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We present the results of a joint experimental and theoretical investigation concerning the effect of crystal packing on the elec-
tronic properties of the HyOEP molecule. Thin films, deposited in ultra high vacuum on metal surfaces, are investigated com-
bining valence band photoemission, inverse photoemission, and x-ray absorption spectroscopies. The spectra of the films are
compared, when possible, with those of measured in gas phase. Once many-body effects are included in the calculations through
the GW method, the electronic structure of the film and of the gas phase are accurately reproduced for both valence and con-
duction states. Upon going from an isolated molecule to the film phase, the electronic gap shrinks significantly and the lowest
unoccupied molecular orbital (LUMO) and the LUMO+1 degeneracy is removed. The calculations show that the reduction of

the transport gap in the film is entirely addressable to the enhancement of the electronic screening.

1 Introduction

Porphyrins belong to a class of molecules that has been inten-
sively studied for its importance in biology and natural pro-
cesses!. From the technological point of view, there are pos-
sible applications in a variety of fields such as catalysis, opto-
electronics and photovoltaics> ™. The applicative potentiality
of this kind of molecules and their involvement in fundamental
biological processes are due to the great diversity of function-
alities that can be achieved by changing their building blocks,
i.e. using different functional groups and/or metal centers>.
Interestingly, in this way, it is possible, not only to control the
properties of a single molecule, but also to control how the
molecules assemble and pack, thus tailoring, for instance, the
crystal structure or the size of the void space between aggre-
gates, and providing a further path for specific functionaliza-
tions®’. In view of the application of this kind of molecules
in their solid state form, we study the effect of crystal pack-
ing on the electronic structure of HyOEP, one of the simplest
molecules of this class. The choice of this specific molecule
among all the possible other porphyrins is based on the fact
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that it presents a single crystalline phase, thus favoring the
comparison between theoretical prediction and experimental
results.

A direct and accurate determination of the electronic levels
of molecular solids and films is extremely desirable for a vari-
ety of applications, as in optoelectronics, catalytic or magnetic
systems. Combined valence-band photoemission (PES) and
inverse photoemission (IPS) spectroscopies studies allow the
direct determination of the relevant transport levels®”. This
kind of studies has been applied to the determination of the
electronic structures of several organic films made of phtalo-
cyanines®!0-13 perylene derivatives (PTCDA)%13-15 Alqg3
(aluminum tris-8-hydroxyquinoline) '>!3, fullerenes '°, bithio-
phene!’, and a-NPD (N,N’-diphenyl-N,N’-bis(1-naphthyl)-
1, 1’-biphenyl-4,4” diamine) '? films. A few PES-IPS studies
on porphyrin films are reported '8-2!; in these works the inter-
action of the molecules with the different substrates they were
grown on was studied in detail. However, the effect of crys-
tal packing was not analyzed, and there are no studies, to the
best of our knowledge, where both the valence and conduction
bands of porphyrin films have been theoretically addressed,
with the inclusion of many-body effects, in comparison with
the experimental data.

The electronic structure of the HoOEP molecule has been
extensively studied in gas phase?2. For the isolated molecule,
the experimental and the theoretical density of occupied states
was determined??. Therefore we employ direct and inverse
photoemission spectroscopy as well as near-edge x-ray ab-
sorption fine-structure (NEXAFS) spectroscopy to probe di-
rectly the density of occupied and unoccupied electronic lev-
els of HyOEP thin films grown on metal substrates. The
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experimental spectra are then analyzed and compared with
the results of state-of-the-art ab-initio electronic structure cal-
culations based on many-body perturbation theory (MBPT)
through the GW method. We have found that the GW method
can accurately reproduce the experimental spectra both for the
gas and the solid phases. This allows us to trace the origin of
the band gap reduction observed for thin films.

The paper is organized as follows: in Sect. 2 the experi-
mental and theoretical methods are addressed; in Sect. 3 we
present and discuss the results concerning the geometry and
the electronic structure of HyOEP, comparing gas and solid
state phases; in Sect. 4 the conclusions are drawn.

