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ABSTRACT: The nature of optical excitations and the spatial extent of excitons in organic
semiconductors, both of which determine exciton diffusion and carrier mobilities, are key
factors for the proper understanding and tuning of material performances. Using a combined
experimental and theoretical approach, we investigate the excitonic properties of meso-
tetraphenyl porphyrin-Zn(II) crystals. We find that several bands contribute to the optical
absorption spectra, beyond the four main ones considered here as the analogue to the four
frontier molecular orbitals of the Gouterman model commonly adopted for the isolated
molecule. By using many-body perturbation theory in the GW and Bethe—Salpeter equation
approach, we interpret the experimental large optical anisotropy as being due to the interplay
between long- and short-range intermolecular interactions. In addition, both localized and
delocalized excitons in the s-stacking direction are demonstrated to determine the optical
response, in agreement with recent experimental observations reported for organic crystals
with similar molecular packing.

{ =
5]
b=
a
oy
<]
w
]
<

he study of highly ordered and crystalline molecular thin tetraphenyl porphyrin-Zn(1I) (ZnTPP) by means of a joint

films is of particular interest in view of the device theoretical—experimental approach that combines state-of-the-
integration of organic semiconductors. A microscopic under- art theoretical modeling with experimental measurements of
standing of their fundamental excited-state properties (in highly crystalline and oriented ZnTPP nanowires. ZnTPP has
particular, origin and spectral and spatial extent) can indeed been chosen because of its use as an active component in
guide the design of devices with improved performance. For devices”> and as a model system for understanding the
instance, the delocalization of excited states influences photophysical pmcesseslg_20 and the growth mechanisms in
exciton—vibration interaction in the solid and can be directly porphyrin nanostructures (nanowires, two-dimensional phases,
related to the efficiency of devices."” etc.).””* The experimental optical spectra are interpreted by
Among organic semiconductors, porphyrin-based materials means of the use of quantum-mechanical parameter-free
have attracted a great deal of interest due to their importance ground- and excited-state methods [density functional theory
in several fields ranging from biology to optoelectronics; for (DFT) and many-body perturbation theory (MBPT) simu-
example, light harvesting, energy capture and transfer, gas lations].”*** Here, MBPT methods, which are able to tackle
sensing, and photocatalysis are some of the most intriguing and properties of both isolated molecules and oligomers as well as
useful applications.”™* The optical properties of porphyrin solid-state 7-conjugated organic systems on an equal foot-
aggregates and crystals are generally treated in terms of the ing,25_31 are applied for the first time to porphyrin crystals

four frontier molecular orbitals of the Gouterman model””®

(suitable for describing transitions in porphyrin molecules)
and then adding the weak intermolecular interactions by
means of the Kasha model.” While these approaches give
important qualitative or phenomenological insight,'”"" they
cannot provide a fully quantitative and microscopic description
of the nature of optical excitations. In addition, the numerous
theoretical studies of porphyrin excited states present in the
literature, including those based on ab initio quantum
chemistry approaches or time-dependent density functional
theory,lz_14 deal mainly with single molecules, their
derivatives, and small molecular aggregates.>™"”

This study aims to go beyond this framework by unveiling
the excitonic properties of crystalline z-stacked meso-

giving a complete picture of the origin and the spatial extent of
the excitons involved in their optical spectra. In particular, we
demonstrate the presence of delocalized excitons, known to
diffuse rapidly and contribute, e.g, to decrease the voltage
losses in photovoltaic devices, especially in organic crystals
with 7z-stacked molecules." The results presented here are
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Figure 1. (a) AFM (10 ym X 10 ym) height image of a 1 nm thick ZnTPP film grown on (010)g,p. The [001]g,p direction is reported in the
panel. (b and c) Top and side views of the structure of a ZnTPP molecule in (b) the gas phase and (c) the triclinic crystal, respectively: H atoms in
white, C in gray, N in light purple, and Zn in blue. (d) Structural model of the triclinic ZnTPP crystal with a perspective view along the [010],,rpp
axis. X- and Y-axes in panels c and d are reference axes lying in the molecular plane (see the text). (e) Normal incidence absorption spectra of the
sample in panel a, as collected for light polarization E//[001],rpp and EL[001],1pp (red and black lines, respectively). A constant background

has been subtracted for better comparison.

particularly relevant because they can be extended to other 7-
stacked organic systems where short-range intermolecular
interactions compete with long-range ones.” >’

