C39 to H3 x from C39 to C38
H4 z from C40 to H4 x from C40 to C27
H5 z from C41 to H5 x from C41 to C40
H6 z from C42 to H6 x from C42 to C28
H7 z from C29 to H7 x from C29 to C43
H8 z from C44 to H8 x from C44 to C29
H9 z from C45 to H9 x from C45 to C18
H10 z from C46 to H10 x from C46 to C19
H11 z from C32 to H11 x from C32 to C46
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H12 z from C48 to H12 x from C48 to C47
H13 z from C49 to H13 x from C49 to C33
H14 z from C50 to H14 x from C50 to C49
H15 z from C51 to H15 x from C51 to C34
H16 z from C35 to H16 x from C35 to C52
H17 z from C53 to H17 x from C53 to C35
H18 z from C54 to H18 x from C54 to C24


End
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3 Distributed multipoles from the GDMA program for
benzene and coronene


Distributed atom-centred multipoles have been calculated for the coronene molecule using
the GDMA program up to rank 4 (hexdecapoles) for carbon atoms and rank 1 (dipoles) for
hydrogen atoms. Atomic coordinates are in Angstrom and coefficients for the multipoles
are in atomic units.


3.1 Benzene
! benzene PBE1PBE/AUG-cc-pVTZ
! SP RPBE1PBE Aug-CC-pVT


C1 -1.39662001 0.00000000 0.00000000 Rank 4 Type C
-0.09100143
0.00000000 0.13329521 0.00000000
-1.28701579 0.00000000 0.00000000 0.18546051 0.00000000
0.00000000 1.36627382 0.00000000 0.00000000 0.00000000
-2.58397385 0.00000000
1.99800403 0.00000000 0.00000000 -4.85205329 0.00000000
0.00000000 0.00000000 5.19624311 0.00000000


C2 1.39662001 0.00000000 0.00000000 Rank 4 Type C
-0.09100143
0.00000000 -0.13329521 0.00000000
-1.28701579 0.00000000 0.00000000 0.18546051 0.00000000
0.00000000 -1.36627381 0.00000000 0.00000000 0.00000000
2.58397385 0.00000000
1.99800403 0.00000000 0.00000000 -4.85205329 0.00000000
0.00000000 0.00000000 5.19624311 0.00000000


C3 -0.69831001 -1.20951001 0.00000000 Rank 4 Type C
-0.09099176
0.00000000 0.06664328 0.11542177
-1.28689654 0.00000000 0.00000000 -0.09273158 0.16062305
0.00000000 0.68296922 1.18294558 0.00000000 0.00000000
2.58398528 -0.00002139
1.99867980 0.00000000 0.00000000 2.42635759 -4.20136814
0.00000000 0.00000000 -2.59812817 -4.50007687


C4 0.69831001 -1.20951001 0.00000000 Rank 4 Type C
-0.09099176
0.00000000 -0.06664328 0.11542177
-1.28689654 0.00000000 0.00000000 -0.09273158 -0.16062305
0.00000000 -0.68296922 1.18294558 0.00000000 0.00000000
-2.58398528 -0.00002139
1.99867980 0.00000000 0.00000000 2.42635759 4.20136814
0.00000000 0.00000000 -2.59812817 4.50007687


C5 -0.69831001 1.20951001 0.00000000 Rank 4 Type C
-0.09099176
0.00000000 0.06664328 -0.11542177
-1.28689654 0.00000000 0.00000000 -0.09273157 -0.16062305
0.00000000 0.68296922 -1.18294558 0.00000000 0.00000000
2.58398527 0.00002139
1.99867980 0.00000000 0.00000000 2.42635759 4.20136814
0.00000000 0.00000000 -2.59812817 4.50007687


C6 0.69831001 1.20951001 0.00000000 Rank 4 Type C
-0.09099176
0.00000000 -0.06664328 -0.11542177
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-1.28689654 0.00000000 0.00000000 -0.09273158 0.16062305
0.00000000 -0.68296922 -1.18294558 0.00000000 0.00000000
-2.58398528 0.00002139
1.99867980 0.00000000 0.00000000 2.42635758 -4.20136814
0.00000000 0.00000000 -2.59812817 -4.50007687


H1 -2.48363001 0.00000000 0.00000000 Rank 1 Type H
0.09099457
0.00000000 0.13198598 0.00000000


H2 2.48363001 0.00000000 0.00000000 Rank 1 Type H
0.09099457
0.00000000 -0.13198598 0.00000000


H6 1.24181001 2.15089001 0.00000000 Rank 1 Type H
0.09099474
0.00000000 -0.06599366 -0.11430542