2 Methods

2.1 Experimental

All the experiments were performed in ultra-high vacuum
(UHV) experimental chambers at a base pressure better than
of 107'% mbar. Highly purified (99%) commercial H,OEP
was used and sublimated at 520 K using a home made, re-
sistively heated, Ta evaporator. The HoOEP multilayer films
were deposited in UHV on clean Ag(111) substrate for thick-
nesses from 1 to 40 nm. The H,OEP films were characterized
ex situ by X-ray diffraction (XRD), which confirmed the tri-
clinic structure of the film in good agreement with reported
X-ray studies >+,

The measurements relative to HyOEP molecules in gas
phase were carried out at the gas phase beamline at Elettra
using a 150 mm hemispherical electron energy analyzer. The
valence band spectrum of HyOEP was collected with an in-
cident photon energy of 120 eV and an overall energy reso-
Iution (photons+analyzer) of 0.20 eV. The energy scale was
calibrated using, by reference, the water spectrum. NEXAFS
spectra at the N 1s threshold were collected in partial electron
yield mode and the energy scales were calibrated by introduc-
ing Ny in the chamber, collecting a N, molecule spectrum, and
using the N; reference value to align the energies.

The valence band photoemission data for a multilayer film
(evaporated on clean Ag(111) substrate) were collected at the
Micro Nano Carbon laboratory by means of a VG 150 hemi-
spherical electron energy analyzer in normal emission using
He I radiation (21.22 eV) with an energy resolution of 0.1 eV.
The binding energies of the photoemission spectra were cali-
brated using the Fermi level of Ag(111). The NEXAFS spec-
tra at the N 1s thresholds for the multilayer film were collected
at the BACH beamline and already reported in ref.?°.

The angle resolved inverse photoemission (IPS) measure-
ments at normal incidence were performed at the SIPE-TASC
laboratory using a home made Erdman-Zipf electron gun. The
electron beam divergence was better than 3°. Photons emit-
ted from the sample surface were collected by a homemade

Geiger-Mueller type detector with a He-I, gas mixture and a
StF, entrance window filtering photons at a hv= 9.5 eV en-
ergy. The experimental resolution was < 350 meV, as mea-
sured by the Fermi level onset of a clean Ta foil which was
frequently interchanged with the sample. In order to prevent
degradation of the molecular film, the beam current density
was limited to 8 x 10~7 A/cm?. No charging was detected dur-
ing acquisition. Damage produced by the electrons beam has
been found after 1 hour of IPS acquisition. To further reduce
the degradation of the molecular film during measurements,
the spectra were acquired onto different samples, prepared in
the same way, and at various sample locations, changed after
about 20 minutes of acquisition. The single scans were nu-
merically summed subsequently. The IPS spectra shown in
this paper are taken on a HyOEP film whose thickness was
about 5 nm, the value beyond which no further band shift was
detectable.

2.2 Theoretical

The accurate first-principle determination of the electronic
density of states (DOS) of the HyOEP molecule and film is
achieved in a two step procedure: (i) the ground state equi-
librium geometry is obtained within density-functional theory
(DFT); (ii) the single particle excitation energies of the system
are addressed within MBPT employing the GW method.

In the following, we will provide a brief overview of the lat-
ter method which is extensively reviewed in Ref.?” and Ref. 3.

The GW methodWithin MBPT, it can be shown that the
poles of the single-particle Green’s function are found at fre-
quencies that correspond to the charged excitation energies of
the electronic system. The GW method allows for an accu-
rate determination of the poles of the single particle Green’s
function, thus providing a reliable estimation of the electronic
DOS as probed by PE.

In the frequency domain, the single particle Green’s func-
tion, can be expressed as:

R

where &, (@), W (r,®) are solution of the equation:

2
{_Vz + Veu (1) + v (1) | Yo (1, 0)+

2
+ / dr'2(r, v 0) Y (v, ©) = & (@) Y (r, @)

Here v, is the external ionic potential, vy is the Hartree po-
tential, X is the electronic self-energy, and n and k are the band
and k-point indices respectively. All quantities are expressed
in atomic units (a.u.). The poles of the Green’s function are
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found at the quasiparticle energies wpp, that obey the relation

P P
09" = g4 (09").

In order to solve Eq. 2, and to find the quasiparticle ener-
gies, an expression for X must be provided. A good approx-
imation, that can be derived within the MBPT framework, is
the so called GW approximation, where the electronic self-
energy is given, in the time domain, by the simple product
of the single particle Green’s function G and the screened
Coulomb interaction W. Namely X(1,2) = iG(1,2)W(17,2),
where 17 = (ry, 1 +7) and 7 is an infinitesimal positive num-
ber.

