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Abstract

Ensuring the highest accuracy in determining the molecular assembling and the preservation of the
chemical and physical properties of the molecules during the growth of organic layers requires a
real-time monitoring of film formation. In this respect, optical techniques are preferred since they
result in minimum organic film damage. Among these techniques, Reflectance Anisotropy
Spectroscopy (RAS) proved to be the one with the highest sensitivity due to the development of
intrinsic anisotropies in the optical response of molecular films, where molecular packing is driven
by Van der Waals interactions. Recently, we proposed an original strategy to enable the growth of
organic films via molecular self-assembly through highly directional coordination bonds. Herein, we
consider a straightforward supramolecular structure employing axial bonds, based on the 1:1
assembly of a Co" porphyrin (CoTPP) and a linear ligand (DPNDI). This system is characterized by a
rather isotropic structure that might, in principle, result in a weak RAS signal. Therefore, in the
present work, we critically assess the range of applicability of such a spectroscopy. A number of
other surface science techniques, including Low Energy Electron Diffraction (LEED), photoemission
spectroscopies (PES and IPES) and Atomic Force Microscopy (AFM) is employed to fully characterize
the axially coordinated molecular film.
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Introduction a wide variety of hybrid and purely organic

devices, ranging from electronic components

Organic molecules play a key role in many like diodes and rectifiers to sensors and

natural phenomena; in the last 30 vyears, energy storage devices[1]-[7]. In these

however, they have found application also in
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technological applications, a real time
monitoring of the molecular layers’ growth is
mandatory to ensure the quality of the
prepared organic-inorganic or organic-organic
interfaces.

Film growth monitoring techniques based on
the diffraction of a beam of electrons,
conventionally used in semiconductor-based
growth protocols, are not suitable for organic
materials because of film damage upon the
release of energy on the sample by the
electronic probe [8], [9]. Instead, optical
probes have been devised for this purpose,
such as Surface Differential Reflectivity (SDR)
was proposed by Proehl et al. [10] and
Reflectance Anisotropy Spectroscopy (RAS) by
Martin et al. [11].

In RAS spectroscopy, the acquired signal is
proportional to the difference in the
reflectivity (AR) of linearly polarized light,
impinging close to normal to the sample’s
surface, along two orthogonal directions («a
and f):

AR Ry(w)— Rpg(w)
R~ “Ry(w) + Rp(w)

The difference signal is then normalized with
respect to the mean signal (R). RAS can detect
anisotropy signals down to 0.1%. of the
overall reflected signal [12].

On single layer molecular films, the anisotropy
signal arises from one, or a combination of the
following possibilities: (i) an intrinsic
molecular property, (ii) the packing of
adjacent molecular units favouring, for
instance, a tilting of the molecular axis with
respect to the substrate, and (iii) an
arrangement of the molecular domains
showing a preferential alignment along a
specific direction. In multilayer films driven by

Van der Waals interactions, an additional
anisotropy signal can arise from the formation
of crystalline polymorphs.

In traditional organic film growth RAS can
detect thickness changes down to 1/50 of a
single molecular layer thickness, i.e., well
above the sensitivity of standard monitoring
techniques, such as those employing crystal
guartz microbalances [8].

Nowadays, an advancement in organic film
growth engineering foresees going beyond
the simple stacking of molecular units held by
Van der Waals interactions, in favour of a
more directional type of bonding. Recently,
we proposed a new paradigm for the growth
of complex molecular films using highly
directional coordination bonds. The proposed
structure foresees the 1:1 coordination of a
Co" tetraphenylporphyrin (CoTPP) and a
ditopic linear ligand (N,N’ -di(4-pyridyl)-
1,4,5,8-naphthalenetetracarboxdiimide,
DPNDI), with the latter coordinating the Co
metal ion in the free axial position, through
one of their pyridyl heads. A sketch of the
DPNDI:CoTPP complex is shown in Figure 1.

DPNDI
CoTPP

substrate

Figure 1: Schematics of the axially coordinated
DPNDI:CoTPP complex. Color code: yellow = gold,
pink = cobalt, black = carbon, blue = Nitrogen,
red = oxygen, white = hydrogen.



The complete film results from the alternated
stacking of ordered in-plane arrays of
porphyrin (the floors) and out-of-plane DPNDI
(the pillars) molecules, with the first porphyrin
layer in contact with the substrate, as
described in Ref. [13].