H5 -1.24181001 2.15089001 0.00000000 Rank 1 Type H
0.09099474
0.00000000 0.06599366 -0.11430542


H4 1.24181001 -2.15089001 0.00000000 Rank 1 Type H
0.09099474
0.00000000 -0.06599366 0.11430542


H3 -1.24181001 -2.15089001 0.00000000 Rank 1 Type H
0.09099474
0.00000000 0.06599366 0.11430542


35







3.2 Coronene
! coronene PBE1PBE/AUG-cc-pVTZ ! SP RPBE1PBE Aug-CC-pVT


C1 1.42751001 0.00000000 0.00000000 Rank 4 Type C
-0.01982481
0.00000000 -0.01339518 0.00000000
-1.15682705 0.00000000 0.00000000 -0.00664436 0.00000000
0.00000000 -0.09072461 0.00000000 0.00000000 0.00000000
1.17757232 0.00000000
-2.10350729 0.00000000 0.00000000 -0.08859289 0.00000000
0.00000000 0.00000000 0.06554589 0.00000000


C2 0.71376001 1.23626001 0.00000000 Rank 4 Type C
-0.01982209
0.00000000 -0.00670227 -0.01160601
-1.15686004 0.00000000 0.00000000 0.00333917 -0.00576798
0.00000000 -0.04539632 -0.07872777 0.00000000 0.00000000
-1.17755457 0.00001136
-2.10374753 0.00000000 0.00000000 0.04532235 -0.07696074
0.00000000 0.00000000 -0.03269293 -0.05667310


C3 -0.71375000 1.23626001 0.00000000 Rank 4 Type C
-0.01982165
0.00000000 0.00670285 -0.01160696
-1.15685961 0.00000000 0.00000000 0.00333909 0.00576897
0.00000000 0.04539871 -0.07873230 0.00000000 0.00000000
1.17755464 0.00001070
-2.10374631 0.00000000 0.00000000 0.04532229 0.07696553
0.00000000 0.00000000 -0.03269496 0.05667569


C4 -1.42750001 0.00000000 0.00000000 Rank 4 Type C
-0.01982422
0.00000000 0.01339613 0.00000000
-1.15682728 0.00000000 0.00000000 -0.00664469 0.00000000
0.00000000 0.09073102 0.00000000 0.00000000 0.00000000
-1.17757316 0.00000000
-2.10350768 0.00000000 0.00000000 -0.08859310 0.00000001
0.00000000 0.00000000 0.06554948 0.00000000


C5 -0.71375000 -1.23626001 0.00000000 Rank 4 Type C
-0.01982165
0.00000000 0.00670285 0.01160696
-1.15685961 0.00000000 0.00000000 0.00333909 -0.00576897
0.00000000 0.04539871 0.07873230 0.00000000 0.00000000
1.17755463 -0.00001070
-2.10374634 0.00000000 0.00000000 0.04532229 -0.07696554
0.00000000 0.00000000 -0.03269496 -0.05667569


C6 0.71376001 -1.23626001 0.00000000 Rank 4 Type C
-0.01982209
0.00000000 -0.00670227 0.01160601
-1.15686004 0.00000000 0.00000000 0.00333917 0.00576798
0.00000000 -0.04539632 0.07872777 0.00000000 0.00000000
-1.17755457 -0.00001136
-2.10374756 0.00000000 0.00000000 0.04532235 0.07696074
0.00000000 0.00000000 -0.03269293 0.05667310


C7 2.84906002 0.00000000 0.00000000 Rank 4 Type C
-0.04047527
0.00000000 -0.11507659 0.00000000
-1.11379045 0.00000000 0.00000000 -0.14551845 0.00000000
0.00000000 -0.14865205 0.00000000 0.00000000 0.00000000
-1.37623454 0.00000000
-1.83565297 0.00000000 0.00000000 0.02664701 0.00000000
0.00000000 0.00000000 -0.64365251 0.00000000


C8 1.42454001 2.46736001 0.00000000 Rank 4 Type C
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-0.04047520
0.00000000 -0.05751860 -0.09965315
-1.11365139 0.00000000 0.00000000 0.07279424 -0.12603736
0.00000000 -0.07358699 -0.12800141 0.00000000 0.00000000
1.37639154 0.00002615
-1.83559233 0.00000000 0.00000000 -0.01435296 0.02524859
0.00000000 0.00000000 0.32209781 0.55824826


