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ABSTRACT: Corrole compounds attract increasing interest
due to their potential to stabilize high-valent metal states. X-
ray spectroscopy is a powerful tool for the investigation and
development of functional interfaces. For corrolic species,
however, the required reference data are missing. Here, we
employ a multitechnique X-ray investigation of thin films of
the prototypical free-base $5,10,15-tris(pentafluorophenyl)-
corrole (3H-TpFPC) grown on the Ag(111) surface under
ultrahigh vacuum conditions. Ultrapure corrole multilayer
samples are prepared and characterized by X-ray photoelectron
spectroscopy (XPS) and near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy. In parallel, the X-ray
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fingerprints are simulated using the continued-fraction approach within density functional theory (DFT) for extended,
(quasi-)periodic molecular structures. An excellent agreement between experimental and theoretical spectra enables a thorough
interpretation of the detailed spectral features and proves an accurate description of the free-base corrole electronic structure
within the present DFT approach. The present study provides X-ray spectroscopic references for all relevant core-level regions
and absorption edges of intact molecular species and, thus, represents an ideal starting point for the comprehensive
understanding of the complex chemistry of corroles in the adsorbed state toward the development of related functional interfaces.

B INTRODUCTION

Corroles"” are structurally closely related to the well-known
porphyrins that possess aromatic tetrapyrrole macrocycles.
Compared to the corresponding porphyrins, they have a lower
symmetry and a smaller, congested cavity.” > The latter
property and the resulting changes in the electronic structure
promote the stabilization of metal ions in exceptionally high
oxidation states.°® Therefore, corroles are distinctive candi-
dates for various biomedicine, catalysis, sensor, as well as solar
cell applications.”'” During the past decade, extensive studies
regarding the synthetic aspects™'' "> as well as the stability
and activitgr of different corrole-chelated metal ions have been
reported.'®™"” Only few studies, however, have been performed
on well-defined model systems where corroles are adsorbed
onto clean substrates under ultrahigh vacuum (UHV)
conditions.”*™**

Due to the minute amount of organic material involved, the
determination of the geometrical structure of such interfaces by
X-ray diffraction (XRD), even if utilizing surface sensitive
grazing geometries (surface XRD), is prohibitively difficult; it is
turther hindered by the inability to grow large, ordered domains
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sufficient to allow such a study. However, interfaces and thin
films can be comprehensively understood at the atomic level by
the combination of scanning probe techniques with X-ray
spectroscopy,zs_33 i.e, X-ray photoelectron spectroscopy
(XPS) and near-edge X-ray absorption fine structure
(NEXAFS). Thereby density functional theory (DFT)
calculations may substantially assist in the interpretation of
the experimental ﬁndings.32 For corroles, however, experimen-
tal studies based on X-ray spectroscopic methods are scarce.
Also the computational simulation of the X-ray spectroscopic
properties for molecules was, so far, mainly restricted to single
molecular species in gas phase or in solution.”**® An
application of DFT to predict X-ray spectra of extended,
(quasi-)periodic molecular structures like crystalline molecular
phases and molecular adsorbates has only recently been
established.***”
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In this work, a combination of experimental and theoretical
X-ray techniques is used to study condensed ultrathin films of a
prototypical free-base corrole molecule, namely the $,10,15-
tris(pentafluorophenyl) corrole (3H-TpFPC, Figure la), on
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Figure 1. (a) Schematic model of free-base corrole (3H-TpFPC).
Colors mark carbon atoms categorized as chemically equivalent. The
letters A-D denote the chemically inequivalent pyrrole rings.
Experimental XP spectra of the (b) C 1s region and (c) N 1s region
of a 3H-TpFPC multilayer grown on Ag(111) compared with the
corresponding simulated spectra (DFT-calculated CLS energies
assuming a 0.7 eV Gaussian line width): (d and e) from gas phase
modeling, (f and g) for the crystalline structure; also given:
contributions of the different atom types as defined in (a).

