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1. Comparison of Functionals and Basis Sets

Different functionals and basis sets (Pople, split valence double zeta basis sets) were
tested to determine which combination gave the best comparable results to literature
values with a reasonable calculation time (not more than 24 hours for the excited state
calculation). For these test runs, naphthalene was chosen because reliable

experimental data on its Rydberg states were available from the literature.

The procedure to obtain the binding energies of the excited electronic states was as
follows. First the ground state equilibrium geometry was determined using the chosen
functional and basis set and imposing the relevant the symmetry point group. In the
case of naphthalene the symmetry point group is D,,. As a quick test of the reliability
of the computational result, the calculated vertical ionisation energy (IE) was
compared to the literature value, where the targeted variance was less than 5% of the
value. The adiabatic IE was calculated only for a few functionals and basis sets as
further verification of their accuracy. The computed IEs of the different functionals

and basis sets are summarised in Table 1 for naphthalene.



Table 1. Comparison of computed IEs of naphthalene to experimental values at

different levels of theory

Napthalene Vertical LE. / eV Adiabatic L.E. / eV
Experimental values 8.14£0.02 (1) 8.144 + 0.001 (2)
Theory Level
wB97XD/6-31(2+)+G(d,p) 7.99 -
MO6HF/6-31(2+)+G(d,p) 8.51 -
B3LYP/6-31(2+)+G(d,p) 7.91 -
CAM-B3LYP/6-31(2+)+G(d,p) 8.05 7.94
wB97XD/6-31++G(d,p) 8.31 -
CAM-B3LYP/6-31(2+)+G(d,p) 8.05 7.94
CAM-B3LYP/6-31(2+)(2+)G(d,p) 8.05 7.94
CAM-B3LYP/6-31(3+)(3+)G(d,p) 8.05 -

All computed IEs are within 5% of the experimental value and below the
experimental IE, except at the MO6HF/6-31(2+)+G(d,p) and wB97XD/6-31++G(d,p)
levels (Table 1). The MO6HF functional neglects the self-exchange interactions at
long range and uses the full Hartree-Fock exchange which may lead to a larger
deviation. However, the wB97XD functional is long-range corrected and includes
empirical dispersion, but the complementing basis set also needs to be large enough to
enable a good approximation. In Table 1 the outcomes show that the basis set 6-
31(2+)+G(d,p) has to be used with the wB97XD functional to obtain reasonably good
results, whereas the 6-31++G(d,p) basis set is probably too small for the calculation
of the IE of naphthalene. Altogether the best results are obtained with the CAM-
B3LYP functional and a basis set of 6-31(2+)+G(d,p) at least (Table 1). Larger basis




sets with the CAM-B3LYP functional do not give a noticeable improvement in the

IEs (Table 1).

The excited electronic states were then computed at the ground state equilibrium
geometry using TD-DFT. Isocontours of the Dyson orbitals were inspected using the
GaussView program(3) and by eye it was determined if the electron density has a
symmetry similar to s, p or d orbitals. The binding energies of the states are obtained
through the subtraction of the calculated excitation energy from the calculated vertical
[E for each state. The resulting binding energies (BE) are compared to literature

values as shown in Table 2.

Table 2. Calculated binding energies of different excited states of naphthalene at the
CAM-B3LYP/6-31(2+)+G(d,p) level compared to literature values.

LUMO+1 | LUMO+2 | LUMO+3 | LUMO+4
Orbital shape S o8 py Px
Calc. vertical IE / eV 8.05
Calc. exc. energy / eV 5.55 591 5.94 5.94
Binding energy / eV 2.50 2.14 2.11 2.11
Lit. value of BE / eV 2.57 (4) 2.14 (4)
2.55+0.09 (5) 2.35+0.09 (5)

This procedure was conducted on naphthalene for the different functionals and basis
sets so that the binding energies could be compared. The obtained binding energies at

the various theory levels are summarised graphically in Figure 1.
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Figure 1. Comparison of the calculated binding energies for different excited states of

naphthalene obtained using various a) basis sets and b) functionals (with 6-

31(2+)+G(d,p) basis set). The computed results are also compared to literature values

from (4).