When extending the optical monitoring of
organic film growth to these novel films based
on metal coordination, we face a critical
bottleneck: their structure being highly
symmetric, they might produce a rather weak
RAS signal. Pillar structures, having their
polarizable dipole moment along the principal
axis, cannot be detected by RAS [14], while for
the horizontal floor, a possible strategy
foresees the use of stepped (vicinal) substrate
surfaces [15]. We thus proceed as follows: (i)
the first CoTPP layer is grown on an Au(001)
stepped surface, to exploit the ledges and
steps to steer the porphyrin assembly. Atomic
Force Microscopy (AFM) is employed to check
sample morphology of the organic film. (ii)
Low Energy Electron Diffraction (LEED),
Photoemission Spectroscopy (PES) and
Inverse Photoemission Spectroscopy (IPES)
techniques are used to assess the differences
in the molecular assembly and the electronic
properties when the Au(001) flat surface is
replaced by the stepped one. (iii) One of the
two polarization directions of the RAS beam
(e.g., a) is aligned along the steps, i.e., in the
direction of preferential porphyrin assembly.

The RAS spectroscopic results, together with a
simulation of the absorbance spectrum of
DPNDI, as acquired on flat and stepped
Au(001), are then critically reviewed in view of
assessing the RAS technique’s applicability in
the monitoring of axially coordinated
molecular films.

Methods

Substrate preparation

We used both flat Au(001) and vicinal Au(001)
substrates with a cut-off angle of 6° with
respect to the [001] direction (purchased from
Surface Preparation Laboratory GmbH) for the
deposition of molecules. Au surfaces were
cleaned in ultra-high vacuum (UHV)
conditions (base pressure of 6:10 ! Torr) by
subjecting them to several alternate cycles of
Ar* sputtering (beam energy: 1 keV) and
annealing at 400 °C for 20 minutes by electron
bombardment. After the annealing, the
cooling down is performed at a slow rate to
prevent step-bunching [16]. The good quality
of the Au surfaces is confirmed by LEED and
PES.

Molecular films preparation

After their in-vacuum purification, CoTPP
(purchased from Merck KGaA) and DPNDI [17]
powders were deposited on Au surfaces by
molecular beam epitaxy using commercial
Kundsen cells equipped with heated quartz
crucibles. The evaporation temperatures were
285 °C and 210 °C for CoTPP and DPNDI,
respectively, yielding a molecular flux of about
1 A/min, calibrated with a quartz crystal
microbalance. The nominal thickness for 1 ML
of CoTPP is 3.06 A [18]. We define 1 ML of
DPNDI as the amount of molecules present in
1 ML of CoTPP.

Spectroscopic techniques

In-situ RAS experiments were performed at
room temperature and at near-normal
incidence in the ultraviolet-visible (UV-vis)
range using a home-made experimental
apparatus [19]. The light is produced by a Xe
arc lamp and linearly polarized by a Glan



polarizer. A photo-elastic modulator (PEM) is
then used to modulate the polarization
direction (from o to 8) at a rate of 100 kHz. The
light reflected from the sample passes
through a second Glan polarizer and is focused
inside a monochromator. The reflectivity
anisotropy is directly obtained using a lock-in
amplifier, synchronized with the PEM. The
experimental geometry is designed to have
the linear polarization along the [110] and
[110] high symmetry directions of the gold
substrate. In this way, the a (8) direction is
parallel (perpendicular) to the atomic step-
edge direction. RAS spectra were collected in
the 2 — 3.5 eV photon energy range; however,
to focus on the main porphyrin optical
transition, only a shorter energy region,
centred on the Soret band [8] is discussed in
the text.

PES experiments were performed using a He
discharge lamp with a photon energy of hv =
21.2 eV (the technique is therefore also called
ultraviolet photoelectron spectroscopy, UPS).
The electron kinetic energy was measured
with a 150 mm hemispherical analyser (from
SPECS GmbH). The Full Width at Half
Maximum (FWHM) energy resolution of PES,
with the analyser pass energy fixed at 1 eV,
was 15 meV.

IPES experiments were performed to probe
the unoccupied electronic levels of CoTPP. In
IPES, photons are collected as a result of the
radiative de-excitation of electrons impinging
on the sample. Low energy electrons are
photoemitted from a GaAs crystal, treated
with a CsOx layer to obtain the Negative
Electron Affinity condition at the surface
(NEA-GaAs), and accelerated on the sample by
an electron optics (kinetic energy = 5-16 eV).
The emitted photons are measured using a

bandpass detector at a fixed energy of 9.6 eV
(isochromat mode) vyielding a FWHM of
700 meV. The capabilities of the experimental
apparatus used to perform photoemission
(inverse photoemission) measurements at
different electron emission (incidence) angles
are better described elsewhere [20], [21].