Ag(111). 3H-TpFPC is one of the most stable free-base
. . . . . 38

corroles, owing to its electron-withdrawing substituents,” and
it exhibits no structural symmetry. In particular, its liguid-phase
derivatives are potential detectors for cancer cells,*~*! while its
metal complexes form efficient catalytically active spe-
- 16,4244 :

cies. It was already subject to a number of recent
studies, concerning its unique structural properties (cf. ref

11—13), its metal coordinated products [cf. ref 14, 15, and 20],
as well as the formation of (sub)monolayer structures on
Au(111)* and Ag(111).** In the present multitechnique X-ray
study, we focus on the prototypical free-base species. After
fabricating, under UHV conditions, a condensed ultrapure thin
film of 3H-TpFPC on a Ag(111) surface, we obtained reference
spectra of all relevant X-ray photoemission regions and
absorption edges. The experimental spectra are interpreted by
means of density functional theory (DFT) simulated XP and
NEXAFS spectra, whereby the accurate determination of the
core-level shifts (CLS) from XPS is crucial to obtain NEXAFS
spectra in predictive accuracy. Analyzing the contributions of
individual atoms to the total spectra allows rationalizing the
detailed features of the experimental multilayer spectra. The
present proof-of-principle study provides a sound basis for
investigations of the corresponding (sub)monolayer structures.
In fact, it can serve as a starting point for the comprehensive
understanding of the still unexplored interfacial chemistry of
free-base corrole molecules, for which the interaction with the
substrate becomes essential.

Our paper is organized as follows: After the introduction of
the experimental and theoretical methodologies, we discuss the
C 1s and N 1Is XP spectra of a 3H-TpFPC multilayer on
Ag(111). We then present and discuss the respective K-edge
NEXAFS spectra before summarizing the principal achieve-
ments in the conclusions.

B METHODOLOGY

Sample Preparation. $5,10,15-Tris(pentafluorophenyl)-
corrole (3H-TpFPC) was synthesized according to procedures
reported in ref 14. The basic 3H-TpFPC material was purified
utilizing preparative HPLC and subsequently analyzed by 'H,
BC and YF NMR spectroscopy. As spectroscopic quasi-
periodic reference systems, we prepare 3H-TpFPC multilayer
films on Ag(111) single crystals with a multilayer thickness
slightly larger than 10 monolayers. The preparation and the
measurements of the samples were carried out in experimental
chambers with pressures in the low 10~ mbar range or lower.
The surface of the Ag(111) substrate (Surface Preparation
Laboratory, polished to <0.5°) was cleaned by several cycles of
sputtering (Ar*, 1 kV) and annealing (720 K). 3H-TpFPC
molecules were deposited by organic molecular beam epitaxy
from a quartz crucible held at 500 K preceded with degassing in
vacuo at 480 K for several hours. During the deposition of the
3H-TpFPC molecules onto the Ag(111) single crystal, the
substrate was held at room temperature (300 K).

X-ray Spectroscopy. On the resulting 3H-TpFPC multi-
layer films XPS measurements were performed at the HE-SGM
and UES6—2 PGM-2 beamlines of the BESSY II storage ring in
Berlin. At the HE-SGM dipole beamline, a monochromator
grating of 1500 I/mm and slit widths of 200 ym were used,
together with a Scienta R3000 hemispherical analyzer with the
pass energy set to 20 and 10 eV for the N/F 1s and the C 1s
regions, respectively. The XPS data were recorded at room
temperature (RT) and in the normal electron emission
geometry.

At the UES6—2 PGM-2 undulator beamline a movable end
station with a base pressure of 8 X 10™"" mbar and equipped
with a SPECS Phoibos 100 CCD analyzer was used. The exit
slits after the monochromator were set to 10 ym, and the
entrance slits after the undulator aperture were appropriately
closed to reduce the photon flux and minimize beam damage
caused by the increased brilliance in comparison with the less
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intense dipole magnet radiation. The sample position was also
frequently changed between the acquisition of different spectra,
to avoid artifacts in the XP spectra due to radiation damage.
The C 1s spectra were acquired with a pass energy of 10 eV, the
N Is and F 1s at 20 eV pass energy. The photon energy, hv, was
adjusted for each region such that the kinetic energy of the
electrons was approximately 150 eV (C 1s 435 eV; N 1s 550
eV, F 1s 850 eV). The binding energy scale was calibrated
against the Ag 3d,, peak (368.3 V) after a Shirley (C 1s),
linear (F 1s), or fifth-order polynomial background (N 1s) was
subtracted from the raw data, and the spectra were fitted with
peaks exhibiting a Voigt line shape.