The screened Coulomb interaction can be expressed in
terms of the reducible polarizability P as W(1,2) = v(1,2) +
Jd3d4v(1,3)P(3,4)v(4,2) =v(1,2) + W,.(1,2), where v(1,2)
is the bare Coulomb potential. The last relation defines W,,
which is the frequency dependent part of the screened inter-
action. Thus X can be expressed as the sum of an exchange
term, X,(1,2) =iG(1,2)v(17,2), and of a correlation term,
¥.(1,2) = iG(1,2)W.(17,2). By neglecting X, ,the Hartree-
Fock picture is recovered.

Besides using an approximate form for X, in actual calcula-
tions further approximations are carried out. In this work we
employ the so called GoWy approximation, where the single
particle Green’s function, entering in the expression of X, is
the non-interacting DFT Kohn Sham (KS) Green’s function;
the electronic screening is built, at the RPA level, employ-
ing KS energies and wavefunctions; and the W, (r, ®), in the
quasiparticle equation 2, are approximated by the KS states.

The frequency dependence of the screening is fully taken
into account in our calculations. In order to carry out this task,
Y. is evaluated along the imaginary frequency axis and then
analytically continued to the real axis 23 after fitting X (i)
with a multipole function. Another possible approach is the so
called contour deformation method3!-*2. Within this method
the integrals along the real frequency axis are evaluated in
terms of integrals over the imaginary axis plus a summation
over poles; in this way the fitting procedure is avoided. The
contour deformation method is very accurate but extremely
demanding from a computational point of view. We employed
it to compute the energy levels close to the highest occupied
molecular orbital (HOMO)-LUMO levels, and to optimize the
fit parameters of the analytic continuation method.

We compare the calculated DOS directly with experimen-
tal spectra neglecting matrix-element effects. Usually this ap-

proximation leads to a good agreement with experiments 3.

Computational detailsThe DFT calculations were per-
formed using the QUANTUM ESPRESSO package3*. Norm-
conserving pseudopotentials and the PBE3* exchange-
correlation functional were used throughout the calculations.

The energy cutoff for the plane-wave expansion of the wave-
functions was set to 45 Ry. The Brillouin zone of the crystal

was sampled at the I" point.

For the crystal phase, the experimental lattice parameters
were used?*, the relaxation of the atomic positions ended
when all components of all forces were smaller than 1 x
10~*a.u. The starting atomic coordinates within the crystal
cell where obtained from the Ref.?* and then the system was
allowed to fully relax.

The GW calculations were performed using the GWL code
within the QUANTUM ESPRESSO package 3. In the isolated
case the calculations were carried out using an orthorombic
cell of (25 x 25 x 12)3. In order to avoid spurious interaction
between periodic replicas, we employed a 10 radius spherical
cutoff for the Coulomb interaction. In both the isolated case
and in the crystal phase, following the notation of Ref.*, we
employed an E* = 5 Ry cutoff to build the optimal polarizabil-
ity basis set, which we choose to be made of 2000 elements.
This choice corresponds to a polarizability eigenvalue thresh-
old of g* =42 Bohr® = 8 x 1074Q for the isolated case, and
g* = 4.4 Bohr® = 9 x 10~*Q for the crystal phase calculations
(here Q is the unit cell volume of each calculation). The over-
all convergence for the determination of the levels close to the
HOMO and LUMO is ~ 0.1 eV.

3 Results and discussion

Once organic molecules pack forming a molecular crystal, the
geometry of each molecule becomes distorted with respect to
the gas phase and, at the same time, the electronic properties
of the system drastically change3¢~*!. Such change may be an
effect of the geometric distortion and/or due to modifications
in the electronic screening, more effective in a 3D system. In
the following section the results concerning the ground-state
geometry and the electronic properties of the HyOEP molecule
and film are presented and discussed.

3.1 Geometry

In the H,OEP molecule, eight ethyl groups are attached to the
B carbon atoms of the porphine pyrrole rings*?, as shown in
Fig. 1. In gas phase, the carbon skeleton of the molecule is
essentially planar, the deviation of the calculated coordinates
from the mean plane is less than 10~* for the macrocycle-
atoms .