Structural and morphological techniques

LEED was performed with a commercial
apparatus (Physical Electronics Inc.) equipped
with a beam shutter. LEED images were taken
at an incident beam energy of 55 eV after the
spectroscopic characterizations, by exposing
the sample to the electron beam for a few
seconds.

AFM characterizations were performed by
using a commercial scanning probe
microscope (5500 by Keysight Technology).
The images were acquired in tapping-mode
and in attractive regime, with silicon tips from
Nanosensors™ (cantilever force constant:
42 N/m; v, = 330 kHz); typical scan rates of
about 1 Hz were used. AFM images were also
analysed by applying a two-dimensional (2D)
autocorrelation function (available in the
Gwyddion software) which, line-by-line,
describes the inter-dependence of surface
heights, thus highlighting preferential
directions and periodicities in the surface
texture.

Computational approach

The optimized geometry of the gas-phase
DPNDI molecule was computed using density
functional theory (DFT), as implemented in
version 5.0 of the ORCA code[22]. Simulations
were performed using the B3LYP hybrid
exchange-correlation functional [23], [24]and
the correlation-consistent aug-cc-pVTZ basis
set [25].
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Figure 2: LEED patterns acquired at 55 eV for the bare substrate and 1 ML of CoTPP
on a) flat Au(001) and b) vicinal Au(001)-6°. AFM images acquired for 16 ML of CoTPP
on c) flat Au(001) and d) vicinal Au(001)-6°. Insets (c, d): 2D autocorrelation function
of the AFM images. The crystallographic directions are the same for both LEED and

AFM.

The theoretical photo-absorption cross
section was obtained by means of Green’s
function-based many-body perturbation
theory (MBPT) simulations performed on top
of ground-state DFT calculations, using the
MOLGW code [26]. This approach offers a
valid and accurate alternative to more refined
and computationally expensive quantum-
chemistry methods for computing excited-
state properties of molecular systems[27],
[28].

Starting with the fully relaxed atomic
structure from ORCA, the DFT Kohn—-Sham
eigenvalues and  eigenfunctions are
recalculated in a consistent way using the
same B3LYP functional and basis set
expansion. Electronic energy levels are then
obtained within the one-shot perturbative
GOWO approach, and finally the optical
spectra, including excitonic effects, are

obtained by solving the Bethe Salpeter
Equation.

Results and Discussion

CoTPP structural and morphological analysis

The typical diffraction pattern of the
reconstructed (5 x 20) or hex-Au(001)[29],
[30] surface of flat Au(001) is shown in Figure
2a. At 1 ML coverage, CoTPP molecules form
an ordered (5 x 5) superstructure that is
commensurate with the underlying Au(001)
surface. Such a (5 x 5) symmetry was
previously observed in the case of ZnTPP on
Au(001) and Fe-p(1 x 1)O [30].

The LEED pattern of vicinal Au(001)-6° is
shown in Figure 2b. The extra spots associated
to the surface reconstruction are present only
in the direction perpendicular to [110]. This is
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Figure 3: Normal emission UPS and normal incidence IPES spectra for 16 ML CoTPP,
1 ML CoTPP and the substrates. Both the flat and the vicinal Au sample spectra are
shown. The spectrum of polycrystalline Au, shown in turquoise, is adapted from
Ref. [36]. The spectroscopic contributions from phenyls (Ph) and the tetrapyrrole
ring (R) of the porphyrin molecules are labelled in the image as per Ref. [47].

due to the presence of monoatomic steps
(theoretical step width: about 1.5 nm), as
observed on vicinal-Au(001) surfaces for
different cut-off angles [31]. When 1 ML of
CoTPP molecules is deposited on this vicinal
surface, a LEED pattern compatible with the
one observed on flat Au(001) appears. For
thicker CoTPP layers, the LEED pattern
disappears, while when 1 ML DPNDI is
deposited onto 1 ML CoTPP, the diffraction
pattern is preserved (Figure S1 of the
Supplementary Information).

For a thicker CoTPP film (16 ML) deposited on
flat and vicinal Au(001)-6°, ex-situ AFM images
were acquired (Figures 2c and d, respectively).
CoTPP crystals show different lateral sizes
when the growth takes place on the two
different surfaces. The role of steps in
triggering a preferential growth direction can
be best appreciated by inspection of the inset
figures, where a 2D autocorrelation function is
applied to the morphological image. On flat-
Au(001), CoTPP molecules form large and flat
structures with sharp edges extending along

the [110] and [110] directions with equal
probability. The overall behaviour of the
molecules is drastically changed in the case of
CoTPP on vicinal Au(001)-6°. Molecular
structures with sharp edges are still present,
but there is clear evidence of a preferential
direction for their growth and a reduction in
the average size of the structures. As also
shown by the 2D autocorrelation function, the
symmetry of the system is no longer
maintained. There is, therefore, an important
difference in the growth of molecules, with
crystal edges preferentially elongated
towards the step direction.