Complementary NEXAFS spectra were recorded at the HE-
SGM beamline with a monochromator grating of 1500 1/mm
and slit widths of 200 ym in partial electron yield mode with a
retarding voltage of —150 and —250 V for the C and N K-edge,
respectively. The spectra were measured at different incident
angles, 6, (25°, 53°, and 90°) between the electric-field vector
of the incident light (90% linear polarization) and the surface
normal. To improve the signal-to-noise ratio several spectra
were collected and the average is presented in this work. After
subtraction of the signal of the bare Ag(111) substrate from the
raw data, the measured spectra were normalized to an unity
edge jump.

DFT Calculations. The recorded X-ray spectra are
compared to and rationalized with the help of spectra simulated
from first-principles within DFT. The multilayer structure is (i)
approximated by a periodic crystal structure recently
determined experimentally by XRD'* and (ii) modeled by
tully relaxed molecules in the gas phase, i.e., isolated molecules
in periodically repeated boxes. To optimize the microscopic
structures of the investigated systems, total energy DFT
calculations have been performed within the Vienna ab initio
simulation package (VASP).* Exchange and correlation
interactions have been modeled by employing the gradient-
corrected PW91 functional*® complemented with a dispersion
correction (DFT-D),” which provides accurate adsorption
energies and structures for surface-adsorbed molecules at
virtually low computational costs.**™>® The electron—ion
interaction was described by pseudopotentials using the
projector-augmented wave (PAW) method.”” Plane waves
with kinetic energies up to 400 eV were used as basis set. The
structural relaxations were performed with convergence criteria
of 0.03 eV/A and 107° eV for forces and total energies,
respectively.

For the calculation of the X-ray absorption spectra (XAS),
the PAW scheme was applied in a gauge-including (GI) way:
Using the Xspectra code®®” of the Quantum ESPRESSO
package,”” NEXAFS spectra of the C and N species were
computed in a 40 eV wide energy range above the respective K-
edge. The technical details like DFT-functional, dispersion
correction and plane wave basis set were chosen identical to
those used in the VASP total energy calculations. To model the
1s core holes, scalar-relativistic multiprojector GI-PAW
pseudopotentials with a corresponding occupation of the
inner shells were generated. They allow for a reliable, but
computationally very efficient description of excitonic effects®!
using Lanzcos recursion scheme to expand the Green’s
function®”™* (continued-fraction expansion) to be used in
the calculation of the dipole and quadrupole-related XAS cross
sections. This results in a particularly reliable description of
near- as well as far-edge features of the absorption
spectrum.’>***~7" The quadrupole term is found to be
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negligible for the investigated systems, as it is at least S orders
of magnitude smaller than the dipole contribution.

Due to the lack of molecular symmetry, absorption spectra
need to be calculated for each atom within the molecular
structure. Subsequently, the total X-ray spectrum of the
molecular system is obtained from the superposition of the
individual spectra offset by the corresponding CLS. The latter
are calculated using a delta-scf approach, which yields highly
accurate CLS for light elements such as nitrogen.”””"* The
resulting total XAS signals have been rigidly shifted to match
the experimental K-edges energies. The line width is chosen
energy dependent,”” rising arctan-like from 0.2 at 395 eV (280
eV) to 2.0 at 435 eV (320 eV) for the N (C) K-edge spectra.
The broadening used in the XAS calculations thus follows
qualitatively the trend in the experimental spectra, but is chosen
somewhat smaller, in order to prevent it from masking the
spectral fine structure. The XP spectra on the other hand are
obtained from a superposition of individual CLS broadened by
a constant Gaussian line width of 0.7 eV as observed in
experiment (cf. Figure 1).