H,OEP crystallizes in a triclinic lattice with one molecule
per unit cell. As our calculation scheme does not involve van
der Waals corrections, we employed the experimental lattice
structure parameters taken from Ref. 2 namely: a = 9.791,
b=10.771,c¢=17.483, a =97.43°, B = 106.85°, y=93.25°.

As common for other porphyrins aggregates, within the
crystal the HOEP molecules are arranged with parallel 7 sys-
tems, no relative rotation, and a finite center-to-center offset.

This journal is © The Royal Society of Chemistry [year]
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Figure 1 Equilibrium geometry of the isolated molecule. Carbon
atoms in yellow, hydrogen atoms in cyan, nitrogen atoms in light
blue. Top figure: top view; bottom figure: side view.
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Figure 2 Geometry of the single HyOEP molecule within the
crystal.

The extent of such offset is determined by the interplay be-
tween van der Waals attraction and electrostatic repulsion®.
At odds with the gas phase geometry, within the crystal, the
ethyl groups of each molecule are oriented almost perpendic-
ularly with respect to the average macrocycle plane. Two sub-
sequent phenyl groups couples stick inward of the macrocycle
plane, and the remaining subsequent two outwards. This is a
typical geometry for the triclinic arrangement of this class of

molecules**.

In Fig. 2 the final geometry of the molecule in the triclinic
phase is shown, together with the macrocycle bond-lengths
(in red) and angles (in black). Once the angles and bonds that
involve hydrogen atoms are neglected, because their position
is determined with less accuracy by XRD, we obtain a mean
relative deviation from the experimental geometry >* of 0.38%

H,OEP Gas Phase
PES NEXAFS

hv=120 eV

N K edge

shift=-399.6 eV /

|

TTTTIITITe TSN ITATIINITINITe N RVRRRRCRUCRRT ARRRURRIRUCARTY IAATI FRTTAITTTAIRUTA FUUTE IUURAIUUTA
-12 -8 -4 0 4
E-Evacuumev

Figure 3 Density of occupied and unoccupied electronic states for
the HOEP molecule in gas phase. Upper curves in red:
experimental results from PES (occupied states) and NEXAFS
(unoccupied states). Middle curve in black: computed GW DOS.
Lower blue curve: computed DFT DOS. All energies are referred to
the vacuum level.

concerning bond lengths and of 0.30% concerning angles.

In the crystalline form, the macrocycle is slightly ruf-
fled, we find for the fully relaxed geometry a mean absolute
displacement from the average plane of 0.026 , compatible
with experimental results reported in Ref.?* where a value of
0.021+0.02 is found.

The shortest intermolecular distance,2.3 A, is between a
methylene hydrogen atom and an hydrogen atom bonded to
a meso carbon belonging to molecules displaced by (011) (in
primitive lattice units). In Ref.?* a shortest intermolecular dis-
tance of 2.4 A is reported, confirming the agreement between
the experimental and theoretical geometry.

3.2 Electronic Structure

Isolated moleculeThe isolated molecule DOS, computed at
the DFT and GW level, is shown in Fig. 3 together with the
measured PES and NEXAFS. The first peak of the N K edge
NEXAFS is aligned to to the computed GW LUMO level. The
N K-edge NEXAFS spectrum for the transition N1s-LUMO,
shows two peaks, labeled L; and L;, due to initial state ef-
fects of the N 1s core level doublet excitation and related to
the presence of two inequivalent N species in the molecule
macrocycle®.

The computed isolated molecule energy levels close to the
gap are reported in Tab. 1. The ionization potential (IP) of
the molecule in gas-phase is predicted to be 5.9 eV, close to
the measured value of 6.3 eV, and to the previously computed
value of 5.7 eV?3. The discrepancy between the two calcu-
lations might be explained taking into account that the calcu-
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Table 1 Computed HOMO-1, HOMO, LUMO, LUMO+1 energy
levels for the isolated HyOEP molecule. Energies are referred to the
vacuum level Eygepum

Gas phase HOMO-1 HOMO LUMO LUMO+1 GAP
eV) V) (V) V) V)
DFT -4.6 -4.4 2.4 24 2.0
GW -5.9 -5.9 -1.2 -1.2 4.7
HF (. =0) -55 -5.8 0.9 1.0 6.7
2 T T T T T
* ”g‘
1 . 4;,,»**
< or ‘ il
L
= -1r b
[} x
=Py . |
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X ox o X XX x
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Figure 4 Top panel: GW corrections as a function of KS energy for
the isolated H, OEP molecule. Bottom panel: X, as a function of KS
energies. Black crosses refer to occupied energy levels, while red
stars to unoccupied ones.

lation methods of Ref.2? involved (truncated) summations on

empty states, while here explicit summations of such a kind
are exactly avoided.