CoTPP electronic analysis

To avoid strong interactions between the first
molecular layer deposited on the substrate
and the substrate itself, the authors have
already proved the key role of surface
passivation before molecular deposition [32].
However, considering the intrinsic variability
characteristic of the passivation layers
stabilized on vicinal surfaces with respect to
their flat counterparts [33], we decided to
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Figure 4: Incremental RAS spectra acquired during the growth of CoTPP on a)

flat Au(001) and b) vicinal Au(001)-6°.

revert to a less reactive substrate such as
Au(001), on which ordered porphyrin layers
can be stabilized (see previous section). The
results of our photoemission characterization
are shown in Figure 3. The PES (IPES) spectra
were acquired by detecting (sending)
electrons in the [001]

perpendicular to the steps’ surface.

direction, i.e.,

The spectra acquired on a 16 ML thick sample
(green) are used to identify the CoTPP
features. Dotted lines highlight a shift of such
features towards the Fermi energy (Ef) going
from the multilayer to the 1 ML CoTPP
samples (shown as blue and red spectra in
Figure 3), which is due to the larger screening
of the photogenerated hole (added electron)
by the substrate in PES (IPES), as reported in
Ref. [18]. On both Au(001) and vicinal
Au(001)-6°, the Highest Occupied Molecular
Orbital (HOMO) and the Lowest Unoccupied
Molecular Orbital (LUMO) levels are clearly
identified. This is a crucial condition to ensure
the electronic stability of the deposited
molecules while in contact with the substrate
and a prerequisite for the axial coordination

with DPNDI molecules. The black arrow
identifies a feature related to the presence of
an interface state [34], [35]

On the 1 ML CoTPP spectra, the remaining
features are attributed to photoemission from
the Au substrate. However, scattering from
the molecular layer itself can alter the
lineshape contribution from the underlying
substrate, and hence the bare Au(001) and
Au(001)-6°
(shown as black and yellow spectra in Figure

vicinal substrate lineshapes
3, respectively). Therefore, for a correct
interpretation of the 1 ML CoTPP spectra, a
better choice is to refer to the photoemission
lineshape acquired from a polycrystalline Au
reference (turquoise spectrum in Figure 3, see

[36] for further details).

The full angular-resolved photoemission
analysis of the above samples, to unveil the
possible influence of steps in the electronic
structure of the system, is reported in Figure
S2 of the Supplementary Information.



CoTPP optical analysis

The RAS analysis as a function of the
deposited molecular thickness shows
differences between the two substrates. On
the flat Au(001) substrate (Figure 4a), the RAS
signal is characterized by an almost null
intensity upon the deposition of the first
CoTPP layers. Such a RAS signal can be
attributed to an isotropic (5 x 5) arrangement
of the molecules, which also show two
equivalent polarizable dipole moments [37],
[38]. Above 4 ML [39], the molecular packing
(molecule tilt angle) changes. Consequently,
the equivalence between the polarizable
dipole moments is broken, as described by
Mendoza et al.[40], and a non-zero RAS signal
is detected (=4%.). The peak anisotropy is
detected at about 2.9 eV, where the main
Soret band is placed. It is interesting to
compare this result with the HOMO-LUMO
gap evaluated by measuring the energy
difference between the R1 and R1* peaks on
the 16 ML CoTPP sample (Figure 3). The UPS-

IPES energy gap (ESFs~IPES) is 4.1 eV, about

1.2eV larger than the optical gap (EF45),

obtained from the energy position of the
Soret band. This energy difference,

corresponding to the binding energy of the

_ UPS-IPES RAS
(Eexc_ Egap _Egap =~

1.2 eV), falls within the expected range for
TPP molecules [41]-[44].

Frenkel exciton

On the vicinal Au(001) substrate (Figure 4b),
the RAS signal obtained for the incremental
deposition of CoTPP is significantly different
from the one observed on the flat Au(001)
sample; in particular, a RAS anisotropy up to
150%o is observed on the thickest CoTPP film.
The RAS signal enhancement agrees with our
morphological characterization (see previous
section). We note that, instead of observing a

on Au(001)-6°

AR/R
¥

on Au(001h) K R

el .......  JYS——— . hY

Ty

»
Py

26 3% 30 37 34
photon energy (eV)

Figure 5: RAS signals for 1 ML CoTPP on Au(001)
and Au(001)-6°.

peak-like feature as in panel a), the RAS
spectrum is characterized by a “derivative-
like” lineshape, also reported by Goletti et al.
[45]. As commented by Castillo et al. [14], this
effect is related to a larger degree of order of
the polarizable dipole moments, also in the
direction of light propagation, i.e.,
perpendicular to the surface. This might imply
that the presence of smaller and highly
oriented crystals fostered by the presence of
steps might also influence the out of plane

stacking of the molecules.