ZnTPP films are grown on freshly cleaved (010)-oriented
potassium acid phthalate (KAP)** substrates by means of
organic molecular beam epitaxy. By a fine-tuning of the growth
protocol, ZnTPP crystalline nanowires are selectively grown,
uniformly distributed over the whole substrate surface, and
well aligned along [001]g,p (Figure 1a). The wire size is rather
homogeneous, with a length of 1—2 pum, a width of tens of
nanometers, and a height of approximately tens of nanometers.
The nanowires have been found to possess the known ZnTPP
triclinic polymorphic structure determined at room temper-
ature by Scheidt et al,,”* having the (100),1pp plane in contact
with the (010)gap substrate.’® In this polymorph, the
molecules take a different conformation with respect to the
gas phase (Figure 1b,c)*>*” and are arranged in a layered motif
with the molecules 7-stacked along the c-axis, tilted by ~43°
with respect to (100),rpp, and displaying a stacking distance
of ~3.85 A (Figure 1d). The growth of such nanowires is
driven by organic epitaxy’® through the double coincidence
[001]z,7pp//[001]gap and [011],7pp//[101]gap; the align-
ment direction of the nanowires (Figure 1a) is therefore to be
read as [001],,1pp, so that in the following, we simply refer to
the ZnTPP crystal axes. Note that (100)-oriented ZnTPP
nanowires are also present (for further details, see refs 36 and

38).
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The normal incidence absorption spectra of a ZnTPP film
with a 1 nm nominal thickness are reported in Figure le as
collected under linearly polarized light with electric field E
along the two orthogonal directions giving the maximum
optical anisotropy, here parallel and orthogonal to [001]g,p.
Given the epitaxial relation illustrated above, the spectra
represent a very good approximation of the normal incidence
response of a (100)-oriented ZnTPP triclinic single crystal,
collected under light-polarized parallel and perpendicular to
[001],1pp, i-e., the -stacking direction (for further details, see
the Supporting Information). The spectra are characterized by
several peaks typical of porphyrins.”*'® At ~2.1 and ~2.2 eV,
two peaks can be clearly distinguished, attributed to the lowest-
energy Q-band and its phonon replica (probably the same
attribution of the very weak peak at ~2.4 eV)' and
characterized by some anisotropy. At 2.52 eV, a small polarized
shoulder can also be detected only in the E//[001]y, rpp-
polarized spectrum. At higher energies, much more intense and
broad peaks attributed to the B-bands are detected between 2.5
and 3.3 eV, showing a strong anisotropy. The broad B-bands
are composed of nearly the same contributions in both
polarized spectra, defined here as B and B, peaks at ~2.85 and
~3.09 eV, respectively, with different relative intensities.
Indeed, the B peak dominates the E//[001],,rpp-polarized
spectrum where the B, one is present just as a slight shoulder,
possibly related to a poor coupling to the related transition
dipole moment. On the contrary, for EL[001],,1pp, B; is the
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most intense peak, notwithstanding a non-negligible contribu-
tion of the B peak.

Given the experimental characterization described above, we
here aim to model the optical response of the ZnTPP triclinic
crystalline phase by a theoretical study to gain insight into the
nature of the excitations involved in the experimental spectra.
Due to the large size of the nanowires composing the films,
modeling the triclinic bulk phase is well-justified. We perform
DFT and MBPT [namely GW and Bethe—Salpeter equation
(BSE)] simulations to obtain the structural, electronic, and
optical properties of ZnTPP, in both its gas- and solid-state
triclinic phase (see the Supporting Information for a detailed
description of the method).

First, the equilibrium geometry of the isolated ZnTPP
molecule is determined using DFT.” The atomic distances
and angles are in good agreement (<0.0S A difference in the
bond lengths) with the existing literature;*”** the opposite
phenyl rings are rotated by 60° with respect to each other, and
the porphyrinic core is planar, as expected (Figure 1b).
Second, the molecular conformation of ZnTPP in the triclinic
crystal has been similarly obtained through structural
relaxation (see Figure 1c), starting from the geometry of the
isolated molecule and using the experimental room-temper-
ature lattice parameters of the crystal® as constraints. There
are two main effects: the spontaneous rotation of the opposite
phenyl rings, which reach coplanarity, and a slight distortion of
the final porphyrinic core with respect to the molecule in the
gas phase. The latter distortion in particular occurs along the
direction labeled Y in Figure 1c where a shift by approximately
+0.14 A of the opposite N atoms is found with respect to the
molecular plane, being negligible along X (the X and Y
orthogonal directions are the projections onto the molecular
plane of the directions connecting the opposite N atoms).