At the DFT level, when many-body effects are neglected,
the IP (4.4 eV) is strongly underestimated and the HOMO-
LUMO gap is much smaller than in the GW calculation: the
gap being 2.0 eV within DFT, while 4.7 eV within GW (see
Tab. 1). In the previous GW calculation??, a slightly smaller
value of 4.4 eV was reported for the electronic gap, which is
consistent with the difference found in the IPs values.

As the occupied part of the DOS was extensively analyzed
in Ref.??, here we focus on the unoccupied levels, which in
the gas phase are experimentally probed by NEXAFS.

Once the GW DOS and the NEXAFS signal are aligned by
setting the same energy for the LUMO, the two curves present

Figure 5 Comparison of computed GW DOS for the isolated
molecule, and gas-phase NEXAFS. Black shaded area: full
GW-DOS of the H,OEP isolated molecule from Fig. 3; red line:
GW DOS obtained taking into only the states for which

| <Xy > | > 3.5eV; blue-dashed line: projected DOS onto the
macrocycle carbon and nitrogen atoms; red stars: experimental
NEXAFS results.

structures and peaks at similar positions (see Fig. 3) . How-
ever, the agreement concerning the relative intensities of the
peaks is not satisfactory: the GW DOS shows a steep rise
above the vacuum level due to the presence of free electron
states which instead do not contribute to the NEXAFS. As
the character of the free electron states is completely differ-
ent from the ones that we expect to give rise to the NEXAFS,
we look at how many body effects are acting on the different
states. In Fig. 4 we show the GW corrections and the ex-
pectation value of the exchange term < X, > as a function of
KS energies. It can be seen that most of the GW corrections
for the unoccupied states range between 0 and 1 eV, however
there are a bunch of states with larger corrections. When we
look at the values of < X, > the different character of these
states becomes even more evident.

Since the magnitude of < ¥, > is linked to the degree of lo-
calization over the occupied states of the single-particle-state
wavefunctions, it may provide a preliminary criterion to se-
lect the single particle states that contribute mostly to the ex-
perimental peaks present in the NEXAFS spectra, where the
probed empty states must have a finite oscillator strength with
the core-hole.

The set of empty states with [(Z,)| < 3.5 eV is clearly iso-
lated from the rest. By taking into account only the empty
states that fulfill this condition (i.e. that lay below the dashed
line in the bottom panel of Fig. 1), we obtain the DOS plotted
inred in Fig. 5: the experimental peaks structure is still nicely
reproduced with only 9 of the 145 empty states used in the full
calculation, and the agreement concerning their relative inten-
sity is improved. It is interesting to notice that similar results
are obtaining projecting the total DOS onto the macrocycle
carbon and nitrogen atoms orbitals (blue-dashed line in Fig.

This journal is © The Royal Society of Chemistry [year]
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Figure 6 Top: Combined PES and IPS data (blue and red dots
respectively) of the HyOEP film together with the computed DOS
(GW results: green line DFT results: orange line) and NEXAFS.
Bottom: Frontier orbitals region of the combined PES and IPS
spectra (open circles) of the H2OEP film. The lines are their fits and
the relevant components. E7 indicates the transport gap

5).

Thin film phaseConcerning the effect of crystal packing on
the electronic properties of molecules, a decrease of the band
gap was reported in corannulene-based materials>®, in crys-
talline rubrene 3, benzene, pentacene, Cgp, and PTCDA 3840,
Such changes in the electronic properties of the film with re-
spect to the molecular phase might be caused by a geometry
distortion within each molecule and/or an enhancement of the
electronic screening. Interestingly, DFT in the standard KS
approach was not able to capture this effect and it was com-
pulsory to go beyond this level of description either by using
hybrid functionals3® or by employing MBPT 3%40

Fig. 6 shows the combined experimental PES-IPS data of
the HOEP thin film, the film phase N K edge NEXAFS, and
the GW and DFT DOS computed for the triclinic structure.
For clarity, the NEXAFS are plotted by aligning the LUMO
peak to the first structure of the IPS, and the theoretical DOS
are plotted by aligning the HOMO level with the experimental
one.