B RESULTS AND DISCUSSION

Figure la shows a schematic model of the investigated corrole
species. 3H-TpFPC consists of a tetrapyrrolic macrocycle with
three of the pyrrole moieties connected to each other via meso-
carbon atoms and a direct C—C bond between moieties A and
D. At the meso positions, three pentafluorophenyl rings are
substituted. The C:F:H:N element ratio is 37:15:11:4. Strictly
speaking, due to the lack of symmetry, all atoms are chemically
inequivalent. However, to ease the discussion, carbon atoms
with similar chemical character were grouped into four types as
represented by the color coding. The positions of the H atoms
within the macrocycle define two tautomeric structures T1 and
T2 (Figure 2) of the macrocycle (the iminic — N= atom
without H ligand placed at an inner pyrrole ring C (B) or outer
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Figure 2. Ball-and-stick model of the (a) tautomer T1 and (b)
tautomer T2 structures differing in the position of the iminic = N
contrasting the three aminic —NH. C, N, F, and H atoms are
represented in yellow, blue, green, and black, respectively. As a
consequence of the steric interactions, the inner hydrogen atom H,
has been moved away (upward) from the plane, while Hy has been
moved downward (T1). For tautomer T2, the up and down
arrangement of the inner hydrogen atoms is inverted. (c) Calculated
C 1s and (d) N 1s XP spectra for the T1 (red) and T2 (blue)
tautomers.
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ring D (A), respectively). Each of the two tautomers can give
rise to a maximum of 2° X 3 = 216 conformers: 2* = 8 variants
are given by the orientations of the three phenyl rings
(clockwise or counterclockwise); each of them provides further
3 variants differing in the positions of the three H atoms (in
front, behind, and in-plane). However, according to our DFT
total energy calculations, in the gas phase only two of these H
atom configurations provide local minima: The H atom close to
the iminic N atom (Hp in T1) is always found almost in-plain.
Simultaneously, the remaining two H atoms (H, and Hg) are
shifted behind and in front of the plane, thereby maximizing
their distance. Hence, we are left with in total 16 conformeric
local minima for each tautomer.

Our and previous calculations'' as well as the previously
reported X-ray crystal structure'’ identify tautomer T1
(depicted in Figure la) as the dominant species. It is
energetically favored by approximately 40 meV in the present
calculations.

XP Spectra. The measured XP spectra of a 3H-TpFPC
multilayer are presented in Figure 1b,c. The C 1s region
(Figure 1b) consists of an isolated peak at a binding energy of
Ey = 287.8 eV and a double peak structure with local maxima at
284.4 and 285.5 eV. The spectrum can be fitted with four
components representing the four carbon types defined in
Figure la. The relative energetic positions of these contribu-
tions can be explained by the presence of more or less
electronegative elements in the vicinity of the respective carbon
atoms. From higher to lower binding energy the peaks
correspond to C directly connected to fluorine (Cl, green,
287.8 eV), the carbon atoms of the C¢Fj rings linked to the
macrocycle (C2, purple, 285.7 eV), C with N neighbors (C3,
yellow, 285.3 eV), and macrocycle C atoms without nitrogen
neighbors (C4, blue, 284.3 eV), respectively. Although the C—F
peak (green) exhibits a slightly higher intensity than expected,
taking into account the uncertainty of the fitting procedure, the
percentage area ratios of the four contributions (48:6:21:25)
are in reasonable agreement with the expected ratios
(15:3:8:11). We briefly note that further peaks of minor
intensity can be identified for Eg > 290 eV (see also, SI Figure
S1). These peaks are attributed to shakeup satellites and not
further considered in this work, because they are hardly used
for analyzing interfaces or thin films.

The DFT-simulated C 1s XP spectra of the molecule in gas
phase are presented in Figure 1d. Since the symmetry of the
molecule is broken, individual CLS for all 37 C atoms were
calculated (cf. Figure S2 and Table S1). The total spectrum
(red line) represents the sum over all C atoms. In addition,
following the arguments given above, four contributions to the
total spectrum have been determined by splitting up the C
atoms according to their chemical vicinity (see also color
scheme in Figure 1a). Only for the C3 group a considerable
deviation from a Gaussian line shape is obtained (more evident
in Figure S2). The overall shape of the total spectrum correlates
very well with the experimental data, thus corroborating our
assignment of the components according to the electro-
negativity of the neighboring atoms. The spreading of the
individual carbon CLS, however, is underestimated by about
20%. This discrepancy can be partially attributed to the use of
semilocal exchange-correlation functionals and an approxi-
mated description of excitonic effects,’’ but it is more likely due
to an imperfect description of the experimentally investigated
multilayer system by a gas phase modeling, ie. by isolated
molecules. This argument is supported by comparing the
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calculated XP spectrum of the gas phase shown in Figure 1d
with that in Figure 1f, which corresponds to a crystalline
structure (see SI, Figure S7).'* Here, intermolecular
interactions, absent for gas-phase molecules, cause a 0.3 eV
outward shift of the C4 peak with respect to the rest of the
spectrum (Cdy: 284.7 €V instead of C4,,: 285.0 eV),
resulting in a broader spectrum by 11%. An even larger
broadening is expected for the experimentally investigated
multilayer system, providing inhomogeneities and additional
interaction with the substrate still neglected in the crystalline
system.