The calculated HOMO—LUMO gap of the molecule in the
two conformations are similar, being 1.90 and 1.75 eV for the
isolated molecule and for the molecule in the crystal,
respectively. We then calculate the quasi-particle (QP) energy
corrections within the perturbative GW approach to provide a
better estimation of the electronic levels, thus obtaining QP
gaps for the isolated molecule of 4.63 eV and for the crystal of
2.94 eV. Consistent with the literature,*'~* this difference can
be explained as being due to the larger dielectric screening
within the crystal, absent in the gas phase.

One further step at this point is the calculation of the GW
band structure of the ZnTPP triclinic crystal, reported in
Figure 2a. A clear dispersion of the first two conduction bands
is visible along the ZI' direction, which corresponds to the
[001],rpp direction in real space. This is the z-stacking
direction, along which the molecules are closer and better
packed (implying a stronger interaction). Looking at the bands
at lower and higher energies (e.g, red and green bands in
Figure 2a), we find clear and even higher dispersion. In this
regard, in the four plots in Figure 2b, the charge density of
several states in the crystal is shown: while the states in the a
block are mainly localized in the porphyrinic core, several of
the states in the b—e blocks are localized also on the external
phenyl rings and some unoccupied states present charge
density also between the molecules.

For simulating the optical spectra of the ZnTPP triclinic
bulk phase, the BSE approach has been used. The BSE optical
spectra are calculated through the diagonalization of the
excitonic Hamiltonian,** which also yields the exciton
energies and spatial character. In Figure 3a, we report the
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Figure 2. (a) GW band structure of ZnTPP crystal. Letters on the
right indicate ranges of bands used in computing the optical spectra
(see Figure 3d). Energy zero is set at the valence band maximum
(VBM); CBM refers to the conduction band minimum. (b) I¥I* of
selected states calculated at I'.

BSE optical spectra (with a broadening of 0.05 eV) for E//
[001],,rpp and EL[001],,tpp (red and black curves,
respectively), directly comparable with the experimental data
of Figure le. Both the energetic position and the anisotropy of
the main experimental peaks indicated by Q, B, and B, in
Figure le are well-reproduced, while the intensity ratio is much
different, probably due to the lack of electron—phonon
interactions in the simulations.

By comparing experimental and calculated spectra, we can
reach several conclusions. First, we focus on the optical
anisotropy observed in the ZnTPP nanowires and well
reproduced by the BSE simulations and try to clarify whether
it originates prevalently from the symmetry breaking effect of
the crystal packing and/or from the distortion of the
porphyrinic macrocycle. The ZnTPP molecule in the gas
phase is centrosymmetric and isotropic; therefore, only a single
intense B peak and a very weak Q peak (plus its phonon
replica, not reproducible in our simulations) are normally
visible (see Figure 3b). On the contrary, the isolated ZnTPP
molecule in the distorted molecular conformation is
anisotropic and the calculated optical spectra for light polarized
along directions X and Y show indeed some anisotropy, but it
is very weak (see Figure 3c). This demonstrates that the
geometric distortion plays a negligible role in the strong optical
anisotropy observed experimentally and calculated for the
crystal (Figure 3a).

Second, the good convergence (<0.05 V) in the energetic
position of the main optical peaks has been obtained by
diagonalization of the excitonic Hamiltonian built including 15
occupied and 18 unoccupied states (displaying the dispersion
and charge density distribution discussed above). This result is
particularly relevant and requires some discussion. Besides the
three main excitons Q, B, and B, several others exist in the B-
band region, most of them with a very small oscillator strength

https://doi.org/10.1021/acs.jpclett.0c03581
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Figure 3. Computed absorption spectra of (a) the ZnTPP crystal for
the two indicated orientations of the electric field, (b) the isolated
gas-phase ZnTPP molecule, and (c) the isolated ZnTPP molecule
having the conformation it takes in the bulk crystal, for light polarized
along the X- and Y-axes (see Figure 1c). A broadening of 0.05 €V is
used throughout. (d) Optical spectrum of the ZnTPP crystal
calculated for polarization with E//[001],,rpp, as obtained by
including an increasing number of states in the excitonic Hamiltonian
(ranges a—e are indicated in Figure 2). Curves a—e include coupling;
curve a(TDA) does not.