The film transport gap Er value of 2.4 +/- 0.2 eV, has been
determined by the energy difference between the VB and CB
onsets®, as found by the least mean square fitting procedure
of the experimental spectra. The lower panel of the figure

Table 2 Computed HOMO-1, HOMO, LUMO, LUMO+1 energy
levels for the HyOEP molecule in the triclinic phase. The absolute
value of the energies is obtained by aligning the HOMO with
experimental value.

Triclinic phase HOMO-1 HOMO LUMO LUMO+1 GAP
(eV) (eV) eV) V) (eV)
DET 1.7 16 0.2 0.3 1.8
GW 1.7 1.6 1.0 1.2 2.6
HF (X, = 0) 23 -1.6 4.8 49 6.4

Table 3 Electronic gap at the DFT, GW and HF level of the isolated
molecule with distorted geometry.

DFT GW HE (T, = 0)
GAP (eV) 2.0 4.8 6.3

shows the frontier orbitals region of the combined PES and
IPS measurements of the HyOEP film. The dots correspond to
the PES-IPS spectra. The lines are their fits and the relevant
components. The vertical lines correspond to the VB (-1.6 eV)
and CB (0.8 eV) onsets. The HOMO and LUMO peaks result
at-2.0eV and at 1.1 eV respectively. The the HOMO-HOMO-
1 splitting is 0.35 eV, while LUMO and LUMO+1 splitting
results 0.45 eV in IPS and 0.6 eV in N K edge NEXAFS (top
panel).

In Tab. 2 we report, for the triclinic phase, the computed
energy levels of the HOMO-1, HOMO, LUMO, and LUMO+1
states together with the values of the fundamental gap. Within
the GW approach the value of the film electronic gap is 2.6
eV, in excellent agreement with the experimental finding of
2.4£0.2 eV, especially when compared to the DFT value of
1.8 eV.

As in the case of other molecular crystals , the com-
puted electronic gap of the film is significantly smaller than
the isolated molecule gap (2.7 eV vs 4.7 eV). This effect is
only found at the GW level: at the DFT level the gap is 1.8
eV, slightly smaller than the gap of the molecule in gas phase
(2.0eV).

In order to disentangle the effects of the geometry distortion
from those of the increased electronic screening due to crys-
tal packing, we performed a GW calculation for an isolated
molecule whose geometry was kept fixed to the distorted one.
The results are listed in Tab. 3: there is no shrinking of the
electronic gap due to the geometry distortion; on the contrary,
the GW electronic gap of the distorted molecule is slightly
larger than in the equilibrium geometry (4.8 eV vs 4.7 eV).

The results of calculations where X. was set equal to 0 are
also shown in Tab. 1, Tab. 2, and Tab. 3. These calculations
are equivalent to a non-self-consistent Hartree Fock calcula-
tion scheme where the wavefunctions are kept fixed to their
KS values. Within this scheme, similarly to the case of DFT-

3640
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4 LUMO

Figure 7 Left: stacking of the HyOEP molecules within the triclinic
structure. View from the (100) direction. Right: Isolated molecule
LUMO and LUMO+1 electronic density isosurface at 2.5% of its
maximum value.

KS results, the triclinic phase, the isolated molecule, and the
isolated molecule in the distorted configuration have almost
the same band gap. Since in this kind of calculations the
electronic screening is not present, this further suggests that
screening effects are at the origin of the difference of elec-
tronic gap of the two phases.

PES data show that in the film the HOMO-HOMO-1 or-
bitals energy separation is increased with respect to the gas
phase. As well, IPS show that the LUMO and LUMO+1 lev-
els, degenerate in gas phase, are split, indeed the broadening
of the LUMO present in the N K edge NEXAFS could be re-
lated to such a splitting.