The experimental N 1s XP spectrum of the 3H-TpFPC
multilayer consists of two clearly separated peaks at 400.1 and
397.9 eV (Figure 1c). The energy position of both peaks is
similar to those appearing for porphyrin species, and the
relative peak areas are close to 3:1. These observations render
the assignment to aminic (blue) and iminic (green)
components straightforward. The simulated spectra (Figure
le,g) based on the DFT CLS of the four nitrogen atoms
perfectly agree with the experimental data and further
substantiate the assignment of the components (cf. Figure S3
and Table S2). Notably, the theoretical prediction for the
carbon and nitrogen XP spectra of tautomer T2 (Figure 2) can
hardly be distinguished from the one presented in Figure 1d (C
1s) and le (N 1s). Accordingly, at least with the current state-
of-the-art resolution, XPS cannot serve as a means to address
tautomerism in corrole interfaces (cf. Figure S4, SS, Table S3
and S4).

NEXAFS Spectra. X-ray absorption spectroscopy is a
powerful method for the analysis of molecular thin films and
interfacial layers.%_78 In particular, in the near-edge region
(NEXAFS), it is sensitive to small modifications, providing
valuable insight into the electronic structure,”’ conformation of
flexible compounds,®”®' interfacial charge transfer,*"*” and
chemical modifications.””~® The detailed knowledge of the
NEXAFS signature of a suitable reference system as well as
comparative theoretical data are prerequisites for a compre-
hensive analysis. Here, we obtained high-quality spectra of both
relevant absorption edges (C and N) of a multilayer sample
with the same thickness as in the XPS characterization. The
measured carbon K-edge spectra are depicted in Figure 3, top
panel. As to the spectral appearance, in the 7% region of the
spectra (between 283 and 290 eV), we observe four well-
separated maxima (A—D), whereas in the 6* region (above 290
eV) several broad features overlap and form a continuous
complex structure superimposed onto the ionization continu-
um. The apparent absence of dichroism suggests the presence
of either a disordered arrangement of independent corrole units
or small crystallites with varying orientation within the thin
film. In any case, growth under the given conditions (UHV, 300
K) does not result in the formation of a well-ordered, crystalline
multilayer film with molecular species aligned completely
parallel (or perpendicular) to the surface plane, rendering a 1:1
theoretical modeling impossible.

The middle panel of Figure 3 displays the theoretical C K-
edge NEXAFS spectrum calculated for an isolated fully relaxed
3H-TpFPC molecule. The total spectrum represents the sum of
the individual absorption edges of all 37 carbon atoms. Besides
the total spectrum, the contributions from the four different
carbon types are also presented (thin lower lines). As remarked
earlier, these contributions are already a sum over non-
equivalent atoms. The overall agreement between experiment
and theory is very good and the classification into the four C
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Figure 3. Experimental NEXAFS carbon K-edge spectra of a 3H-
TpFPC multilayer on Ag(111) (top panel), which were measured at
three photon incidence angles, 8, (25° in black, 53° in red, and 90° in
blue), and comparison with the DFT calculated, angle-integrated
signatures of the gas phase (middle) and crystal phase (bottom) for
tautomer T1.