C9 -1.42453001 2.46736001 0.00000000 Rank 4 Type C
-0.04047479
0.00000000 0.05752430 -0.09965314
-1.11365035 0.00000000 0.00000000 0.07278676 0.12603803
0.00000000 0.07359242 -0.12800073 0.00000000 0.00000000
-1.37639195 0.00002532
-1.83559983 0.00000000 0.00000000 -0.01437381 -0.02524656
0.00000000 0.00000000 0.32211734 -0.55825001


C10 -2.84905001 0.00000000 0.00000000 Rank 4 Type C
-0.04047370
0.00000000 0.11507582 0.00000000
-1.11379113 0.00000000 0.00000000 -0.14550416 0.00000000
0.00000000 0.14865586 0.00000000 0.00000000 0.00000000
1.37622591 0.00000000
-1.83566003 0.00000000 0.00000000 0.02667593 0.00000000
0.00000000 0.00000000 -0.64364174 0.00000000


C11 -1.42453001 -2.46736001 0.00000000 Rank 4 Type C
-0.04047479
0.00000000 0.05752430 0.09965314
-1.11365034 0.00000000 0.00000000 0.07278676 -0.12603804
0.00000000 0.07359242 0.12800073 0.00000000 0.00000000
-1.37639195 -0.00002532
-1.83559980 0.00000000 0.00000000 -0.01437381 0.02524656
0.00000000 0.00000000 0.32211734 0.55825001


C12 1.42454001 -2.46736001 0.00000000 Rank 4 Type C
-0.04047520
0.00000000 -0.05751860 0.09965315
-1.11365139 0.00000000 0.00000000 0.07279424 0.12603736
0.00000000 -0.07358699 0.12800141 0.00000000 0.00000000
1.37639154 -0.00002615
-1.83559234 0.00000000 0.00000000 -0.01435296 -0.02524859
0.00000000 0.00000000 0.32209781 -0.55824826


C13 3.53438002 1.24827001 0.00000000 Rank 4 Type C
-0.07102015
0.00000000 -0.15229144 -0.05376988
-1.28635614 0.00000000 0.00000000 0.05099810 -0.02608840
0.00000000 -1.40638482 -0.36717536 0.00000000 0.00000000
2.29143970 0.22459505
1.71825916 0.00000000 0.00000000 -5.08952485 -0.41070907
0.00000000 0.00000000 4.66497733 0.93404015


C14 2.84823002 2.43673001 0.00000000 Rank 4 Type C
-0.07099975
0.00000000 -0.12270811 -0.10498564
-1.28604190 0.00000000 0.00000000 -0.04806038 0.03116358
0.00000000 -1.02134332 -1.03306702 0.00000000 0.00000000
-2.29150186 0.22480065
1.71860302 0.00000000 0.00000000 2.18618272 -4.61354552
0.00000000 0.00000000 -3.14192200 -3.57290269


C15 0.68616000 3.68501002 0.00000000 Rank 4 Type C
-0.07100986
0.00000000 -0.02956658 -0.15875499
-1.28628149 0.00000000 0.00000000 -0.00290677 0.05721764
0.00000000 -0.38424607 -1.40133079 0.00000000 0.00000000
-2.29152089 -0.22462608
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1.71696743 0.00000000 0.00000000 2.90318144 -4.20134970
0.00000000 0.00000000 -1.52388744 -4.50738153


C16 -0.68615001 3.68501002 0.00000000 Rank 4 Type C
-0.07100868
0.00000000 0.02956713 -0.15875437
-1.28628004 0.00000000 0.00000000 -0.00290731 -0.05721889
0.00000000 0.38424816 -1.40132669 0.00000000 0.00000000
2.29152226 -0.22462353
1.71697125 0.00000000 0.00000000 2.90317128 4.20134506
0.00000000 0.00000000 -1.52389966 4.50737457


C17 -2.84823002 2.43673001 0.00000000 Rank 4 Type C
-0.07099787
0.00000000 0.12270206 -0.10498052
-1.28604633 0.00000000 0.00000000 -0.04807842 -0.03116563
0.00000000 1.02133057 -1.03307213 0.00000000 0.00000000
2.29150549 0.22475794
1.71856307 0.00000000 0.00000000 2.18621214 4.61348848
0.00000000 0.00000000 -3.14177154 3.57296553


C18 -3.53438002 1.24827001 0.00000000 Rank 4 Type C
-0.07101627
0.00000000 0.15228014 -0.05376724
-1.28636200 0.00000000 0.00000000 0.05101704 0.02608585
0.00000000 1.40637300 -0.36717949 0.00000000 0.00000000
-2.29144609 0.22458985
1.71819211 0.00000000 0.00000000 -5.08942740 0.41070232
0.00000000 0.00000000 4.66491661 -0.93401402