The origin of the LUMO and LUMO+1 degeneracy in the
gas phase can be understood by looking at the electronic den-
sity isosurfaces of the two states, shown in the right part of
Fig. 7. The LUMO and LUMO+1 degeneracy is linked to
the ’square’ symmetry of the macrocycle (indeed the macro-
cycle has a lower D2h symmetry due to the presence of the two
H atoms). Taking into account the stacking of the molecules
within the crystal (left panel of Fig. 7), it can be seen that
the system becomes even less symmetric and the LUMO and
LUMO+1 states are found split by ~0.4 eV. In the calcula-
tions a splitting between these two levels is present as well,
although it is of a smaller magnitude (0.2 eV). To further clar-
ify this point we performed a calculation of the triclinic phase
with an artificially distorted molecule. The molecule was dis-
torted in the spirit of Ref.*®, namely, one of the two diagonals
of the N-atoms square was stretched by 0.1 . All the atoms
were rigidly shifted accordingly, so that finally only four C-
C bond within the macrocycle were stretched. The resulting
structure was higher in energy with respect to the most stable
one of ~ 6 x 1073 eV/atom. As a consequence of the square
symmetry breaking, a larger LUMO and LUMO+1 splitting
of ~ 0.3 eV was found already at the DFT level.

In Fig. 8 the total GW DOS of the isolated molecule and
that of the film are presented together with their projections

35 ; ; ; T

| ISOLATED i ]
sof MOLEC$LE i

Figure 8 Projected DOS for the isolated molecule (top panel) and
the triclinic phase (bottom panel). Dashed black lines: total DOS;
red lines and points: N atoms contribution; green full lines:
macrocycle C atoms contribution; blue lines and points:
ethyl-groups C atoms contribution. In the isolated molecule case all
energies are referred to the vacuum level, in the triclinic phase the
HOMO is aligned to the experimental one.
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onto the atomic orbitals of the nitrogen atoms, of the macro-
cycle carbon atoms, and of the ethyl-groups carbon atoms.
The comparison of the projected DOS (PDOS) of the film and
those of the isolated molecule shows that crystal packing does
not alter qualitatively the distribution in energy of the elec-
tronic states belonging to the different parts of the molecule.
At low energies, between -20 and -10 eV, the states have a
mixed macrocycle and ethyl-group character, the latter be-
comes predominant between -10 and -5 eV, although the con-
tribution from macrocycle atoms is not at all negligible also in
this range of energies. Close to the gap, the electronic states
belong, almost completely, to the macrocycle atoms. The total
DOS of the isolated molecule rises promptly above the vac-
uum level, this rise is not present in the triclinic phase calcu-
lation and is addressable to the presence of free electron states
whose density, moreover, depends on the size of the simula-
tion cell. Apart from the magnitude of the HOMO-LUMO
gap, and not taking into account the total DOS, the PDOS of
the unoccupied states is again qualitatively similar to the one
of the film: the LUMO is addressable mainly to the macro-
cycle atoms and the ethyl group contribution begins at higher
energies.

4 Conclusions

In conclusion we carried out a combined experimental and
theoretical investigation concerning the effects of crystal pack-
ing on the electronic properties of the H OEP molecule, focus-
ing our attention on the unoccupied density of states and on the
fundamental transport band gap. The unoccupied states of the
film have been probed experimentally using IPS. This tech-
niques yields direct information on the unoccupied energy lev-
els in contrast to optical measurements where the joint-density
of states is probed and many-body effects make the interpre-
tation of spectra in terms of single particle transitions hardly
possible®!.

On the theoretical level a quantitative description of the
electronic properties of materials requires the inclusion of
many-body effects going beyond DFT. We computed, for this
purpose, GW correction to the DFT KS energy levels reaching
a remarkable agreement with experiment.

In particular we found that, upon packing to form a molecu-
lar crystal, the HyOEP molecule undergoes a sizable shrinking
of the HOMO-LUMO gap. This effect is not due to the defor-
mation of the geometry of the molecule, but to a more effective
electronic screening in the 3D system. The computed elec-
tronic gap value of 2.6 eV is in excellent agreement with the
experimental one of 2.4 eV. Square symmetry breaking, due
to crystal packing and to possible distortions of the molecule,
induces a splitting of the LUMO and LUMO+1 levels of ~ 0.4
eV. This effect is present also in the calculations although it is
slightly underestimated.
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