types allows a meaningful interpretation of the spectral features
with the calculated transitions. The first resonance A’ results
from excitations from C4 atoms (blue line) into the lowest
macrocyclic 7* orbital. The second feature B’ consists of
contributions from C2 atoms (purple line), where electrons are
excited into the lowest fluorophenyl 7* orbital, and from C3
atom transitions (yellow line) into the lowest macrocyclic 7*
orbital. The following two shoulders, which are not discernible
in the experiment, result from macrocyclic (blue and yellow)
and fluorophenylic (green and purple) transitions, respectively.
The strong C’ feature carries minor contributions from the
macrocycle (blue and yellow) but is dominated by transitions
from outer C1 atoms (green) into the fluorophenyl z* orbitals.
The predicted double peak structure cannot be found in the
experiment, whereas the experimentally quite distinct peak D is
not fully reproduced by the minor shoulder D’ in the calculated
spectrum. The latter mainly contains transitions of C3 and C4
atoms into higher macrocyclic 7* orbitals. A simple explanation
could be that the energy of the C’y resonance is underestimated
in the calculations, i.e,, actually contributes to the experimental
peak D. Again we attribute this deviation mainly to
intermolecular interactions, not taken into account in the
calculations for gas-phase molecules.

This argument is supported by comparing the calculated gas-
phase NEXAFS spectrum (Figure 3, middle) with the spectrum
(Figure 3, bottom) obtained for the crystalline structure (see
also SI, Figure S7). Although the structure of the individual
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molecular species remains almost unchanged, for most types of
carbon atoms surprisingly strong changes are observed; only
the C3 component (from the inner C atoms with N neighbors)
remains unchanged. Between 287 and 296 eV, considerable
changes are obtained for the C1, C2 contributions of the
fluorophenyl rings (green and purple lines). Thereby, the
spurious splitting of the C’ peak is actually lifted. Furthermore,
the separation of the ¢’ and b’ peaks around 287 eV becomes
more evident, since here the underlying contribution of the C4-
type atoms (macrocycle C atoms without nitrogen neighbors)
is strongly reduced. Also the spectral shape in the high-energy
regime, in particular the peak at 296 eV is now better
reproduced.

Nevertheless, the intensity of the d’ component is still
strongly underestimated. Presently, we attribute this remaining
discrepancy to the much reduced, but still present differences
between the modeled crystalline phase and the multilayer film:
in particular, not to the presence of stabilizing chloroform
(CHCL,;) counterions in the crystal phase (not included in the
spectra in Figure 3, botfom), but to the variation of the
individual molecular orientation within the thin film (neglected
in the theoretical modeling).

Nardi et al.*® published NEXAFS measurements of tetrakis
(pentafluorophenyl)-porphyrin  (2H-TPP(F)), a compound
featuring a molecular structure closely related to 3H-TpFPC,
but with a porphine macrocycle. The C K-edges of 3H-TpFPC
and 2H-TPP(F) exhibit a similar shape despite the differences
in the chemical structure of the macrocycle. The close similarity
corroborates the conclusion of Nardi et al.*® that for these
compounds the building-block principle is valid and that
fluorophenyl and macrocycle moieties constitute hardly
interacting spectral signatures. Furthermore, it indicates that
the contraction of the corrole macrocycle resulting from the
direct pyrrole—pyrrole linking impacts on the electronic
structure only to a minor extent. In line with this observation,
no significant differences between the tautomers are predicted
by our C K-edge XAS simulation, similar to the carbon and
nitrogen XP spectra.

The situation changes considerably in case of the N K-edge
XAS: In Figure 4, we analyze the experimental data (top panel)
with the aid of theoretical NEXAFS spectra calculated for the
gas and crystal phases (middle and bottom, respectively).
Again, the experimental spectra exhibit only negligible
dichroism with varying incidence angle, 6 largely confirming
our conclusion of the absence of orientational order in the thin
film already drawn from the C K-edge. Several peaks are
distinguishable, four of them (E—H at 397.9, 400.3, 402.1, and
403.1 €V, respectively) situated in the 7* region and one in the
o* region (I at 406.6 eV). In the residual part of the o* region
(energies larger than 410 eV), a continuous, broad feature is
present.