C19 -3.53438002 -1.24827001 0.00000000 Rank 4 Type C
-0.07101627
0.00000000 0.15228014 0.05376724
-1.28636199 0.00000000 0.00000000 0.05101705 -0.02608585
0.00000000 1.40637299 0.36717949 0.00000000 0.00000000
-2.29144609 -0.22458985
1.71819211 0.00000000 0.00000000 -5.08942738 -0.41070231
0.00000000 0.00000000 4.66491660 0.93401401


C20 -2.84823002 -2.43673001 0.00000000 Rank 4 Type C
-0.07099787
0.00000000 0.12270206 0.10498052
-1.28604633 0.00000000 0.00000000 -0.04807842 0.03116563
0.00000000 1.02133057 1.03307212 0.00000000 0.00000000
2.29150548 -0.22475794
1.71856308 0.00000000 0.00000000 2.18621214 -4.61348847
0.00000000 0.00000000 -3.14177153 -3.57296551


C21 -0.68615001 -3.68501002 0.00000000 Rank 4 Type C
-0.07100868
0.00000000 0.02956713 0.15875437
-1.28628004 0.00000000 0.00000000 -0.00290730 0.05721890
0.00000000 0.38424815 1.40132669 0.00000000 0.00000000
2.29152226 0.22462352
1.71697129 0.00000000 0.00000000 2.90317128 -4.20134505
0.00000000 0.00000000 -1.52389969 -4.50737457


C22 0.68616000 -3.68501002 0.00000000 Rank 4 Type C
-0.07100987
0.00000000 -0.02956658 0.15875499
-1.28628149 0.00000000 0.00000000 -0.00290677 -0.05721764
0.00000000 -0.38424607 1.40133080 0.00000000 0.00000000
-2.29152090 0.22462606
1.71696746 0.00000000 0.00000000 2.90318145 4.20134971
0.00000000 0.00000000 -1.52388748 4.50738154


C23 2.84823002 -2.43673001 0.00000000 Rank 4 Type C
-0.07099975
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0.00000000 -0.12270811 0.10498564
-1.28604190 0.00000000 0.00000000 -0.04806038 -0.03116358
0.00000000 -1.02134331 1.03306702 0.00000000 0.00000000
-2.29150186 -0.22480065
1.71860301 0.00000000 0.00000000 2.18618272 4.61354551
0.00000000 0.00000000 -3.14192201 3.57290269


C24 3.53438002 -1.24827001 0.00000000 Rank 4 Type C
-0.07102015
0.00000000 -0.15229144 0.05376988
-1.28635614 0.00000000 0.00000000 0.05099810 0.02608840
0.00000000 -1.40638481 0.36717536 0.00000000 0.00000000
2.29143970 -0.22459506
1.71825917 0.00000000 0.00000000 -5.08952483 0.41070907
0.00000000 0.00000000 4.66497732 -0.93404016


H1 4.62179002 1.24537001 0.00000000 Rank 1 Type H
0.10115936
0.00000000 -0.13507884 -0.01114603


H2 3.38943002 3.37989002 0.00000000 Rank 1 Type H
0.10115730
0.00000000 -0.07719192 -0.11141174


H3 1.23237001 4.62528002 0.00000000 Rank 1 Type H
0.10115530
0.00000000 -0.05788816 -0.12255883


H4 -1.23236001 4.62528002 0.00000000 Rank 1 Type H
0.10115519
0.00000000 0.05788813 -0.12255891


H5 -3.38942002 3.37989002 0.00000000 Rank 1 Type H
0.10115530
0.00000000 0.07719245 -0.11141226


H6 -4.62178002 1.24537001 0.00000000 Rank 1 Type H
0.10115670
0.00000000 0.13507955 -0.01114550


H7 -4.62178002 -1.24537001 0.00000000 Rank 1 Type H
0.10115670
0.00000000 0.13507955 0.01114550


H8 -3.38942002 -3.37989002 0.00000000 Rank 1 Type H
0.10115530
0.00000000 0.07719245 0.11141226


H9 -1.23236001 -4.62528002 0.00000000 Rank 1 Type H
0.10115519
0.00000000 0.05788813 0.12255891


H10 1.23237001 -4.62528002 0.00000000 Rank 1 Type H
0.10115530
0.00000000 -0.05788816 0.12255883


H11 3.38943002 -3.37989002 0.00000000 Rank 1 Type H
0.10115730
0.00000000 -0.07719192 0.11141174


H12 4.62179002 -1.24537001 0.00000000 Rank 1 Type H
0.10115936
0.00000000 -0.13507884 0.01114603
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