The role of vicinal surfaces in triggering a RAS
signal is also visible on the CoTPP single layer.
In Figure 5, on flat Au(001), experimental data
points are scattered on a mean value that is
close to zero (horizontal dotted line).
Conversely, the signal from 1 ML CoTPP on
vicinal Au(001)-6° is close to 1%. and is
positive, implying a preferential alignment of
the polarizable dipole moment along the steps
direction.
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Figure 6: Calculated absorbance for the free
DPNDI molecule.

DPNDI-CoTPP axial coordination monitored by
RAS

A preliminary investigation of the optical
properties of DPNDI molecules before their
deposition on top of CoTPP is mandatory. In
Figure 6, we report the calculated absorbance
properties of the DPNDI molecule for light
polarized along different symmetry directions.
The main effect is observed when the electric
field is aligned along the main molecular axis
(v direction). Since DPNDI molecules, similar
to CoTPP, tend to lie flat on the substrate at
submonolayer coverages [13], we deposited
1 ML DPNDI on vicinal Au(001)-6° to enhance
their optical response. Indeed, the related RAS
spectrum (Figure 7, bottom spectrum) shows
a peak centred at 3.1 eV, in close agreement
with the theoretical prediction. In the same
image, we report, for clarity, the spectrum of
1 ML CoTPP on Au(001)-6°.
Subsequently, 1 ML of DPNDI was coordinated
on top of this CoTPP layer. The RAS spectrum
of the DPNDI:CoTPP complex is reported in
Figure 7, top spectrum. In this case, no

vicinal

additional shoulder is observed at the photon
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Figure 7: From bottom to top: RAS spectra
acquired on 1ML DPNDI, 1 ML CoTPP and the
DPNDI:CoTPP axial complex, all grown on vicinal
Au(001)-6°. The red line at a photon energy of 3.1
eV marks the position of peak DPNDI optical
absorption.

energy characteristic of DPNDI absorption. In
addition, the overall signal anisotropy is
comparable with that of the CoTPP layer
underneath. We only observe a slight red shift
of the CoTPP feature by about 100 meV, that
represents the changes occurring in the Soret
band position when porphyrin molecules
interact with analytes [46]. The evolution of
the data collected from the CoTPP layer and
from the DPNDI:CoTPP complex is thus
compatible with (i) the polarizable dipole
moments expected from both molecular
species; (ii) the axial coordination of these
molecules; (iii) the interaction between the
pyridyl head of DPNDI and the porphyrin
central metal ion.

In the Supplementary Information, we
present a schematic diagram (Figure S3)
showing a molecular arrangement for DPNDI,

CoTPP and the DPNDI:CoTPP complex on



vicinal Au(001)-6°,

presented experimental results.

compatible with the

Conclusions

RAS is a consolidated technique to monitor
the growth of organic films, where the
multilayer growth is driven by Van der Waals
interactions. In such systems, a direct
correspondence can be established between
the intensity of the RAS signal and the
thickness of the molecular film. Recently, we
proposed a new paradigm in organic film
growth where molecule:molecule complexes
are fabricated by the sequential deposition of
the constituent compounds. In these films,
molecules interact via coordination chemistry.
A prototype system of such a novel film
growth is provided by the DPNDI:CoTPP
the

coordination of the porphyrin central metal

complex, characterized by axial
atom with one of the pyridyl heads of DPNDI
ligand. The assembled film structure is highly
symmetric, possibly resulting in a hardly

detectable RAS signal.

Clearly, based on this premise, a different
approach in film growth monitoring is
required. We induced an optical anisotropy in
the CoTPP film by ordered deposition on an
atomically stepped Au vicinal substrate. We
successfully observed a clear RAS signal on the
CoTPP film, while, upon the addition of axially
coordinated DPNDI molecules, we certify that
the RAS signal (within 0.1%.) retains the same
intensity and lineshape of CoTPP in the
spectral region characterized by DPNDI optical
absorption. As a consequence of this study,
we conclude that the range of applicability of
RAS can
coordinated compounds, with the additional

indeed be extended to axially

requirement of a more accurate analysis of

11

the spectra, considering the precise lineshape,
instead of just the intensity evolution.
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