Already the calculated gas phase absorption edge (Figure 4,
middle panel, red solid line) of tautomer T1 reproduces the
major features and the overall shape of the experimental spectra
with a reasonably good agreement for a wide energy range up
to 30 eV above the edge. In the ¢* region, the theoretical
spectrum contains peaks with a clearer definition as compared
to the smeared out character in the experimental spectra.
Hence, we attribute the absence of discernible features in the
experimental spectra to statistical broadening introduced by
multilayer anisotropies. The deconvolution of the spectrum
into the contributions from the four distinct N atoms (thin
lower lines) allows assigning the individual features. Peak E’
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Figure 4. Comparison of experimental NEXAFS N K-edge spectra
(top) of a multilayer of 3H-TpFPC on Ag (111) measured for three
incidence angles, 6, (25° in black, 53° in red, and 90° in blue) with the
theoretical gas-phase signatures calculated for tautomers T1, T2
(middle) and crystal phase (T1, bottom). For the DFT calculated,
angular averaged spectra, the contributions from the four nitrogen
atoms (A—D, cf. Figure 1) are also presented.

results solely from the N 1s — LUMO transition of the iminic
N¢ atom (blue line). Feature F’, which appears as a single peak
in the experimental data, combines contributions from
transitions of N¢ to higher 7#* molecular orbitals of the
macrocycle and transitions of the three aminic nitrogens
(green, gray, brown lines) into the LUMO. Thus, the energy
splitting of the E and F peaks in the experimental spectrum
(397.9 vs 400.3 eV) reflects the difference between the binding
energy of the aminic and iminic N 1s core levels (2.2 eV). The
next feature exhibits a single maximum at 402.4 eV but is
denoted as G'+H’, since it relates to the two experimental
peaks G and H. This feature is a combination of transitions of
all N atoms into higher-lying #* orbitals. The resonance I
consists of contributions from ¢* resonances related to the N—
C bonds of the three aminic N atoms (green, gray, and brown
lines) with a leading shoulder resulting from N ¢* resonances.
Interestingly, the characteristic peak F’ is nearly completely
suppressed for tautomer T2 (middle panel, red dashed line),
indicating that tautomer T1 is the highly dominant species in
the multilayer sample. This global picture is further
corroborated by analyzing the influence of intermolecular
interactions within the crystal phase onto the shape of the
nitrogen absorption edge.

The comparison of the crystal phase spectra (Figure 4,
bottom panel) with those from tautomer T1 in the gas phase
(middle panel) reveals minor changes for F, E’, I, and the
higher o* range, but significant impact on feature G'+H’. It is

2197

now split into a series of shoulders (one for ¢’ and two for h')
originating from a downshift of Ny transitions and a splitting of
N, transitions. This restructuring also produces the sharpened
appearance of feature f' thereby improving the similarity to the
experimental data significantly. In this respect, the N K-edge
signature unfolds an intriguing sensitivity to the noncovalent,
and thus weak, intermolecular interactions present in the thin
film samples. Such spectroscopic sensitivity combined with the
meaningful interpretation achieved by the precise modeling
emphasizes the potential of our approach for the analysis of
more complex functional interfaces. Furthermore, our findings
reveal that in UHV grown multilayer films tautomer T1 is the
largely dominating species in full accordance with earlier
reports on crystals obtained by evaporation from ethyl acetate
which also consisted of well-defined tautomers.'”

B CONCLUSIONS

Our combined approach of high-resolution X-ray spectroscopy
assisted by DFT simulations gives access to the properties of
condensed corrole multilayer thin films and provides
unprecedented insight into the complex molecular structure
of prototypical free-base corroles. Importantly, the overall shape
of the simulated crystal phase XAS reproduces the experimental
data to a level surpassing previous investigations: In the raising
edge it achieves description of similar quality as usually
obtained with more expensive time-dependent DFT meth-
ods,**™*” which are typically restricted to gas-phase (single
molecule) calculations. In the NEXAFS regime the use of
periodic boundary conditions, a plane wave basis set, and
multiprojector pseudopotentials allows for a reasonable
description of scattering into delocalized unbound states in a
wide energy range up to 30 eV and more above the edge.
Characteristic features resulting from small variations of the
electronic and atomic structure can be resolved, e.g,
discrimination between slightly different structures (tautomers)
and environments (gas phase or crystalline phase) can be
achieved. Our results demonstrate a high sensitivity toward
intermolecular interactions and the necessity to include those in
the modeling. We identified that the molecular species remain
intact and appear in a single tautomer (with the iminic N at an
inner pyrrolic ring) in the partially disordered thin film
investigated here. The computational approach applied here
can be straightforwardly extended to more complex architec-
tures including the treatment of molecular adsorbates on solid
surfaces.
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