On the basis of Fig. 1 the functional CAM-B3LYP with the basis set 6-31(2+)+G(d,p)
was chosen as the most suitable level of theory. The larger basis sets (Figure 1a)
increase the computational time, but do not provide a significant improvement on the
binding energies because the basis set 6-31(2+)+G(d,p) already gives values close to
the literature. The CAM-B3LYP functional shows the best agreement with the
literature values for the binding energies of the s and p state, while the other
functionals, which also include long range interactions like wB97XD as well as

MO6HF and B3LYP are farther off the literature values (Figure 1b).

2. Background Subtraction

The experimental coronene photoelectron spectra consist of three components: the
Rydberg peak structure, a thermal background that has been reported previously for
high laser intensities with 800nm excitation (6) and also explored in detail for
fullerenes,(7) and an additional background signal for low kinetic energies, not
observed from fullerenes, that may be attributed to photoionisation from excited

valence states. Both the thermal background and the additional low kinetic energy



signal remain constant for different photoelectron emission angles. Fig. 2 shows the
angle-integrated spectrum that was shown in Figs. 5 and 6 of the main paper. The
black spectrum is the data as measured, after the POP inversion routine. The red
spectrum has had the exponential thermal background signal subtracted with a fitted
apparent electron temperature of 0.8 eV. The blue spectrum has had the additional
background subtracted using a sigmoid function, oc (1 + exp(-6(&— 1.4)). The blue
curve was fitted with Gaussians to extract the Rydberg peak intensities as illustrated
in Fig. 6 of the main paper. The same background subtraction was used for all

emission angle segments.
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Fig. 2. Illustrating the background subtraction for the angle-integrated coronene
spectrum. Black: as measured, red: with exponential thermal distribution subtracted,

blue: with additional homogeneous background signal subtracted for low &.

3. Key equations used for the computation of the photoionisation matrix

elements, widths and angular distributions

A Dyson orbital(8-10) is defined as the overlap between two electronic states with a

different number of electrons, the initial state with # electrons and the final state with

n-1 electrons.
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The Dyson orbital can be expressed in the basis of the molecular orbitals of the

Ne
neutral @ .
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with
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Where A7, is the overlap between the cationic wavefunction and the neutral

wavefunction in which an electron has been removed from molecule orbital ¢ by

K

~

the operator p, .

In the case of the PAHs, we investigated the photoionisation of the neutral excited

states to their cationic ground state so ¥} is the I'" excited state of the neutral and

Yis the ground state of the cation. Both the neutral excited states and cationic

ground state are computed with the same functional and basis set.

As mentioned in the main text, a central quantity in the photoionisation study is the
photoelectron matrix element(11), which is the dipolar coupling element between the
wavefunction of a neutral excited state and the wavefunction of an ionised state.
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This ionised state is defined as the antisymmetrised product of the n-1 electron

wavefunction of the cationic state ‘{’i{“t with the wavefunction of the ionized electron,
‘Pi’z, that is chosen to be a plane wave. The ionized electron has a given kinetic

energy & and an orientation (2.



This n electron integral can be rewritten as the one electron dipole matrix element

between the Dyson orbital, ¢

” (r) and the wave function describing the ionising

electron, ‘Pj’g (r)
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The one-photon ionisation width (12) of the I™" neutral excited state for a given electron
kinetic energy & is computed by integrating the square modulus of the photoelectron
matrix element over all the photoelectron angular distributions €2.
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Where p(g) is the density of states for the free electron E is the electric field
polarization vector and f; the field strength. The photoionisation widths depend on the

field strength and orientation of the electric field.

The photoelectron angular distribution(10, 13, 14) (PAD) of the I*" neutral excited state
for a given electron Kinetic energy of ¢ is given by
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Where p, (g) is the density of states of the free electron in the solid angle O

For an oriented molecule both the photoionisation widths and PADs depend on the
polarisation of the electric field. We performed the averaging over molecular orientation
by randomly selecting 600 orientations of the electric field. Then for each orientation,
we use Euler rotation to rotate the molecule and its PAD so that the electric field is
oriented along a fixed direction and the molecules are randomly oriented. Then the 3D

PADs are integrated over the azimuthal angle so that to obtain /, (19,5) for each excited

state V.
1,0.6)=Z2(1+ (¢ )P, (cos0)) \* MERGEFORMAT (1.8)

Where @ is the polar angle, & is the kinetic energy of the ionized electron, 5  is the

total

angle-integrated cross section and P, is the second order Legendre polynomial. We then

compute the ,B parameter that depends on the photoelectron kinetic energy by fitting

thes, (gag) curves.
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