(see Figure 3a, where the position and intensity of the most
intense two, <0.05 eV apart, are reported and called here B*
and B,*). Analysis of the origin of all excitons reveals that

those labeled Q, B, and B, are mainly due to a mixing of
independent quasi-particle transitions among the four a bands
in Figure 2a with a small contribution of transitions from or to
b bands. The a bands can be thus considered as the
counterpart in the crystal to the four frontier molecular
orbitals of the Gouterman model for the molecules; they are
indeed energetically well separated from any other bands,
mainly contributing to the optical absorption in the ultra-
violet—visible (UV—vis) region. On the contrary, the other
excitons close to B and B; (such as B* and B,* and those
reported in Figure S4) have a larger contribution from bands in
the b—e blocks in Figure 2a. For this reason, the inclusion of
these bands in the excitonic Hamiltonian plays a fundamental
role in the calculations, leading to a better agreement between
the experimental and theoretical optical spectra, in terms of
both energetic position and optical anisotropy (see Figure S3).
To further clarify this point, in Figure 3d we report different
BSE optical spectra (for only E//[001],,rpp) calculated
including an increasing number of eh and he couples (single-
particle transitions) in the excitonic Hamiltonian. An evident
red-shift of the main optical peak (B peak) occurs as more
bands are added (see spectra a—e), with a clear improvement
in the energetic position in comparison with the experimental
one. It is worth mentioning here that the need to include more
bands in addition to the a block is another analogy with the
results for isolated porphyrin molecules, where more states in
addition to the four frontier states of the Gouterman model
have to be considered.'*** Finally, from the same figure, we
can understand the effect of omitting the coupling terms in the
excitonic Hamiltonian by comparing the black curve obtained
within the Tamm—Dancoff approximation [labeled a(TDA)],
with its counterpart obtained beyond this approximation (blue
curve).

As a further, particularly interesting result, the nature of
these excitons can be discussed within the general framework
of excitations in molecular crystals. In the top panels of Figure
4, we plot the square modulus of the wave function of the Q, B,
and B, excitons obtained by fixing the hole position (indicated
by a red dot) in a given molecule. While the Q and B, states

Figure 4. Square modulus of the excitonic wave function (green isosurface at 2% of the maximum value) obtained by fixing the hole position in a
given molecule (large red circle). Top panels: Q, B, and B, excitons. Bottom panels: B* and B,* excitons. The unit cell axes are reported: az,rpp in

green, by rpp in blue, and ¢z, ppp in red.
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have a clear Frenkel character, with the electron and hole being
localized in only one molecule, the B exciton shows a non-
negligible probability to find the electron in other ZnTPP
molecules with respect to the one where the hole is created.
For the case of B* and B,* (see bottom panels in Figure 4),
the delocalization is even higher, with the excitonic charge
spread over several molecules along the z-stacking direction. It
is worth noting that the other excitons present in the B-band
region have similar delocalized character (not reported here).
As mentioned above, in addition to the four a bands, these
excitons also involve other states associated with bands in the
b—e blocks, which show particularly strong dispersion along
the 7-stacking direction.””>” Other theoretical studies™*>*
have reported that in some organic molecular crystals, charge-
transfer excitons (with charge delocalized on the first
neighboring molecules) can be present and can be involved
in optical and transport processes; nonetheless, those crystals
are made of very different, rodlike molecules such as
oligoacenes and display a completely different crystal packing.
More recently, highly delocalized excitons are demonstrated by
experimental observations in phthalocyanines,”” a class of
molecules similar to porphyrins, where delocalization over >10
molecules along the z-stacking direction is observed in highly
crystalline samples with a low degree of compositional
disorder, like ours, thus lending support to the results
discussed here.

In conclusion, in this work, by applying MBPT methods, we
have reproduced the experimental optical spectra of crystalline
ZnTPP thin films. This approach has allowed us to analyze the
origin of the huge optical anisotropy observed in the UV—vis
region, demonstrated as being mainly due to intermolecular
interactions along the s-stacking direction. We unveil a
behavior of ZnTPP crystals that can be extended to other
centrosymmetric porphyrin molecules whose electronic
properties are known to be isotropic in the gas phase but
become anisotropic in the crystalline state. Furthermore, an
analysis in terms of single-particle transitions clearly demon-
strates that other bands contribute to the excitonic optical
peaks in the UV—vis region beyond the main ones, i.e., those
we considered as the analogue of the four frontier molecular
orbitals of the Gouterman model for the isolated molecule.
Finally, we show that in the B-band region not only Frenkel-
like excitons but also excitons with Wannier—Mott- and
charge-transfer-like character, ie., delocalized over several
molecules, are present. These findings are particularly relevant
as they can be considered a general behavior of z-stacked
systems in which short intermolecular distances create
competition between short- and long-range interactions, such
as for other porphyrins and phthalocyanines. Although most of
these excitons are optically inactive (at least in the theoretical
framework used here, where we completely neglect the
coupling with the vibrational degrees of freedom), their
presence can be important in the exciton dynamics and
transport properties of the material, in a manner similar to
what has been recently found in other low-dielectric screening
materials such as carbon nanotubes,** layered transition metal
dichalcogenides,”” and hybrid organic perovskites.>’
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